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Abstract 

/ 
The crystal structures of 5-methoxytryptamine, melatonin, 

and the p-bromobenzoate of 1,1'-bishomocubane have been solved 

by x-ray diffraction methods. A computer program for the 

trial and error solution of crystal structures is also de~ 

scri~ad here. 

The molecular structure of 1,1'-bishomocubane has been 

solved to an R factor accuracy of 5.5% using 990 independent 

manual diffractometer data, of which 865 were non-zero. 

Standard deviation on bond lengths is ~ .02 ~. The compound 
. 0 

crystallizes in sparie group P2 1/c with ~ = 6.379 ~ .001 A; 

b = 26.07 ~ .005 1; £ = 8.443 ~ .002 A; p= 96.87 ~ .01°; 

~ = 1.54051 A; Z = 4. Density calculated on these cell 

v 
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.dimensions is 1.575 g/cc3, and density measured-by floata­

tion in ethylene bromide and ethylene chloride is 1.560 g/Qc3. 

The compound is sensitive to x-rays, and decomposes anisotro­

pically ~- Addition of two extra carbons into one of the cubane 

cyclobutane rings causes two of the remaining cyclobutane 

rings to .pucker by 27° from a planar configuration while the 

other two· cyclobutane rings stay planar within the standard 

deviations of the determination. 

The _crystal structure of 5-methoxytryptamine has been 

solved using a trial and error computer program which is 

also out~ined in this thesis. The compound crystallizes in 

the non-centric monoclinic space group Pc, and 

6.110 + jt. 0 
8.831 ~-a = .002 b =9.532 + .003 A· c = + .003 

' - - ' - ' 
p- 98.72·:t_ .01°; A- 1.54051 X; z ::! 2. The density calcu-

lated on the basis of these cell dimensions is 1.?42 g/cc3. 

The density measured by floatation at room temperature in 

ethyl acetate and ethylene chloride is 1.245 g/cc3. The 

structure.was refined against the 759 independent Q-26 scan 

automatic diffra6tometer data, of which.l7 were zero to an 

R factor of 2.5%. Standard deviations on bond lengths are 

• 003 jt, Within the standard deviations of the dete-rmination, 

the indole ring is not planar. Two carbons of the benzene 

portion-are warped above the plane of the ring at an angle of 

1.6°. ·Short bonds correlate with high n electron density as 

calculated by molecular orbital theory. One of the shortest 
0 

·N-H-N hydrogen bonds yet reported, 2.916 A, is formed between 

_j 
t.. 



the primary amine nitrogen of the aliphatic chain: and the 

nitrogen of the indole ring, which donates its hydrogen for · 

the formation of this bond. 

The crystal and molecular structure of melatonin has 

been solved using statistical methods and automatic diffrac­

tometer e-29 scan data. This compound crystallizes into 

space group P21/c, with~= 7.707 .:t_ .002 ~; b = 9.252 + .oo2jl; 

. £. = 17.007 .:t. .oo4 ~; {3= 96.78.!. .03°; "A= .709261 jl; z = 4. 

Density calculated on the basis of these ~ell constants is 

1.276 g/cc3, and the density measured by floatation in ethyl­

ene chloride, ethylene bromide; and ethyl acetate is 1.272 

g/cc3. The st;ructure was refined to a 3. 5% R value against·· 

the 1140 independent data, of which 808 were non-zero weight. 

The indole ring is not planar within the standard deviation 

·or the structure determinations. The carbons C(3) and C(lO) 

of the pyrrole ring are warped above the ring by 1.8°. 

The findings of the x-ray work are entirely consistent 

with the dual oonfo~ation theory of serotonin. 

vii 



In tr.o.d uc tion 

One of the· most exact and t;horo~gh charact·erizations of 

a molecular structure possible results from careful analysis 

of the w_ay a single crystal diffracts x-rays.. Standard devi­
of bond leng_thSo 

ationsf\are + .ll0.3A for one of the compounds st.udied in this 

thesis. S,hese highly accurate structures are the result of 

improved techniques. Diffraction dataare collected with the 

help of a computer-controlled diffractometer. Many of the 

calculations are done by high-speed computers such as the 

CDC-6600. 

This thesis is concerned with the application of x-ray 

crystallography to a precise molecular geometry determination 

of some substituted indoles, .and :1:;1' -bishomocubane. ~'he 

thesis is d;Lvided into four independent sections, each with 

its own bibliography. 

The crystal and molecular structure of 1,1'-bishomocubane 

is .Presented in Section I. '11his compound is important in · 

. the study of strained hydrocarbon ring systems. 

The logic and instructions for use of a computer program 

desj_,gned to solve crystal structures by trial and error is 

.related in Section II. This program will work best for 

molecules possessing a planar moiety with a known geometry. 

Tnis computer program was u~~d·~·.to. s.e>,lve-:.tln~-1:.\e-~y.stal structure 

Qf 5-methoxytryptamine. The solution. of this crystal 

'• 
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structure is related in Secot.i.on .:rrr. The .cry.stal of a sii!li- . 

lar. compound, .melatonin, .or N-acety.l-5-methoxytryptamine is 

given in Section IV. A Fortran list·ing of the trial and 

error computer program can be found in.Appendix A, and the 

derivation of the orientation matrix for the programmay also 

be found in Appendix A. 

The major part of this thesis is concerned with the mole­

cular structurP. of substituted indole compounds. and th\t::s 

these compounds will be described more .completely here in 

terms or their role in biochemical metabolism. 

· ... :Sirtce th~ iselation of serotonin from clotted bloodl 

there has been a flurry of scientifid activity concerning the 

metabolism and fate. of the indole alkyl amines. Approximate­

ly 500 papers were publish~d last yea~ which treated the in­

ternal metabolism of these interesting indoles. It w6~ld 

bs .. impossible, obviously, to do all these papers justice in 

a PhD. thesis. I do wish to outline here first the broad 

OUtlineS Of \Serotonin metabol1::5ID in th~· nwnan bra1n 1 Rn(l then 

consider the possible implications of the molecular structures 

of 5-methoxytryptamine and melatonin. 

· 
1i 1he essential amino acid tryptophane is hydroxylated in 

the human brain to 5-hydroxytryptophane .2 This hydroxyla-

tion is followed by decarboxylation initiated by 5-hydroxy~ 

tryptophane decarboxylase, and serotonin is thus synthesiz~d 

in the human brain.3 Serotonin is stored after synthesis 

'' 
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in "granules" morphol!=>gically -similar to pinched nerve end-

ings •. '4 These "granules-" are .surrounded by mitochondria con­

taining monoam.in~·.-:.G>Xidas e ? This enz·yme wi:ll des troy un­

prot.ected serotonin very quickly. The half-life of serotonin 

in the brain is estimated with the use of monoamine oxidase 
6 

inhibitors to be 10 to 30 minutes. Monoamine·= oxi(i.ase will 

oxidize serotonin to 5-hydroxyindoleacetic acid. This com-

pound is excreted in the urine, Schizophrenics excrete an 

excess of this compound. 7 Serotonin is concentrated in the 

hypothalmus, mesencephalon, and pineal gland of the human 

brain. Concentration of serotonin in the brain has been. 

correlated with many central and important biological effects. 

Briefly, serotonin concentration of turnover rate is correla­

ted with regulation of body temperature, sleep, sexu~l acti­

vity, and halluci.nogenic activity of indole alkyl amines 

such as N,N-dimethyltryptamine, and psilocin, or 4-hydroxy-N, 

N-dimethyltryptamine. The structural similarity of thes~ 

compounds 111i th 5-hydroxytryptarnine, serotonin, is obvious. 8 

It is imposstble to enumerate here all the pathways of bio­

logical metabolism in which serotoni.n_has been implicated 

even if we narrow our focus to the human brain. Several re-

views are listed in the Bibliogiaphy to Section III. . . 
One of the most interesting structural p~oblems conc~rn-

ed with the metabmlism of serotonin as follows: exactly how 

·is se:rot.on1n :=;tored· in the brain unharmed by monoamine 
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oxidase, and $tructurai:lY how: .does serotonin interact with 

the ser.otonin rec.ep.tor sites. to cause phys.io.logical and phy-
. . 

~ical char1ges. There are .currently no specific ideas about 

how serotonin is b.ound or protec.ted from monoamine oxidase. 

Serotonin has been shown to intaract specifically with 

both smoo·th muscle and nerve tissue. Drugs which inhibit 

the nerve interac'tions do not inhibit the smooth muscle inter-

actions, and vice versa. This fact caused Gaddum to propose 

the dua~.conformation theory of serotonin interaction. with 

receptor sites .9 Kier analysed calculat.ed possible conform-

ations of serotonin as a function of energy, using Hueckel 

orbital theory. His conclusion was that serotonin should 

have only one conformation in solution.lO 

The crystal structure of 5-methoxytryptamine is presented 

in Sec~ion III, and the crystal structure of m~latonin or 

N-acetyl-5-methoxytryptamine is presented in Section IV of 

this thesis. The x-:-ray work is ·completely consistent with 

the dual conformation theory ·or Gaddum. Melatonin crystal-

lizes into the minimum energy conformation calculated by 

Kie·r. On the other hand, 5-methoxytryptamine crystallizes 

inte> a much higher energy conformation. Further dis·:::uss:!.on 

of serotonin metab~lism related to molecular structure can 

be found in the conclusions of Sections III and IV. 
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The X-ray Crystal Structure of 1,1'-Bishomocubane 
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A .. Introduction 

Since the original synthesis of the carbon cage corn-
. \ 

pound cubane, 1 and the publication of its x-ray crystal 

structur~, 2 there has been much synthetic and analytical 

work on this series of cage-type hydro·carbcins. Cubane is· an 

octane which assumes .the shape of a cube. Cubane and its 

analogues are interesting model compounds in the st.udy of 

strained saturated hydrocarbon rings.3 

Although cubane itself is crystalline at room temper-

ature, other members of this series are extremely volatile 

liquids, or near l~quids at room temperature; and derivatives 

which form better crystals are studied in x-ray work. The 

names for these compounds are varied. ~One possible name for 

the compound studied here is the p-brornobenzoate of penta­

cyclo (4.4.o.o 2,5.o3• 8.o4,7) decan-9-ol. 4j A schematic of 

the compound with this numbering system is shown below. It 

is more convenient for writing to abbreviate this complete 

chemical name with the common name for the hydrocarbon sug­

gested by Dauben; 1,1' -bishornocubane •. 5 ·This is the name 

for the compound which will be used throu~hout this section. 



8 
B. Experimental 

the p-bromobenzoate derivative of · · · 
Crystals of A l, 1' -bishomocubane were supplled by Profes-

sor W • G. Daub en of the c-hemistry department here. The crys­

tals were celorless rectangular plates that.were largely 

transparent to white visible light. They were soft, and 

they cleaved easily and cleanly with a razor blade. The~e 

crystals are stable in al.r· awJ. show no pl"l'IY'In!mcAn tendency 

to absorb water. 

Preliminary oscillation and Weis'se·nberg x·:...ray photo­

graphs of a rather large (.43 x .38 x .43 mm) crystal showed 

Laue symmetry.and extinctions consistent with space group 

P2l/c. This crystal was mounted wtth·tne fiber direction 

nearly parallel to the b axis •. All crystals of 1,1'-bis­

homocubana upon whioh mco.ourcmenta were made were mouul,t:Hl un 

thth glass fibers with General Electric Number 1202 Clear 

Industrial Glyptal Varnish. The A and c axes were chosen 

consistent with the extinctionsrules OkO, k = 2n; hOt, 1 • 

2n. A. truncated set of Weissenbergs, k = 0-3, __ was taken on 

this crystal with unfiltered iron radiation. A complete set 

of Weissenbergs was taken later on another crystal. The 

crystal received a total of 33 hours of iron radiation at 

10 ma and 30 kv, a.nu was transferred to a General Electric 

XRD-5 manual diffractometer equipped with a Nai scintilla-

tion counter·, a pulse he;i.g;ht discriminator, a molybdenum 
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x-ray tube, and a quarter circle Eulerian cradle goniostat. 

The molybdenum x-rays were filtered through a .0004 inch 

zirconium filter mounted on the receiving slit of the scin­

tillation counte~and Bragg reflection angles for the resol-

.ved Ka 1 and Ka 2 doublet wer-e measured through a narrow slit 

along the hOO, OkO, and 00~ diffraction d~rections at a 2 

degree tube take-off angle. During the measurements, the 

crystal:received an additional 20 hours of 20 rna, 40 kv molyb­

denum x-rays. It was found out later that these crystals 

were sensitive to x-ray damage, and that the cell dimensions 

as well as intensities were a function of this damage. 

As a consequence, the cell dimensions obtained in the 

above·way, though precise, were not very accurate. They are 

listed here for later comparison. All calculations we1·e 

baseu on the high angle Ka 1 (.709261), and~= 6.378 ± .003; 

b = 26.16 ± .01; £ = 8.48o ± .oo4; s = 97.17; z = 4. A 

check of a few diffraction peaks showed that there was con­

siderable overlap of diffraction intensities in the counter 

window at a 4° take-off angle with no slit. 

In order to eliminate overlapping of diffraction peaks, 

lo~ger wavelength copper radiation, which gives larger dif­

fraction angles for the same lattice spacings was chosen as 

more suitable for intensity measurement than molybdenum. 

With the same diffractometer set-up as before, except 

for a copper x-ray tube and a .0005 inch nickel filter, cell 
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constants were determined on another, .smaller crystal (. 26 x 

.21 x .15 mm) which had less· than one hour of 1 rna, 40 kv 

preliminary copper x-ray exposure. These cell constants 

were: ~ = 6.379 ± .001; ~ ~ 26.070 ± .005; £ = 8.443 ± .002; 

a = 96.87 ± .01,. X = 1.54051. As a function of x-ray expo-

sure, the b and c axes increased in length and the a angle 

expanded. Since the crystal was mounted parallel to the b 

axis 1 1~ was possible ·to ob~ain· accu~ate measurements of the 

a angle'.:.aa··a function of x-ray exposure. The damage also 

:t·~:::;ult;~d in an anisotropic reduction of a few diffraction in­

tensities which were also measured in the experiment. This 

semi-quantitative estimate of damage is summarized in Table 

I-1. 

Tahle I,.,l 

Estimate of 40kv Copper X-ray Radiation Damage in 1,1'-Bis-

homocubane. 

a (degrees)a 

96.87 
96.87 
96.89 
99 .. 99 
97.. 06 

a Standard.deviation 

Time (hours) 
6ma 20ma 

4 
5 
9 --12 5 

-- 13 

or·a measurement 

Anisotropic Damageb 

<1 oo2/Iool) CI2oo/I2oo) 

.• 88 ,85 
.88 .85 
• 78 .79 
.80 .80 
.1a .75 

± .01 degree 

brhkl. means total counts of reflection hkl measured in ten 

seconds minus a ten-second background count measured one 

degree lower in 28. 

~ !J 
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Density calculated on the basis of the copper cell con­

stants listed above was 1.575 g/cc3. Density measured by 

flotation in ethylene chloride and ethylene bromide was 

1.560 g/cc3. 

In order to reduee ·damage, the equipment was modified 

to minimize x-ray exposure. A .0005 inch nickel filter was 

carefully taped to the x-ray collimator such that the narrow 

orifice near the x-ray window on the beam side was covered 

with nickel foil, but no tape was in the path of the beam. 

A fresh crystal was mounted which l.ooked suitable for-inten­

sity measurements. The fiber direction was closest to the 

..£* axisl and alignment on the diffractometer was adjusted 

until the c* axis of the crystal was approximately parallel 

to the -phi rotation axis of the instrument. 

The chi = 90° absorption test showed a 12% variation of 

intensity as a function of 360 degree rotation in phi for 

the 002 reflection under data-taking conditions of 4° tube 

tak~ off angle, and 20 rna, 40 kv x-rays •. The linear absorp­

tion coefficient, ~, for copper x-rays and 1,1'-bishomocubane 

was 44.1 cm-1 , and ~t ~n the longest direction was .596. The 

dimensions of the crystal were (.10 x .10 x .036 mm), and no 

absorption correction was made. 

In the preliminary line-ups, the crystal received less 

than one hour of 1 rna, and less than 30 minutes of 20 rna 

40 kv copper radiation. In order to reduce expos.ure time, 

II 
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all of the backgrounds were estimated from a curve of 29 ver­

sus intensity, which was prepared for a number.of different 

values of chi and phi. Diffraction intensities were mea­

sured at a 4° take-off angle with a stationary crystal, 

stationary counter technique. The crystal received radia­

tion only during the 10 seconds that e~ch peak was ccunted. 

Net intensities were obtained by direct subtraction of es-

timated 10 second backgrounds from the measured 10 second 

· point counts for each hkl. A complete set of three dimen­

sional intensity data was taken out to 85 degrees in 29 

(sin 9/A = .43855) over a period of 36 straight hours. The 

Laue reflections hkl and hkl only were measured; thus, there 

was1,3onA mflFI.Rlll"AmFmt fo:r. &ach independent rcfl€ction. A total 

of 990 independent reflections were measured,~of which 38 
· othe:r:>s 

wer~ :t.er·o and 87 A had intensities smaller than one standard 

deviation of intensity. 

Four diffraction standards measured at intervals of 

about 2 hours showed anisotropic decomposition of between 8 

and 16 percent despite the precautions taken to minimize 

damage. Over the period of time involved in the intensity 

measurements, the b axis increased in length by approximate-

ly l.percent. 

All calculations made on 1,1'-bishomooubane were carried "' 

out on the CDC-6600 computer. The standard Fourier, Least 

Squares, Distan, and data processing programs ''~ere all 
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written by Dr. Allan Zalkin of this laboratory. The data 

processing programs sort, blend, correct for Lorentz and 

pol~rization effects, and estimate standard deviation~ for 

all input intensities such that a corrected, Fo, observed 

structure factor is produced.· The Least Squares program 

minimizes the function 

13 

where Fe is the calculated structure factor, Fo is the 6b­

served structure factor from the corrected intensities, k is. 

a linear scale factor, and w is a weighting factor. In the 

early stages of refinement w = 1. In the later stages of 

refinement w = [cr(Fo)]- 2 ... In'the equations which follow, 

Fo will be abbreviated with F. The quantity cr2 (F) is cal cu-. 

lated from a(F). Thus, if I < cr(I), 

an~· 1 f I > cr ( I ) 

where 

and 

,, 
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In the equations above a(F), a(F2), cr(I) are the standard 

deviations of the quantities involved. The symbol F repre­

sents the observed structure factor; I represents observed 

intens~ty; (LP) is the Lorentz-polariz~tion correction; Ib 

is the intensity of the background; ~Ib is the uncertainty 

in the background; S is an estimate of the fraction of ob­

served intensity suffering from systematic error. 

For the f;1.,n~l :!.'eflnemeul,:; uf l,l'..:.b1Rhomo~nhA'r1~ 1 S '\Aras 

set equal to .o6, and w was set equal to zero for reflections 

where I·= 0 or I~ cr(I). The uncertainty in the background, 

~Ibl was ten counts 1 except ift tpe last reftqement.~-; where ... 

it was tWenty COunts. 

After each cycle 1 the Least Squares pro~ram produced 

the following criteria of fit between observed and calculated 

st~uoture faatoroz 

R1 = t(jkFol - jFcj)/tlkFoj 

wher~ R1 i3 the conventional n fau.tOL'. Th~ quanti ties in­

volved were defined earlier. The R1 reported throughout this 

the.sis does not include zero weight data unless otherwise 

specified. The weighted R factor, R2, is also produced by 

the program. 

A third criterion of fit is the standard-d~viation-of-
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observation unit weight, SD. 

where n is the number of data and £ is the number of para-

meters~ 

The Least Squares program also produced estimated stan-

dard deviations of bond distances and angles. These standard 

deviations w11J:"::be reported throughout this thesis, and are 

the larger of the two quantities 

(Lil~) 112;(n-l) or (Lo?) 112;n 
l. 

~-tr.~:. lli is the difference between the i th measurement and 

the average of n measurements, and cri is the error of the 

value estimated from the accuracy of the atomic coordinates. 

The temperature factors used are of the form 

exp(-B • (sin6/A)2) 

if isotropic, and 

if anisotropic. The thermal parameters B, where B is a· con-

t t d B B 4Q I I ..• .s an , an ij where ij = 1o1ij ai aJ and af is the length 

of the ith reciprocal cell dimension, will be reported 

throughout the text. 

Atomic scattering factors used were those of Cromer 
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and Mann 6 for the non-tlydr·ogen atoms and those of Stewart, 

Davidson, and Simpson7 for th.e hydrogen at·oms. The anoma­

lous dispersion corrections for bromine, Af' = -.96 and 

Af'' ·= 1. 46 were those of Oromer. 
8 

The Af' and 6.f'' used 

for the light atoms were zero. 
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c. Solution of the Structure 

Since there was a heavy atom, bromine, in this deriva-

tive of 1 1 1'-bishomocubane, solution of the phase proble~ 

for this case was rather stnaightforward. The symmetry­

equivalent positions for the space group P21/c; (x,y,z), 

(x,y,·z)_, (x, 1/2 + y, 1/2 - z), (x, 1/2 .- y, 1/2 + z) give 

both a Harker plane, and a Harker line upon vector inter­

action in a Patterson map. The glide plane interactions 

between symmetry-related atoms f:oiml a line at u = 0 1 v, 

w = 1/2 in the Patterson function. The screw axis inter­

atomic vectors fall in the plane u, 1/2, w. Since the bro-

mine atoms are so large compared with the rest of the scat-

tering mate~ial, bromine-bromine vectors were easy to locate 

in the Harker plane and Harker line. The bromine interac­

tions occurred.in the Harker plane at u = 0, v = .50, w = .25. 

The relationship between the Patterson coordinates and the 

crystal coordinates for the Harker plane at v = +1/2 is 

u = -2x, w = 1/2 - 2z. The x coordinate of the bromine was, 

therefore, zero, and the z coordinate was 1/8. In the Har­

ker line v = .32 for the bromine interaction peaks, and 

since -2y + 1/2 = .v, the y coordinate of the bromine was .09. 

The bromine was at x = o, y ~ .09, z = .125. The general 

positions (u,v,w) in the Patterson function for P21/c result 

from centrosymetrically related atoms such that u = 2x, 

.-:· 

..... 

•.... 
' 

,. · .. 
·;· 

:.:-· 

:. 

~::;. 

·.~·.:. 
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v = 2y", w = .2z. There were also large peaks in the Patter­

son function at ( 0 , ..• 18, .125), and thus the bromine positions 

deduced from the Harker line and the Harker plane agreed 

with the centrosynunetrically related bromine peaks. 
I . 

. A Fourier was calculated with the observed structure 

factors using the phases calculated fro~ the pos~tion of the 

bromine, and the rest of the non-hydrogen atoms appeared im­

mediately.· When these·l9 atoms were refined along with the 

bromine atom tor 4 cycles of full-matrix least squares with 

isotropic temperature factors, and unit weights,· except for: 

zero intensities which were given zero we~ght, the refine-. 

ment ~on verged to a conventional. R of.l8~·2%. The temperature 

factors were all positive and B ranged from 2 •. 765 ~o 4. 858 
' 

A2 for. the atoms involved. The difficulty was due to erro-

l'leously indexed data. Because of confusion in the choice or 

left and right handed coordinate systems, all the hkR. data 

was really hk.t data, and all the hk.t data was really hkR, 

data • 

. When the error of·. sign was corrected, the same structure 

refined in the same way to a conventional R factor of 9.6%. 

Since the bromine had an x coordinate of zero, the Patterson 

function was not sensitive to the indexing error, and since· 

the Fourier had been properly phased, the correct structure 

appeared. As a check, a Fourier of Fobs was again calculated 

phased on. the bromi.ne positions. This Fourier gave the same 

!I 
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structure as the Fourier based on incorrectly indexed data. 

A refinement of this structure in the same way except 

for the use of a weighting scheme of the form outlined in 

I-B with S = .05 gave an R factor of 9.2% and a standard-of­

observation-unit-weight 3.534. With the same weighting 

s'eheme J and . the bromine plus the two oxygens given anisotro~ 

pic temperature factors 1 the R factor was 7.4% and the stan-

dard deviation.was 2.935. 

A least squares refinement as above, except all 20 atoms 

given -anisotropic temperature factors, gave R = 7.1% and a 

standard .deviation of 2.861. A difference Fourier was cal­

culated using the phase relationships of the refined atomic 

coordina~~s of the 20 non-hydrogen atoms from the 7.1% re­

finement. From this difference map, peaks that were reason-

able distances from the non-hydrogen atoms were identified 
positions on the benzene ring 

as hydrogens. Hydrogen~were calculated from known geometry. 

A full-matrix least squares refinement with the weight-

ing scheme mentioned above gave after four cycles of refine­

ment with the bromine and two oxygens anisotropitc, an R·fao-: 

tor of 6.3% and a standard deviation of 2.438. Unfortunate-

ly, the hydrogens refined to unreasonable positions, and 

the temperature factors on them ranged from -54.9 to 14.6. 

It was reasoned that the data was not good enough to 

allow refinement of hydrogens. At this point the data were 

carefully scrutinized for mismeasurements and mis-punched 
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cards. The mis-punched cards were corrected, and the crystal 

was put·back on the diffractometer for remeasurement of in­

tensities that ·showed bad agreement of observed and calcu-

lated structure factors. It was found that the cvystal had. 

decomposed further after it had been taken off the x-ray 

diffractometer. Intensities were down by about 50% of their 

original values. Nevertheless, the badly dgreeing data were 

remeasured and scaled up to the rest of the data. Most of 

the bad agreement was in the very weak, or the very intense· 

data. The Fo for the weak data was systematically high, due 

pnobably to an underestimation of background. The Fo for 
I 

the intense data was systematically low due perhaps to 

ootmter oo.turo.tion. Hcmeasurement of tht:: dt:n.:umyu~lng u1•ys-. . . 

tal allowed correction of the most serious blunders due to 

mis-set angles, but could do little to improve the bad ag~ee­

ment of the weak and intense data. 

When the data were corrected for these mistakes, a new 

data tape was prepared. The weighting scheme was changed 

to weight down the discrepancies of the weak and very in-

tense data. The constant s, which accounts for systematic 

errors in intense data, was raised to .06, and 8Ib, which 

affects the weighting on the weak reflections, was increased 

to ~2>-0. counts·. 

A least-squares refinement with this weighting scheme 

without hydrogens and with all the non~hydrogen atoms given 
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anisotropic temperature factors. gave, .after· 4 ·cycles, an R • · 

· factor of 6. 5% and a standard deviation of 2 .• 718. The weight­

ed R, R2, was 9.7%. 

The rest of the refinements on 1,1'-bishomocubane were 

done with this data tape. A refinement with 3 anisotropic 

atoms·, bromine and the 2 oxygens, the 17 non-hydrogen atoms 

given variable isotropic temperature factors, and the hydro­

gens given a constant isotropic temperature factor of 3 A2 -. 

. . -· .. . . _ - gave after 4 cycles an R fac-

tor of 5.3% and a standard deviation of 1.971. The hydrogen 

positions still did not refine well. Some of the distances 

dropped to .44 A and others increased to 1.41 A. 

A refinement giving all non-hydrogen atoms anisotropic 

temperature factors, and all hydrogen atoms isotropic temper­

ature factors which were allowed to vary, gave an R factor 

after 2 cycles of 4.9%, a standard deviation of 1.932, .and 

a weighted R, R2~ of 6.6%. The temperature factors on the 

hydrogens were again somewhat amazing, ranging from -11 to 

+10. The hydrogens would not refine, and in the final re­

finement on 1,1'-bishomocubane the hydrogen positions or 

. temperature factors were not allowed to vary'· but structure 

factors were calculated based on their probab·le positions. 

The final refinemen~ of 1,1'-bishomocubane with all 

non-hydrogen atoms. given anisotropic temperature factors, 

and the hydrogen atoms used only for the calculation of 

lj 



structure factors based on their probable positions with a 

fixed isotropic temperature fac.tor of 3A2. gave an R factor 

22 

of 5.5% for 865 non-zero weight data, an R factor of 6.4% for 

all the 990 independent reflections, a wei~hted R of 7.9%, 

and a standard deviation of observation unit weight 2.233. 

On this final refinement no parameter shifted by more than 

10% of its estimated standard deviation. No peak on the 

final difrerence Fourier was larger than .44 electrons. 

Examination of individual agreement between observed 

and calculated structure factors from this refinement showed 

.that the three most intense Fo were observed systematically 

too low, due most likely to counter saturation. Deletion 

of the 002,111,112 reflections from the least squares calcu­

lations.followed by refinement exactly as above gave a con­

ventional·R factor of 5.0%, an R factor or 5.9% against all 

. the 887 data, a weighted R of 7.4%, and a standard deviation 

of observation unit weight 2.07. Standard deviations of in­

qividual bond distances dropped by .001. 
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D. Discussion of the Stru~ture 

The final positional coordinates of the non~hydrogen 

atoms are given in Table I-2, and their thermal parameters 

are given in Table I-3. The hydrogen positions on the ben­

zene ring were calculated from known geometry. All other 

hydrogen positions were determined from less accurate diffuse 

·peaks of the difference Fourier. The hydrogen positions 

would not refine in least squares, but·their coordinates are 

given in Table I-4 and may be of use. All intramolecular 

distances are shown in Figure I-1 along with the atomic numb-

ering system used for the crystallography of the compound. 

Least squares estimated standard deviations on the bond dis­

tances ranged from .011 to .021, and since these estimates 

represent a minimum, the standard deviation of .02 will be 

taken as a reasonable estimate of the true standard deviation 

for the purpose of this discussion. 

The average bond length of the 15 bonds in the 1,1'-bis­

homocubane cage is 1.55 + .02A. On the average a carbon-

bon single bond length in this peculiar cage compound is 

about the same as the bond length in a free hydrocarbon 

~ahin.·9 This result is consistent with the published values· 

of C-C bond distances in cubane, 2 1.555 ± .003l, in homo­

cubane carboxylic acid, 10 1.56 ± .03A, and 6,6-ethylenedioxy­

heptachloropentacyclo(5.2.o.o2•5,o3,9.o4,8)nonane-3-carboxylic 

. acid, 11 1.55A~ The average of all the bonds in the benzene 
0 

ring is 1.34A, a value which is not significantly different 



24 

Table r~.a ...,. _) 

.· 

Atomic .Co.ordinates and their Standard Deviations (a) for 

all Non.;;.hydrogen Atoms in 1; 1' -Bishomo.cubatre>i·-
.. ~ ... :, ' 

. AT"OM X y l 
· 8R .995.7(2) .09402(5) .1308(2) 
0(1) .476t.1J • 3121C 31 .2858(9) 

.. 0(2) .277t'2) .2561(3) .399( u 
c.c 1) .338(21 .3529(5) .328(1) 
CC2J .464(2) .4014(41 .328(1) 
CC31 .343(2) .4522(41 .351( lJ 
C(4) .139(2) .4564( 4) • 231( 1) 
CC5J .115(2) .4076(4) .122(1) 
CC6J .132(2) .3553(4) • 205( 11 
c (7) .515(2) .4240(4) .171(1) 
CCOI • 469( 2) .4781(4) .229(11 
((9) .273(2) .4835(4) • 109( l) 
CUO) .310(21 .4282(4) .047(1) 
C( i U .439(2) .2624(7) • 32212) I 

CU2J .578(2) .2237(5) .277(1) 
C(l3) .741(21 .2349(5) .200(2) 
CU41 .862(2) .1978(7) .156( lJ 
CU5J .• 821C2J .1480t_5) .192(1) 
CU61 .665(21 .1352 (4) • 271(, 2. 
CC17J .S31(2J .1723(6) ·ll"'t~• .J 

. ·. 

(a) Standard deviations of the least significant digits 

estimated by least squares are given in parentheses. 



Table· I-3 

Table of Anisotropic Temperature Parameters (a) and their Standard Deviations (b) 

·/ in ;1.,1' -Bishomocubane. 



Table r-4 

At0m1cCoordinates of the Hydrogen Atoms in 1,1'-Bishomo­

.cubane~* 

·Atoms X y z 

H(1) .2670 .3520 .4330 

H(2) .6100 .4050 .4000 

H( 3) .3100 .4700 .4400 

H(4) 0 .4700 .2500 

H(5) • 9630 .4160 .0960 

H(6) .0210 .3320 .1440 

H(7) .0740 • 3720 . .3060 

H(8) .6400 .4100 .1200 

H(9) .5540 .5100 .2370 

H(10) .2300 .5100 .0200 

H(11) .4100 .0800· .4600 

H(12) .7868 .2741 .1720 

H(13) .9949 .2659 .0940 

H(14) .6242 .0976 .2962 

H(15) .3927 .1658 .3794 

*Hydrogen coordinates are estimated from the difference 

Fourier; except benzene hydrogen coordinates are ca1cu-

1ated.from known geometry. 

26 
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Figure I-1 

Atomic Numbering System and Bond Distances in 1 1 1'-Bishomo-:­

cubane. 

26a 
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Table I-5 

Intramolecular Angles (in degrees) and their Standard 

Deviations {-in parentheses) of 1:,-1:' -B,ishomocubane. 

[C(l)-C(2)-C(3)-C(4)-C(5)-C(6)] [C(2)-C(7)-C(8)~C(3)] 

, At'oms 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(1) 
C(6)~C(l)-C(2) 

'Angles 
116.5(1.0) 
ill. 7 ( • 9) 
109.7(1.0) 

'117.6(1.0) 
109.9( .9) 
112.0 ( • 9) 

, 'At'oms 
C(2)-C(7)-C(8) 
C(7)-C.(8)-C(3) 
C(8)-C(3)-C(2) 
C(3)-C(2)-C(7) 

Arig'les 
90.4(.9) 
86.8(.8) 
89.3(.9) 
86.4(.8) 

Bet1zene Cyclobutane 

[C(l2)-C(l3)-C(l4)-C(l5)-C(l6)-C(l7) [C(4)-C(5)-C(l0)-C(9)] 

Atoms 
C(12)~C(l3)-C(l4) 
C(l3)-C(l4)-C(l5) 
C(l4)•C(l5)-C(l6) 
C(l5)-C(l6)-C(l7) 
C(l6)~C(l7)-C(l2) 
C(17)~C(l2)-C(l3) 

Angles 
119.7(1.6) 
120.0(1.6) 
122.4(1-6) 
119.2(1.5) 
118.2(1.6) 
120.5(1.6) 

Cyclobutane 

[C(3)-C(8)-C(9)-C(4)] 

Atoms 
C(3)-C(8)-C(9) 
C(8)-C(9)-C(4) 
C(9)-C(4)-C(3) 
C(4)-C(3)-C(8) 

Broiiii'ne 

Atoms 
Br(1)-C(15)-C(l4) 
Br(l)-C(l5)-C(l6) 

Angles 
91.8(1.0) 
89.7( .9) 
88.6( .9) 
89.9 ( • 9) 

, 'Ang'l.:e,s 
120.4(.6) 
117.2(.6) 

Atoms Angles 
C(4)-C(5)-C(l0) 86.3(.8) 
C(5)~C(l0)-C(9) 91.3(.8) 
C(l0)-C(9)-C(4) 85.4(.8) 
C(9)-C(4)-C(5) 90.2(.8) 

Cyclobutane 

[C(7)-C(8)-C(9)-C(l0)] 

'At'oms 
C(7)-C(8)-C(9) 
C(8)-C(9)-C(l0) 
C(9)-C(l0)-C(7} 
C(l0)-C(7)-C(8) 

· ·At·oms 
C(l2)-C(ll)-0(2) 
C(l2)-C(ll)-O(l) 
C(ll)-0(1)-C(l) 
(J>(l)-C(l)-C(2) 
0(1)-C(l)-C(6) 

Angles 
92.6(.9) 
89.7 (. 9) 
89.2(.8) 
88. 5(. 9) 

· Angles 
127.3(1.2) 
118.8(1.2) 
121.2(1.2) 
106.2( .• 8) 
110.5( .7) 

.. 
. '< 



within the standard deviations from the established value. 

for the C-C double .bond distance. All the other bond dis-

tances agree within the standard deviations with the well­

established valu.es published in the International Tables. 9 

All .the thermal parameters of l,l'~bishomocubane are· 
I-3 · 

~:Lvenuin.T~bl~A·An ORTEP12 thermal ellipsoid stereo repre-

sentation of thermal motion ls shown in Figure I-2 •. 

2g 

The most interesting part of this structure is the an-

. gular configurations of the carbons in the rings of the cage •. 

Intramolecular angles for the hydrocarbon rings, and all the 

atoms of the structure are given along with their standard 

deviations in Table I-5. Reference to the drawing of the 

compound in Figure I-1 will be helpful in interpreting Table 

I-5. 

The average of the four angles in the cyclobutane rings 

is: (3-8-g-4) go.0°, (7-8-g-10) go.oo, (2~7-8-3) 88.2°, and 

(4-5~10-g) 88.3°. The average angles of the cyclobutane 

rings in cubane are all goo and the cyclobutane rings are 

all planar. 2 Least squares planes through cyclobutane rings 

(3-8-g-4) and (7-8-g-10) show these two rings to be planar 

within the standard deviations of the structure·· determination. 

Deviations of the atoms in the various rings of 1,1'-bishomo­

cubane from least squares planes drawn through the rings are 

gi veri in Table I-6. The angles 10-g-4 and 4-5-10 .of cycle-· 

butane. r-ing ( 4 ... 5 ... 1 0-.9) are significantly smaller than goo. 

II 
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Figui'e I-2 

Anisotropic Thermal Motion in 1,1'-Bishomocubane. 
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Table I-6 

Deviation of Atoms in Angstroms from Least Squares Planes. 

Atoms 

Distance 

Atoms 

Distance 

Atoms 

Distance 

Atoms 

Distance 

Atoms 

Distance 

Atoms 

Distance 

C(7) 

.• 005 

C(3) 

.oo4 

C(2) 

-.000 

C(2) 

.007 

C(2) 

.134 

C(4) 

.133 

C(8) 

-.006 

. c ( 4) 

-.004 

c ( 3) 

.ooo 

C(l) 

-.004 

C(3) 

-.134 

C(5). 

-.136 

C(9} 

.006 

C(8) 

-.004 

. c( 4) 

.ooo 

C(6) 

.oo4 

c(8) 

.135 

C(9) 

-.133 

C(10) 

-.005 

C(9) 

.oo4 

C(5)· 

.000 

C(5) 

-.007 

C(7) 

.. -.135 

C(lO) 

.136 
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This constriction in the cyclobutane ring results in a devia­

tion from· planarity and a puckered ring. The same is true 

for angles 7-8-3 and 2-.3-7 in cyclobutane ring (2-7-8-3). 

Cyclobutane·ring (2~7-8-3) is puckered such that the·dihedral 

angle between planes through 7-8-3 and 7...;2-3 is 27.9°. Simi­

larly, .the cyclobutane ring ( 5-10-9-4) is puckered, the car­

bon C(5) is pushed out of th~ plane, and the angle between 

planes 4-9-10 and 4-5-10 is 27.2°. Within the standard devi­

ations of the structure determination, these two rings are 

puck.ered the same amount. 

The cyclohexane ring in 1,1'-bishomocubane is flattened 

compared to its configuration in an unconstrained cyclohexane 

ring. The average for the six angles of the cyclohexane ring 

is 112.9°. This average is signi.fi.cantly larger than the 

tetrahedral angle of the unconstrai.ned ring. MoRt of the 

cyclohexane ring di.stortion is about carbons C(5) and C(2). 

The angle 4-5-6 is 117.6° and the angle 1-2-3 is 116.5°. 

Carbons .2-3-4~'1 of the cyclohP.xane ring are coplanar ao we 

aee i.n Table r~6. Carbons 5-6-2~1 of the cyclohexane ring 

are.alsq coplanar wi.thi.n the standard deviations, and these 

two planar porti.ons of the cyclohexane are folded toward 

each other at an angle of 131.7°. The sections of the ri.ng 

are withi.n 48.3° of a cop~anar configuration. 

The planar cyclobutane ring (7-8-9-10) is almost paral­

lel with the planar portion of the cyclohexane rtng 2-3-4-5. 



The dih~d~al angle-between these two ·pla~~s ~s 4.6°. ~his 

cy~lo6uta~e ring (7~8-9-10) is almost perpend~cular to the 

planar Cyclobutane ring (3-4-9-8), .and th~ .. dihedral angle 
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between the two planes is 86.1°. The planar portion of the 

cyclohexane ring (2-3-4-5) is also nearly perpendicular to 

cyclob~tane ring (3-4-9-8) and the angle .. is 89.5°. 

A J~dimensional representation of the intermolecular 

packing in 1,1'-bishomocubane is shown .in Figure I-3. 'l'he 

closest intermolecular approach not involving hydrogens was 
0 . 

3.53A bet\-.reen C(ll) and C(l3). Other close symmetry-related 

approaches between the molecules of the unit cell were 
0 0 . 0 

C(l2)~0(2) 3.56A, C(9)-C(8) 3.60A, C(ll)~0(2) 3.63A, and 

C(3)-Br.(l) 3.63~. 

A .list of observed and calculated structure factors for 

this compound is given in Table I-7. 

II 
I 

II 
I 
J 
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Figure I-3 

Intermolecular Packing in 1,1'-Bishomocubane 
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rrable I-7 

......... Observed and Calculated Structure Factors for 1,1 1 -Bishomo-
·~ :.:.:.: . 

cubane. 
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E. Conclusion 

-The carbon-carbon distances in all the rings of the 

hydro·carbon cage of 1,1'-bishomocubane are, .on the average, 

no different from the carbon-carbon single bond distance ex­

pected for the unconstrained rings. A similar result was 

found· for cubane. 

All the oyolobutn.ne ri~gs ln cu.uane werP. pl A.nar and 

mutually orthogonal. Addition of two extra atoms into one 

of the cyclobutane 1 .. ing1:5 causes two of the remaining four 

cyclobutane rings to pucker from a planar configuration-by 

about 27°. The other two cyclobutane rings remain planar 

and mutually orthogonal. The consecutive atoms 2-~-4-5 of 

the·cyclohexane ri~g formed by this addition of two extra 

atoms into a cuhan.e ring is planar and perpendicular tu l.,he 

cyclobutane ring (3-4-8-9). 

Constraint within the cage causes the cyclohexane ring 

to tlatten. The average of all the angles in the cycle­

hexane ring is 112 .• 9°. The two planar portions of the cycle­

hexane ring are folded toward each other and the angle of 

separation is 131.7°. 
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Section II~ 

A COMPUTER PROGRAM FOR THE SOLUTION OF CRYSTAL STRUCTURES 

CONTAINING A PLANAR MOIETY WITH KNOWN GEOMETRY. 
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A. Introduction 

In this section there is outlined th~ use arid logic of· 

a computer program which can solve the crystal ·structure of 

a predominantly planar molecule by trial. and error. The de-

velopment of this program follows a path of logic which has 

its basis in practieal crystallography. A useful starting 

point for the structure determination of a planar molecule 

by trial and error can be the juxtaposition of the molecular 

plane with a given Bra~g reflection plane. This juxtaposi­

tion is a useful starting point oecause a planar molecule 

gives a Patterson function for which all the interatomic 

vectors within .the molecule lie on a disk.l The orientation 

of this disk in vector space is the same as the Bragg orien­

tation of the planar moiety of the molecule under considera­

tion.2 · The orientation of the molecular. plane can be ex~· 

tracted from the Patterson function •. For example, if the 

disk emanates from the origin in vector ~pace at (O,d,o), 

and remains parallel with the a, c plane, the probable ori.en-- - . 

tation of the planar molecule is coincident with the 010 

diffraction plane. 

The program is extremely useful if the orientation of 

the molecular plane can be deduced, and if the number of 

possible positions of the molecules within the unit cell can 



4o 

be limited. In competition with 6ther methods, ~ trial and 

error program of this type is· mo.st successful for the solu­

tion of structures in non-centric space.groups. Non-heavy 

atom problems in non-centric space group~ can be solved by 

direct methods only through excessive use of computer time. 

A trial and error program of the type outlined in. this 

section works best in exactly these cases because the number 

of po.ro.meters i~ l;i,ml ~e.U ... ·· u~~ c"'lf t.his progr-am i!J outlined 

in part B of this section, and analysis of cases from the 

literatU:r~ fu1· which one could expect it to work well is 

given in part C. Use of the program to scl·.;e the crystal 

structure of 5-methoxytryptamine is given in Section III, 

and a. F.:>rtran listing along wi tn the derj.vR.t:1 0n of the ori­

entation matrix is given in the Appendix. In its present 

fol"m the program worlco for 3pace g1 .. oups in monoclinic or 

hig;her symmetry. 
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B. Use of the Program 

The use of this program is quite simple. All the neces­

sary work involved in setting up the pro·gram for a specific 

case, and a brief outline of th~ logic is set forth here to 

aid those who wish to use it. 

The first step is to look at your·structure and choose 

one of your atoms as an origin. The atom should be rather 

centrally located. With this atom as origin, the part of 

the structure having known geometry is graphed onto polar 

coordinate paper. Then, choose another atom of the structure 

·such that a vector drawn f~om the origin to this second atom 

defines simultaneously the positive abscissa of an orthogo-

nal coordinate system and the zero angle of the polar coordi-

nate system. The position of the Nth atom of the structure 

can now be described by its distance in Angstroms from the 

origin, rn, and the angle en between the positive abscissa 

and the vector & from the origiri to this Nth atom. These 

two variables, rn and en, for each atom of your structure 

are input into the program on data card 6. An example of 
3 

this graph for 5-methoxytryptamine is shown in ·Figure II-1. 

The program transforms each vector Bn first into an 

orthonormal basis set ej such that !k = Evjej (j = 1,2) 

where v1 = rn 6osen and v2 = rn sinen• 



Figure II-1 

Graphical .determination of rn and en for 5-methoxytryp­

tamine. Approximate geometry of the indole ring is 

from the ·crystal structure of indole acetib acid.3 
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The vector B.n is then represented as a linear combination of 

unitary monoclinic base .vectors such.that Bn = l:ui~ (i=l,3) 

and ui =·l:aij vj (i = 1,3; j = 1,2). 

The components of Bn, ui, in this system are further 

transformed into crystallographic coordinates, xi, with di­

vision by the cell dimensions, and xi= ui/lbil, where bi is 

the ith direct space cell dimension. 

The occond 3tep i11 the u~~ of t.h.1R prng-ram·is to deoide 

with which Bragg diffraction plane your molecule is coinci-

dent. In ~~:neral, ·Bragg planes aan be described by the num-

bers hkl, which are related to the direction cosines of the 

angles which the Bragg plane normal makes with the crystal 

co-ordinate axes. The orientat1on rnatrlx, R.lj, i G a f1.1nction 

of these direction cosines, the angle B of the monoclinic 

axis system, and the cell dimens:t.ons ofthe crystal. 

The orientation, hkl, of the molecular plane may be de­

duced from the Patterson function. Also, the orientation. of 

the mo·leoula.r plane may correspowl l,o a high Ehkl coeffi- -

cient. 4 

The derivation of the orientation matrix, .§:.i,j is given 

in the Appendix to aid those who might want to extend the ap-

plication of this program to the triclinic case or alter 



this matrix in any way. Th·e matrix ai. is produced on a 
- J 

punched card in the proper format by program Norma. The 

input necessary for the production of this matrix is the 

hkl of the Bragg plane into which you propose to place 

your molecule and the cell dimensions of your crystal. 

Trial and error can be done in up to 50 Bragg plane orien-

4.5 

tations simultaneously. A Fortran listing of program Norma 

as well as the trial and error program Omoo is given in the 

Appendix. The orientation matrices aij for every case you 

wish to try are loaded as cards 4 in the trial and error 

program. 

The observed structure factors, Fo, for your crystal are 

input as data cards 5. The format is in the program listing. 

Thes~ cards may be produced most easily by having your data 

tape punched directly into cards by the computer. Selection 

of data is the most critical factor in the trial and error . 

approach. Any selection of data should have a large number 

of low angle Fobs as part of the data set. Care must be 

taken that all data is free from errors, both random and sys-

tematic. Extinction was a problem with the first data choice 

in the solution of the structure of 5-methoxytryptamine, as 

related in Section III. Low angle data should be present, 

as the low angle structure factors are less sensitive to 

the exact atomic positions of the atoms involved, and thus 
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give more lee-way for error in the approx::...mate positions in 

the R factor test. 4 

Another poRsible means o!' selecting a s·ample o·r' the 

~ata fort~~ trial and error·program is to choose Fo 

corresponding to high EhkJ. values. One v:ould expect mor:; 

structural information pertaining to the position of a mole-

cule plane in these nun:.bei's as high Ehkl values correlate 

with a nLunt?e;r c;f atoms R('.Ht.t,.Pr>ine; in ph~co,4 

Yet another way to supplement the low angle data, which 

a.r·e t;he backbone of' th:!.s trial and e:r·ror procedure, is to 

pick data cards at random out of the deck of observed struc~ 

ture factors. This tends to reduce the effects of possibl~ 

systematic errors introdq,c~;d by the nt.her hro m@thod[.. At 

present, up to 200 data can be loaded ori cards 5. 

Beside:s rn and en' which are estimated graphically; the 

orientation matrix, aij' which is produced from crystal cell 

dimensions and a choice of the orientation numbers h.kl by ____,.. 

program Norma; and a choice of up to 200 observed structure· 

factors, F ; the program requires the average scattering 
0 

factor for your compound as a functionof sin8/A.. The aver-

age scattering factor is used in the calculation of calcu­

lated structure factors, IFcl·• The form of the structure 

factor used by the program is 
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where Fe is the magnitude of the calculated structure factor, 

~ is the average scattering factor for the r atoms of the 
A 

unit cell, t is an overall average isotropic temperature 

factor for the r atoms, and Ar and Br are periodic functions 

of the position of the rth atom in the unit cell. The forms 

of A and B depends upon the space group and choice of origin, 

and the specific form of A and B for the problem at hand 

must be written into Fortran by the user. These coefficients 

are listed for all 230 space groups in the International 

Tables for X-ray Crystallograph_y, Volume I.5 For P2 1/c, 

B = 0 and 

Specifically t = exp(-B • sin2e;A 2 ) where B is a constant. 

Unless otherwise indicated, the program will use a value of 

B = 3A 2 for the overall thermal parameter. The average 

scattering factor is defined as 6 

where fn is the scattering factor of the nth atom in the unit 

cell' and N is the total number of atoms. The calculated 

structure factor IFel is produced for each of the observed 

structure factors, F
0

, on data cards 5, and a linear scale 

factor k is.calculated ~uch that 



All possible orientations of a planar molecule in a 

crystallographic unit cell can be produced by various com-

binations of Bragg orientations set by the matrix aij' iter­

ative choices of the positional parameters (x,y,z) of one 

atoms· in the unit cell, and molecular rotations about the 

Bragg plane normal which passes through the each chosen . 
molecular orlgln (x,y,z). ~nA·p~ogram has a neet of 5 Do 

loops which controls this iteration. For ~ach trial orien-

tatloH uf the molecular plane, the program calculates atomic 

coordinates for the input structure in the proper crystallo-

graphic cell, calculates structure factors, scales the F0 to 

the IFcl~ and prints out the conventional R rR~tnr for the 

orientation involved where 

For 11 atoms and 100 data in space group Pc, the pro­

gram will produce crystallographic coordinates and print an 
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R factor in .20 seconds of CDC-6600 time. This makes it pos­

sible to try about 300 different structural possibilities in 

about one minute of computer time. 

The speed with which the program runs is its main ad-

vantage. Other advantages are: it uses less than a 5D,OOO 

word memory, thus allowing rapid turnover in computer systems 

designed to give priority to jobs that use very little 
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memory; it lo.ads no tapes and can be used without operator 

intervention; and the speed with which it runs is almost in­

dependent of the number of atoms. The number of atoms occurs 

only once in a DO loop involving two algebraic terms that are 

CDC-6600 library subprograms. 

The principles necessary for the use of this program have 

now been outlined. Exact input information is available in 

the Fortran listing in the Appendix. 



c. Usefulness of the program in general 

This program will work for space groups of monoclinic 

or higher symmetry, and for molecules that have a moiety 

with a fixed, known ge.ametry. Many organic compounds meet 

this cri~erion. For example, fused aromatic ring systems 

such as the indole system, benzene rings, ligand groups 

attached to a central metal atom, steroids, terpenes, por­

phyrins, and even DNA base pairs.3 
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In gcncrnl.the program reduce~ a known ge~metrical sys-

tern of 3N positional variables, where N is the number of 

atoms, to 5 trial and error variablP-s. These 5 variables 

are: (x,y,z), three crystallographic coordinates needed tn 

specify· the position of bne atom of the molecule in the unit 

cell, the orientation of the normal to the Bragg plane with 

which the molecule is parallel, represented by the matrix ~ij' 

and the rotation angle, omega, about an axis perpendicular 

to the Bragg plane which goes through the origin (x,y,z). 

The suc~ess of any trial and error method depends on 

how successful one is in limiting the number of independent 

parameters. The number of trials can be somewhat limited 

with the use of low angle data for the R factor test. This 

.has the effect of dcorcn3ing the atomic re~uluLlur1 and allow­

ing a rather large grid size on the trial aand error variables. 

A resolution of .50A in (x,y,z), 10 degrees in the Bragg 
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orientation, .and 15 degrees in the angle om~ga still permits· 

a solution if the data are chosen carefully. 

When all 5 independent trial and error variables must 

·be blindly varied, .the program uses an unreasonable amount 

of computer time. There are many cases, .however, where.some 

of the parameters ean be eliminated or the range of search 

.over them reduced. 

The crystal structure of N-methyl....:4-phenylisoxazolin-5-

one is a good example of how crystallographic and chemical 

restrictions can limit the position of a molecule in a unit 

cell to the point that solution fs possible by trial and 

error.·7 The compound .. crystallizes in the monoclinic space 

group P21/c. There are 2 molecules in the ~symmetric unit, 

and Z = 8, a·= 13.716, b = 10.925, 8 = 91.51. The presence 

of a strong 400 diffraction. spot led the authors to deduce 

that the molecule was planar~ that the planes of the mole­

cules were in the 400 planes, and thus were spaced 1/4. ~ 

apart. Furthermore, since the space group was centric, x 

coordinates were deduced immediately at 1/8 and -1/8 for the 

molecular planes. The trial and error program can be appli-

ed to a molecule whenever the position of one atom in the 

unit cell can be limited. For P21/c in general (l/4)25 3 

trials would be necessary to locate the position of one atom 

within the unit cell if the other orientation parameters 

were known. For this case only (1/4)25 2 trials would be 
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needed although it is not a polar space group. If the cen­

ter of. gravity of the ·5-membered ring is taken as an origin 

in the . orthonormal coordinate system of the pr.ogram, the 

omega angle need be rotated only through 180 degrees to fing 

the rough ring orientation. Because the ring is substituted, 

this ·search would be unable to distinguish whether the true 

orientation were omega or 180 degrees + omega. This diffi­

culty ~ould be cleared up ~~cdi.atcly once the. pooition of 

the cen~er of gravity of the ring were known in the unit 

cell. This structure could be solved.with this program in 

(1/4)(252 )(11) computer trials,( or 6 minutes of CDC-6600 

computer time. 

One rather common case occurs where the position of one 

atom in the unit cell can be deduced. If the structure to 

be solved. has an atom large enough that its position in the 

·unit cell can be located in the Patter·son function,· three 

of the trial parameters, (x,y,z) are eliminated. Further-

more~ if the molecule is mostly planar such that the rough 

orientation of the molecular plane is known, only 4.4 seconds 

of computer time would be needed to solve the structure. 

The computer program tests structures at the rate of one per 

.20 seconds, or 300 per minute. 

There are many 3paee groups where the position of one 

of the atoms in the unit c.ell is limited by space group sym-

metry. There are aixty..;.seven. 1. polar space groups with 
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monoclinic or higher ·"symmetry •. 5. If a compound cry­

stallizes in one of these space groups, the position of one 

atom of the structure can be specified by two or even one 

parameter rather than the usual 3, (x,y,z). 

In competition with other methods, this program will in 

. general be most useful for the non-centric, polar space 

groups. Programs which apply statis.tical methods to these 

cases tend to use quite a bit of computer time. 

For a singly polar space group the. origin can be speci­

fied with 25 2 trials if the whole cell must be scanned. This 

is rarely the case. For example, the rather common polar 

monoclinic space group P2 has equivalent positions (x,y,z) 
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and {-x,y,-z). If the cell is searched from x = 0 to x = 1/2, 

z = 0 to z = 1/2, andy = 0 to.y = l.O, all the independent 

parts of the cell would be scanned. Only (1/4) x (25 2) 

trials would be needed to find the origin in the unit cell 

of one of the at0ms being tested. Another rather common 

case, the orthorhombic space_group Pna21 , has equivalent po­

sitions (x;y,z), (-x,-y,l/2+z), (l/2-x,l/2+y,l/2+z), 

(l/2+x,l/2-y,z). The cell must be searched from x = 0 to 

x = 1; from y = 0 to y = 1/2; from z = 0 to z = 1/2. Only 

1/4 of thA on1t cell must be search to find the origin of one 

of the atoms within the molecule. This means again 

(1/4) x (25 2) trials. If a predominantly planar molecule 

c:rystall:tzes in one of these space groups, in general only 



1/4 to 1/2 of a unit cell contains all the independent parts 

of the stfucture in these polar space groups. Sometimes 

more and sometimes less of the unit cell must be searched, 

54 

but (1/4) to (1/2) is rather representative. For a representa­

tive polar space gro·up in which a Bragg plane orientation 

can be deduced for the molecule involved, between (l/4)(25 2 )x 

(22) and (1/2)(252) x (22) tri~ls must be calculated. Be-. 

tween 11.5 and 23 minutes of computer time would be used. 

Por a singly polar space group the method is unfeas-

ible if a Bragg normal direction cannot be a~proximately de-

duced.. These calculations again represent general upper 
' . . . 

limits for any specific case where packing considerations 

impose additional restrictions on where a m.olecule can be in 

a unit cell. For example, the crystal and molecular struc­

ture of 1:2,5;6-dibcnzanthra.quinone i3 an example of a struc-

ture in u polar space group that could have been solved 

quickly with this program.8 The molecule crystallizes in the 

singly polar orthorhombic space group Pca21 ~ = 28.54, 

b = 3~85, c = 12.90, z = 4. There is no heavy atom. One of 

the planar napthalene residues could have been graphed into 

~n orthonormal coordinate system. Dince the b axis i~ HO .-
short, we know that the molecule must be nearly in the x,y 

plane. This orientatio~ can be described by·the normal to 

the 010 Bragg planes. In this polar space group the z coor~ 

dinate of one of the atoms within the unit cell is arbitrary. 



Only 1/4 of the cell need be. searched. If we. choose an ori­

gin at the center. of the napthalene ring, we have to rotate 

through 180° in the angle omega. The orientation of this 

substituted napthalene could have been found with sufficien·t 

accuracy to phase a Fourier with (25 2 )(1/4)(11) trials. 

This number of trials amounts to about 6 minutes of CDC-6600 

computer time. 

Another polar space group case for which we would ex­

pect the program to be successful is (+)-(R)-N-Methyl-l­

((naphthyl)ethyl)-(R)-O-methylmandelamide.9 This structure· 

does not·have a heavy atom, and crystallizes in the non­

centric polar space group P2 1 • It was solved originally by 

successive application of the tangent formula. .· 

.Use of this trial· and error program is especially at~ 

tractive for cases such as these. Statistic~l methods ap­

plied to non-centric cases tend to take a lot of. computer 

time. For non-centric cases where the number of parameters 

can be limited, solution of the problem by trial and error· 

can be faster. In this case, the napthalene ring is planar 

and can be easily_ graphed into a Cartesian coordinate system 

.since its geometry is known. With good data and a sharp 

Patterson functionJ it would be no problem to find the ap• 

proximate Bragg orientation of the napthalene ring. The 

napthalene ring is. graphed into an orthonormal set such that 

its center of gravity is at the origin of the orthonormal 
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system, only 180 degree.s. of rotation in the angle omega 

about the Bragg normal will be sufficient to include all 

orientations of the napthalene ring for any fixed position 

of this origin in the unit cell. For the space group P21 . 

only 1/2 of the unit cell needs to be searched to include 

all parts· of the asymmetric unit. Since the space group is 

polar, the z coordinate of the napthalene ring center of 
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. gravity within the unit cell is arbitrary.. Only (1/2) (25 2) ·x 

(11) computer trials, or about 12 minutes of computer time 

would be necessary to find the position of the napthalenc 

ring. Fouriers could then be phased using thelocation of. 

the napthalene ring to finish the structure. 

In a doubly polar space group this program is useful 

indeed. For these space groups only one crystallographic 

coordinate-is needed to specify the posit:ton of onP. Htom 

within·the unit cell. In these space groups the trial and 

error approach with this program is possible even if the 

molecule involved is not planar •. 

The 5-methoxytryptamine molecule.crystallizes in the 

doubly polar space. group Pc• A description of the solution 

of the structure using this program is given in·section III 

of this thesis. 



D. Conclusion 

The trial and error program discussed in this section 

can be a very powerful tool for the solution of crystal 

structures. Predominantly planar molecules of all kinds 

can be solved with this program, and there are numerous ex­

amples of this kind of problem in the crystallography of 

organt·c molecules. 
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This program will be most useful in general for struc­

tures that crystallize in non-centric space groups. Direct 

methods or Patterson superposition function methods consume 

a lot·of computing time in these space groups. Trial and· 

error works best for these cases because the number of para­

meters can be limited by space group symmetry. 

Types of problems for which the program works best were 

discussed in II-C, and a description of its role in the 

solution of the crystal structure of 5-methoxytryptamine is 

given in Section III. 
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Section III 

The Crystal and Molecular Structure of 5-Methoxytryptamine. 

h 



A." Introduction 

The scientific interest in serotonin and its structural 

analogues since the original isolation of serotonin from 

clotted blood,l has .been almost .as widespread as the natural 

·bl) 

occurrence of these compounds. Serotonin may be found in such 

diverse places as tomatoes, bananas, toad skins, lizard eyes, 

and htiman gut, blood, spleen, and brain. Serotonin ·is con­

centrated in the mesencephalon, the hypothalmus, and the 

pineal gland of the human brain •. Both serotonin (5-hydroxy~ 

tryptamine), and the subject of the present study, 5-methoxy­

tryptamine, are enzymatically synthesized from tryptophane. 

Serotonin and 5-methoxytryptamine have a Rimil~r chemical 

structure and undergo many of the same reactions, such as 

destruction of the unprotected amines by monoamine oxidase. 

They are both smooth muscle contractors and vasoconstrictors~ 

They have been shown to inhibit nerve transmission in the 

adrenergic nervous system. Serotonin is. also implicated as 

a chemical transmitter of nerve pulse through the serotonergic 

nerves of the mesencaphalon •. It has been implied that sero­

tonin is important in the regulatluu ur vody temperature. 2 •3 

The biological activity of serotonin and 5-methoxytryp­

tamine does not end with these physioiogical effects. Sero-

tonin and 5-methoxytryptamine are well-established radiation 

protection agents in mammals. The nature of this protection 



against. lethal doses of x-ray and gamma radiations is not 

understood. 4 The way in which these two substances absorb 

and transmit high energy photons in solution may be differ-

ent. Serotonin does not quench the scintillation of dioxane 

solutions of 2,5-diphenyloxazole excited by Cs 1 37, but 5-

methoxytryptamine does.5 

Serotonin is implicated in basic behavioral phenomena 

associated with the brain. The turn-over rate of serotonin 

is correlated with the hallucinogenic activity of LSD.6 Sup-

pression of serotonin synthesis with p-chlorophenylalanine 

causes heightened sex drive, increased copulation, and 

bizarre social activity in rats and rabbits.7 Serotonin 

~ay play a central role in the regulation of sleep. 8 

The scope of the real and alleged biological functions 

of serotonin and 5-methoxytryptamine is beyond the limita-

tions of this paper. Reviews of various aspects of the bio­

logical functions of ser6tonin and 5-methoxytryptamine are 

listed in the bibliography.9,lO,ll,l2 

The great biological importance of these molecules and 

the prevalence of indole ring compounds in so many pathways 

of biochemical metabolism motivated this study of the exact 

x-ray molecular structure of 5-methoxytryptamine. This exact 

structure should aid quantum mechanical calculations of the 

charge distribution on the substituted indole ring, and give 

clues to the structural nature of the enzyme-substrate inter~ 
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actions of the indole alkyl amines. 



B... Experimental 

Crystals of 5-rnethoxytryptamine are commercially avail­

able from the Regis Chemical Company of Chicago. A sample 

of this commercial product given to us by Dr. W. B. Quay of 

the physiology department here was used for all crystallo­

graphic work published herein. 

The 5-methoxytryptarnine crystals are well-formed, thin, 

transparent, colorless plates which are rather stable, but 

slowly turn brown in air over a period of a month. This 

c6lor-change is independent of x-ray exposure and may be due 

to oxidation of the primary amine group. The color-change 

correlates with crystalline decomposition as measured by loss 

of intensity of diffracted copper x-rays. Exposure to x-rays 

hastens the color-change and decomposition, but the diffrac­

tion standards showed variations of less than one standard 

deviation throughout a three-day period of data taking. After 

three days the standards dropped steadily •. Crystals stored 

in a refrigerated dessicator with drierite remained unaffect­

ed. 

Preliminary oscillation and Weissenberg photographs_of 

a large unmeasured colorless elongated plate of 5-methoxy­

tryptamine showed space group extinctions and symmetry con­

sistent with either monoclinic space group P2/c, Z=4; or 

Pc, Z=2. Density calculated from the rough film cell dimen­

sions was a reasonable value of about 1.20g/cc 3 for Z=2, and 



a space group assignment of Pc was made. 

A small crystal (. 22 x .18 x • 09mm) was· glued onto the 

tip of a thin glass fiber with General Electric 1202 Clear 

Industrial Glyptal Varnish. The fiber direction was perpen­

dicular to the plate of the crystal, and p~rallel to the 

crystalline b axis. After one oscillation photogra~h to 

. check optical alignment, the crystal was .transferred to a 

General Electri~ XRD-5 diffractometer equipped with a copper 

x-ray tube, a Nai scintillation cotinter, a pulse height dis-
. . 

criminator, and a quarter-circle Eulerian cradle goniostat. 

The 40kv, 20ma co~per radiation was filtered through a .001" 

nickel foil mounted on the receiving slit of the scintilla-

tion tube. The crystalline b axis and ~he glass fiber direc­

tion was parallel to the phi axis of the instrument. The 

x-ray tube was set at a 2° take-off angle, and Bragg reflec­

tion ~lilgles for the resolved CuKa 1 , CuKa 2 doublet were mea..:. 

sured through a narrow slit along the hOO,~kO~ and 00' dif-

fraction d1reOt1ons. ~rom these measurements precise cell 

dimensions were calculated: 

a = 6.110 ± .002; b = 9.532 ± .003; c = 8.831 ± .003; 

B = 98.72 ± .01 
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With Z=2 these parameters gave a calculated density of 

1.242g/cc 5
• The density measured at voom temperature by 

flotation in ethylene chloride and ethyl acetate was 1.245g/cc 3 , 

which agrees closely with the calculated value of 1.242g/cc 3 • 



With the crystal and instrumentation described above, 

a stationary crystal, stationary counter technique and ten 

second point counts were used to obtain raw intensity data. 

Backgrounds were estimated from curves of counts/lOsec versus 

two theta angle for various combinations of fixed values of 

the instrument angles chi and phi. Net intensities were ob­

tained by direct subtraction of these background values from 

the measured peak-height values for each reflection. All in­

dependent intensities within the copper sphere of.reflection 

were measured in shells out to a maximum two theta angle of 

120 degrees (sinS/A= .5617). There were 759 independent 

intensities of which 17 were too weak to be measured. When 

it became evident that these data were suffering from some 

sort of systematic error, either -due to counter saturation 

or extinction, another set of diffractometer data was taken 

on another crystal. 

The second crystal was longer and more narrow than the 

first (.34 x .10 x .032mm), and thus was almost needle-shaped. 

The crystal is shown in Fig. III-1. The crystal was mounted 

on a thin glass fiber with epoxy resins (Carter's general 

purpose epoxy; batch 230; Carter's ink company, Cambridge, 

Mass.). The needle-like crystal was aligned with the needle 

axis, the£ axis, within 30 degrees of the fiber axis. With 

no preliminary photographs the crystal was placed on a Picker 

four-circle automatic diffractometer. The cell dimensions 

obtained earlier were substantiated and were adequate along 



with measured chi, phi, and omega settings of the 0,0,10 and 

the 020 reflections to set the orientation-matrix of the 

PDP-8I computer which controlled the diffractometer. 

The diffractometer was equipped wi~h a copper tube, a 

full-circle goniostat, a Nai scintillation counter, a pulse 

height analyzer, and a graphite monochromator. The Picker 

diffractometer was controlled through an FASC-1 interface by 

a PDP-81 computer. All computer programs for the PDP-8I were 

furnished by the Picker Oorporation. Copper x-rays generated 

at 30kv and l6ma wel"e monochr·uma.tlzed to Ka radio.tion· by a 

graphite monochromator set at 26.33 degrees, corresponding 

to the 0002 reflection of graphite. No filters were used, 

but attenuators were automatically engaged for all reflections 

over 10,000 counts.· 

The computer was programmP.n for 8-2e scans of the diffrac­

tion peaks. The peaks were sharp at both 2 and 3 degree tube 

take off angles, and from observation of some broad low .angle 

peaks, the maximum scan width, s, was determined to be 1.80 

degrees. The 8-28 scans were done in the following way: 

The ~e position of each peak was calculated for CuKa 1 radia­

tion. The diffractometer was then set at a value 28-s/2, and 

scanning was begun at the rate of 1 degree per minute through 

the peak until a value of 628+s was reached, where 628 is 

the calculated separation of Ka 1 and Ka 2 for each reflection. 

Dispersion corrections on the x-rays were made before the 

calculation of the 28 peak settings. For copper radiation, 
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dA./A. = • 0024U7. Backgr.ound \'las measured with offset in 2e = 

.10 degrees above and below the terminal points of the 2e 
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peak scan, with counting times of 10 seconds in each position. 

The equivalent reflections hkt,Kkr; hkt,hki ·were measured 

throughout the k hemisphere of reciprocal space in planes 

of constant h from h to h out to 124.5 degrees in 2e(sine/X=.574). 

The 106 and 104 reflections were c~osen as standards, ~nd were 

measured at intervals of 50 reflections. The time for each 

reflection averaged over the complete data set was 2.67 min-

utes. .. 

The intensities and theil' standard deviations were calcu-
0 

lated with the following formulas from the total counts mea-

sured on the Picker machine. 
0 

I = c - tc(Bl + B2); o 1 (I) = c + t 2(B + B2) c 1 whei·e c 
2tB ~ 

is the total count during the scan for a time t , B1 and B2 c 

are the two background counts, each taken for time tB. 

Observed structure factors, F's, were calculated from these 

intensities after they were corrected for Lorentz and polari­

zation effects. A total o~ 1604 data wer~ measured, of which 

1594 corresponded to the equivalent Friedel pairs (Fhkt = Fhki). 

The OkO reflection~ wel'e measured only once. These 1604 data~ 

of which 19 were zero, gave 867 independent reflections after 

the F's of all equivalent reflections had been averaged. The 

standard deviation of each equivalent measurement from·the 

., 
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average Fobs \'las estimated as: 

where a(F)Av was taken as the greater of the two value~ 

1 ~ ki2a2(Ii))~/2 -(1.1 
n 4Fi2 

where n:is the nwnber of equivalent reflections averaged, Ii 

is the' intensity of the ith reflection which was multiplied 

by corre·cting factor (including absorption and Lorentz and 

polarizatlort factors) ki, Lo be reduced ihto Fi 2
; and 6i is 

the difference between Fi and the averagE:: F of the set. ·The 

term p 2 F2 /4 was include.d to reduce the weight given to large 

intensity reflections, which are more liable to suffer from 

systematic errors. This has ·an effect similar to that of 

iucluulng a term (pi) 2 , where pis a small fraction (.05.:tn· 

this case), in the value of a 2 (I). The l~near absorption co­

efficient, ~~ of 5-methoxytryptamine for copper radiation 

wa~.6.~8~m- 1 , and ~t for the large~t dimension of the cryotal 

was .22. No correction for absorption was made. 

Refiriements were made using a full-m~trix least squares 

program, which minimizes r w(IF
0

1 - 1Fcl) 2 /wiF
0

l 2
, wherejF0 l 

·and IFcl are the magnitudes of the observed and calculated 

structure factors, respectively, and \'1 = [a(F)]- 2
• 
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All calc~lations were made on the CDC-6600 computer. 

The Fortran computer programs used· were: 

l. Paper ~ for reduction of the total criunts on paper tape 

to intensity data on cards. 

2. Edit - for finding possible bad intensity measurements 

before averaging equivalent reflections~ 

3. Incor ~ for Lorentz. and polarizati6n corrections. 

4. Sort - for blending and sorting equivalent reflections. 

5. Fordap - for Fourier and Patterson summations .• 

6. Distan - for distance and angle calculations. 

7. Least Squares - for adjusting final structure parameters,. 

and calculations of structure factors. 

All of these programs were written by Dr. AllanZalkin of this 

laboratory, and are unpublished. 

Additional ·programs used were: 

8. LSPLAN - from the Unive~sity of Pittsburgh. This program 

calculat~s best fit planes through chosen input points. 

9. Wilson - written by H. s. and M. L. Maddox for calculation 

of E's and an average temperature factor. 

10. Ortep - a drawing program written by Carrol Johnson. 1 3 

11. Norma - a program which positions an orthonormal coordi­

nate system in a crystal cell. 

12. Omoo - a trial and error program for solution of crystal 

structures which have a moiety with a known rigid geometry. 
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13. Ease - a program which calculates coefficients for a sharp­

ened Patterson function. 



The last three programs wer.e. wr.itt.en by. the author of this 

thesis. 

The source of the atomic .scat.t.ering factors used was 

. given in Section r.J!. The anomalous dispersion corrections 

llf' and flf" for this light atom structure were ~ero. 
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Figure III-1 

Photograph of the 5-methoxytryptamine crystal on which 

final intensity data were measured. The b* axis of the 

crystal is nearly perpendicular to the page in this 

projection. The dimensions of the crystal are 

(.34 x .10 x .032 mm). 
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c. Solution of the Structure 

The crystal structure of 5-methoxytryptamine was solved 

by computer trial and error.· The logic of the program is 

set forth in Section II, and.will not be dealt with here. 

In general, six parameters must be specified to place 

a known, rigid planar molecule in a uniqu~ position within 

a crystalltigraphic cell. Three translational coordinates 

73 

of any atom and in addition three angular coordinates are 

needed to specify position of the 5-methoxytryptamine molecule 

within the unit cell. Since the molecule is planar, the angu­

lar orientation can be fixed with the assignment of a Bragg 

plane, and a rotation angle of the molecular plane about the 

Bragg plane normal. As described in Section II, use of this 

program involves graphing known geometry into an-orthonormal 

coordinate system. The approximate geometry of the indole 

ring was known from the.structure determination of indole 

acetic acid. This graph, Figure III-~ indicates clearly the 

numbering system used for the indole ring, the choice of 

intramolecular origin, and the definition of the angle omega • 

. The· numbering system us~d for all the atoms will be given 

later. 

The 33 positional parameters of the atoms within the 

indole ring and its immediate substituents can be reduced to 

three trial and error parameters: the y coordinate of C_(4)~­

the Bragg plane in which the molecule lies (this will be ab-



Figure III-2 

Defizlltlon of .the rotation angle omega U3ed in the trial 

and error program. Counterclockwise motion of the C(4)-C(3) 

vecto~ about the perpendicular to the plane through C(4) is 

defined as the direction of positive increasing angle omega. 
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breviated with hkl), and the rotation angle, omega, of the 

C(4)-C(3) vector about the Bragg plane normal. 

The first attempts to solve this structure were made 

using the manual diffractometer data set collected as out-

lined in III-B. A Patterson function was calculated using 
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all the Lorentz and polarization corrected intensities which 

were thus reduced to (Fobs) 2
• 

The Patterson function contained very few discrete 

peaks, and was quite diffuse except for a large peak at 

x = .50, y = .25, z = .09. This was the largest peak in.the 

Patterson except for the origin and Harker peaks. The posi~ 

tion of this peak and the general sense of the diffuse elec-

tron density distribution seemed to indicate the position of 

the ring to be neariy parallel with the -121 diffraction 

plane. This assignment was consistent with the fact that 

the Lorentz and polarization corrected structure factor for 

the -12~ plane was the fourth largest present in the data 

set. A close examination of the films revealed pseudo-A-

centering. Since there were glide planes at y = 0 and y ·= 

1/2, this pseudo-A-centering meant that most of the x-ray 

scattering material was centered around y = 1/4. An attempt 

to G;:tlGlllate E values at this point was. thwarted by a nega.;.. 
. 

tive temperature factor in the Wilson plot. At the time the 

first experiments with this structure were done, it \'Tas not 

clear what this fact meant. 



76 

The.first use of·this trial and error program was under­

taken with the knowledge that the plane of the molecule was 

approximately T21, th~t the center of the x-ray scattering 

material was near y = .25, and that the y coordiriate of C(4) 

should be larger than .10 in order to avoid collisions of 

the symmetry related molecules. Fifty observed structure 

factors were selected from the data set, including about 25 

of the most intense. Structure factors calculated from the 

33 atomic positional coordinates at each orientation of the 

mol~eular· plane were compared wi t'h the observed structure 

factors. An R factor was computed at each orientation after 

a linear scale factor was applied to the Fobs. (A detailed 

description of how the R factor waR r.Al ~lllfl,t~d, and the me-. 

thad ·of calculating structure factors is given in Sec~ion 

II~) 

With a plane orientation of 121, Lhe cell was swept in 

increments of .02 in y, and 10° in omega from y = 0 to y = 

.50 and from omega= 0° to omega= 360°. The x and z coor­

dinates of C(4) were fixed at .60 and .30 ·respectively. 

More of the cell was swept than was necessary in this flr~t 

use of the program. Two minutes of computing time was used. 

Several minima were found near y = o. These were rejected 

because intermolecular· collisions resulted at these values 

of y. There was, however, one unique minimum well-removed· 

from the glide plane in the y direction that seemed to be 
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the be.st possibility. The trial parameters of this minimum 

are listed in Table III-1. The positional parameters for the 

.atoms corresponding to this minimum at y = .30 and omega= 

150° were used as input for four cycles of least squares re­

finement against all the 812 manual data, using isotropic 

temperature factors for the 11 atoms. All the parameters 

were allowed to vary except the x and z coordinates of C(4). 

The results were not spectacular. The R. factor was 62% and 

all the temperature factors were negative. 

Evidently the 121 orientation was wrong, and a list of 

possibilities was in order: (1) The l21 orientation gave a 

totally false R factor minimum and the true plane orienta- . 

tion was quite unrel~ted toy = .30, omega= 150°, hkl = 121. 

(2) The 121 orientation was approximately correct, and could 

be adjusted slightly to obtain the right answer. (3) The 

diffractometer data were suffering from systematic errors of 

measurement. (4) The computer program had a systematic error 

in it. 

The computer program was thoroughly de-bugged, and the 

data set was compared with visually estimated intensities 

from a set of Weissenoerg films, The diffractometer data 

generally agreed with the film data, and the problem was re­

duced for the moment to a systematic investigation of possi­

bilities (1) and (2). 

Fi~st, 70 plane orientation normals, hkl's, ranging 
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Table III-1 

·Values of the Trial and Error Parameters ~~ Y (fractions 

of translational direction along b), and Omega (degrees) for 

R (%) Minima less than Six~y Per Cent. 

The search included 70 plane normal possihilities, hkl's. 

The approximate angles A, B, C (all in degrees) which each 

hkl plane normal makes with the coordinate axes a, b, c are 

also listed. 

HKL y Omega R A B c 
-· -121· .. 30 150 47.8 54 Li2 66 

-383 .12 140 48 •. 6 61 34 70 
-473 .32 120 49.8 50 44 70 
-375 .28 140 48.0 61 44 56 
-291 .32 120 57.2 71 20 83 

4'71 .16 140 :>:>.3 4~ 44 83 
291 .20 140 58.1 71 22 83 

-292 .24 so 54.1 72 22' 77 
382 .12 . 140 55.3 61 35 77 

-193 .32 40 57.9 81 . 21 70 
-465 .32 12U :>l.j 51 53 56 
-366 .28 140 51.4 61 52 ·47 
-456 .28 120 56.2 51 60 48 
-276 .24 80 58.8 72 45 48 
-167 .32 80 59.9 81 52 38 
-357 .28 140 59.1 61 59 39 
-290 .12 20 55.9 71 20 90 



over a hemisphere of the reciprocal lattice were generated. 

These planes corresponded to all the Bragg reflection planes 
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in a thin shell of the reciprocal lattice for 100° < 29 < 104° ... ==- . 

anJ .49685 < (sin6/A) < .51110. The cell was searched for ""' .... 
all values of the parameters 0 < y < 1/2 and 0° < omega < 180° -= c:a . == a:a 

with fly = .04 and b.w = 20° for each of the 70 hkl's. Because 

of the glide symmetry, this search included plane normal pos-

sibilities ranging over a complete sphere, and within limi-

tations of grid size, all possible values of y and omega. 

The values of trial parameters corresponding t·o the 16 cases 

with R ~ 60% are listed in Table III-1. For clarification, 

the angles which each plane normal makes with the coordinate 

axes ar~ also listed in Table III-1, and an heuristic map of 

the search is shown in Figure III-3. This systematic search 

of the entire reciprocal lattice for the best-fit plane nor­

mal orientation vectors showed, besides the 121, only three 

possibilities with R < 50%. Two of these vectors were within -
6 degrees of the 121 vector, and the third was within 14 de­

grees of the l21 possibility. From these results it was 

concluded that the plane orientation normal had to be near 

121. Also, it was noticed that most of the y values were in 

the range .20 ~ y ~ .32, and thls fact seemed to substanti­

ate the earlier reasoning that the y coordinate of C(4) must 

not be near either y = 0 or y = 1/2. 

Since the approximate orientation seemed to be 121, 



Figure III-3 

Map of the Trial and Error Search in 5-~ethoxytryptamine. 

The circles represent termination p~1nts of plane~normal · 

vectors projected onto the !£ plane. Terminal points of 

plane normal orientation vectors which gave an R factor 

of less than 50% are circled twice. The ~orrect orien- · 

LaLlon vector is circled three times. 
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systematic 
125 plane orientations near the 121 were generated by;vari-

ation· of the hkl 5 10 5. The integers hkl are proportional 
. -

to the direction cosines of the hkl plane normal, and an hkl 

of 5 10 5 describes the same plane as hkl = l21. At this 

~i~e it seemed reasonable to limit the search to the y and 

omega values that had led to the lowest R with hkl = l21. 

About 20 seconds of computing time was used to calculate R 

factors for the 125 hkl's at y = .30 and·omega = 150°. 
. . 

Forty~eight of these hkl's correlated with R factors of less 

than 53%, and of these, eight shm'ied a minimum of 48%. In 

order to distinguish between these eight possibilities, some 

of the intense low angle Fobs were removed from the data 

deck of the trial and error program and· high anile FobR wP.re 

added. The total number of Fobs used in the R factor calcu-

lation still remained 50. The eight p6ssibil1ties resulting 
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from this search are listed in Table III-2. The R factor re-

ported there refers to calculations made with some of the 

intense low angle Fobs removed from the deck. 

The coordinates of the 11 atoms for each of the four 

most promising orientations were refined with full matrix 

least squares against 170 low angle data. Isotropic temper­

ature factors were applied to all the atoms in 8 cycles of 

refinement. ~he input geometry was wildly distorted in 

every case. The ~95 orientation gave the lowest convention­

al R value in ~he least squares, R = 36%. 



Table III-2 

Trial Parameters Near the 121 Orientation. 

The y parameter is fixed at .30 (fraction of the b transla~ 

tional direction), and omega is fixed at 150°. A, B, and C 

are the ~ngles ea~h hkl vecto~ makes with the coordinate axes 

HKL R(%) A B c ' 

- 54 42 66 5105 52.2 

s1o6 52.2 56 43 61 

1f85 52.5 56 43 60 

1f86 51.9 58 46 56 

494 49.5 57 38 68 

1f95 47.4 59 40 63 

363 53.2 55 44 66 

364 52.3 57 44 59 
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Further refinements tested thoroughly the 'If'95 possibi­

lity. This orientation.was refined again with constrained 

geometry against the s.ame 170 data. Only the linear scale 

factor and the isotropic temperature factors of the 11 atoms 

were allowed to vary. This refinement gave, after six cycles, 

negative temperature factors for all the atoms. 'rhe 'If'95 

orientation was refined again in the same way against about 

500 high angle data, and all the temperature factors remain­

ed positive. Refinement of the same geometry for six cycles 

of least squares against 500 high angle data allowing all 

parameters to vary except the x and z coordinates of C(4) 

gave an n = 36%, ar1d the g~ometry, though distorted by re­

flnement, wn:-~ mur:>h more rea.Eon.::tblc. Refinement aga.lr.l::;l,.all 

the data allowing all positional parameters except those 

fixed by symmetl:"y and all the isotropic t;ernperattl.t'e. factors 

to vary for six ·cycles gave R = 46%. These results, combin­

ed with the knowledge of the n~gative overall isotropic tem­

perature factor calculated from the Wilson plot, led to a 

suspicion of the low angle data. It was felt that they were 

systematically low due either to counter saturation or ex­

tinction. It was realized that there was little chance of' 

success with this method unless the data chosen for trial 

·and error could be relied upon as representative. A complete 

set of new diffractometer data was taken as outlined in III-B. 

Against the new data set the 495 .orientation gave an R 



val·ue in least squares against all the data of 4 3%. In this 

refinement all parameters were varied except those fixed by 

symmetry •. As before, isotropic temperatures were used for 

six cycles of refinement. The 50 struct.ure factors chosen 

for tr~al and error had led to a false structure. Somewhat 

surprising+y, the Wilson plot still gave a negative tempera­

ture factor B = -2.123 ~ 2 , and again it was impossible to 

calculate reliable Ehkl values. 

The problem was now clearly definedi A data set for 

trial and ~rror had to be chosen that was free of systematic 

errors and that was representative of the total data set. 

The following experiment was performed in order to decide 

more quantitatively what effect the data sample had on the 

R factor in the trial and error program: First, the coeffi­

cients Phkl = Fhkl/(fhkl x exp(-B x sin 2 6/A 2 )] were calcula-

ted for all structure factors Fhkl in the.data set. The 
,.. 
fhkl is the average scattering factor for all the atoms of 

the structure, and the isotropic temperature factor B was 
0 

fixed at 3A 2 • The hkl's corresponding to the largest of 

these coefficients Phkl were used as plane orientation pos-

sibilities in this experiment to test the data sampling pro-

cedure. The results are summarized in Table III-3. It was 

evident that the structure selected by the R factor probe 

was a function of the data sample. The new automatic dif­

fractometer data, (la), gave the same minima as the old 
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~able III-3 

Values of Y (expressed as fractions of the translational dire.ction b), 

Omega (C.egrees), and R (%) as·a Ft.:..nction of Data Choice for Plane Orientations 

(HKL) with Large Phkl Coefficients. 

Phkl 
9.17 9.23 11.~ ---- ., , 

HKL 25.1 lT95 }72 106 .. 

Data Range of 
/Jy; b.w R Set .. y :r w y w R y w R y w R 

(l) O<y<.50 .o4 15 .12 120 48.8 .1~ 135 48.4 .12 135 47.6 .24 0 73.9 --
(la) 0<y<.50 .04 15 ... - .12 120 47.7 1'"' . .:::. 135 46.7 .12 135 46.9 .24 0 73.7 

(2) 0<y<.50 =- ... • 04 15 .::;6 120 36.8 I .1:: 105 39.2 .20 0 35.2 0 30 53.9 

( 3) .20<y<.30 .02 10 • Lo 0 40.6 .lt: -- 135 42.2 .26 10 40.6 --- -- ----
(4) .20<y<.30 ...... .025 15 .t:5 0 39.3 • 21 30 42.2 .25 15 35.2 --- -- ----

Data Sets (1) and (la) refer to the ~arne set of 50 low angle, intense Fhkl. Data Set 
(1) was measured manually, and Data Eet (la) was measured on the Picker Automatic 
Diffractometer. Data Sets (2), (3)~ and (4) were all measured on the Picker machine. 
Data Set ( 2) refe'r:; to 50 Fhkl choser_ at random from the data deck of 807 cards. 
Data Set ( .3) refers to 50 low angle Fhkl of medium to med;ium-strong int·ensi ty and 
Data Set (4) refer:; to 100 Fhkl prodt.:..ced by the addition to Data Set (3) of 56 Fhkl 
taken from the data deck at random. The ~5 orientation is included for comparison. 
Omega is in the range 0 ~ w ~ 180°, 

OJ 
0\ 



manual data (1) for the same set of 50 low angle intense 

data. Fifty structure factors chosen at random from the new 

data deck of 807 cards, Data Set (2), gave a different set 

of R factor minima for the four plane normal orientations 

tested. . Fifty low angle data of medium to medium-strong in­

tensit~es, Data Set (3), gave another set.of R factor minima 

different from the first two. Fifty data were not enough to 

allow the unique orientation of the 5-methoxytryptamine ring 

to be chosen by trial and error. It was noticed that the 

l72 plane orientation, however, consistently gave lower R 

values than the other possibilities. It was also noticed 

that they coordinate of the minimurn.in Data Set (3) allow­

ed for maximum spacing of the molecules away from the glide 

planes at y = 0 and y = 1/2. The atomic coordinates corres­

pon.ding to the trial parameters hkl ::: 372, · y = • 26, omega = 

10° were refined in the full-matrix least squares program 

with isotropic temperature factors against all the daia in 

eight cycles to an R factor of 33%. 

After the 33% R factor had been calculated for the 372 

orientation at y = .26, omega= 10°, the course of the work 

was split into two parts. The grid size for the trial and 

error program was reduced to ~Y = .01, ~w = 1° and the orien­

tations .around lli = 372, y = .26, and omega = 10° were exa­

mined more closely. Data Set (4) was used in this probe.·. 

The ·minimum from this search was at y = .25, omega= 7°. 
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Positionalparameters from this orientation gave an R factor 

of 28% in least.squares. (The details of these final refine-

ments of 5-methoxytryptamine are given in Table III-4 and 

will not be elaborated in the text. The R factor mentioned 

in the ·text is the conventional R factor, R1 .) At the same 

time, seventeen possibilities of hkl with plane normal direc­

tion cosines similar to those of 372 were used to orient the 

molecular plane ror trial and error. The search range 

.20 < y < .30. 0 < w < 180° was used with a grid size ~y = ... c::::z ,. c::al s::::= 

.025, ~w = 1:>0
• Another minimum was found with hkl = 492, 

Y = .25, omega= 15°. 

As can be seen in Table III-4, the 'IT92 orie:ntation re-

fined to tne same structure RR thP 372 orientation when the 

11 atoms obtained by trial and error were input into least 

squares. The dihedral angle between least squares planes 

through the 372 orientation plane and the "final refined po­

sition of the ring was 4°. The angle.between the 492 and. 

the final refined position was less than 1°. The fact that 

another plane orientation refined to the same structure as 

the 372 was added confirmation of the structure. The phases 

from the 28% least squares refinement of the 372 orientation 

were used to calculate a Fourier. The peaks in this Fourier 

ranged from 0 to 13.22. The 11 largest peaks ranged from 

8.98 to 13.22 and corresponded to the atoms used to calcu-

late the phase information. The three largest peaks besides 



Table III-4 

Schedule of Full Matrix Least Squares Refinements for 5-methoxytryptamine. 

HKL No. Type of 'FSD Rl(%) R2(%) R3(%) SD k 1 . X -10- 6 

Atoms Temp. .. 
Fa~ tor 

372 11 I .05 27.8 32.8 29.7 8.98 0 
492 11 I .05 27.8 32.8 29.7 8.98 0 
372'. 14 I .05 8.67 10.9 9.14 3.008 0 
372 14 A .05 6.37 8.0 6.86 2.327 0 
372 28 I .05 6.19 7.1 6.65 2.054 0 
372 28 A .05 3.32 3.5 3.64 1.081 0 
372 28 A .05 3.06 3.3 3.38 1.004 .08 
372 28 A .04 2.51 2.8 2.84 .988 .30 
372 28 A .03 2.51 2.6 2.84 1.115 .30 

HKL refers to the orientation of tl1e molecular plane chosen for refinement. 
No. Atoms includes the number of hydrogens when applic~ble. 

-No. 
Cycles 

8 
8 
6 
4 

:4 
4 
4 
4 
4 

~yoe of temperature factor, either isotropic (I) or anisotropic (A), refers to non­
hydrogen atoms since all hydrogens were refined isotropically. The form of these 

. temperature fa~tors is gi_ven in III-:-C. 
FSD is the proportion of the intens·ity to b·e used as a vreighting factor in least 
s1_uares, and is explained in III-C. . · . . · 
Rl is the conv~mtional R factor excluding 61 zero· weight data,, R2 is the weighted 
fac~or, and R3 is the conventional R fdctor including zero weight data. Data for 
the~.e refir:.ements were obtained vJith a Piclcer autcmatic diffractometer. 'I'here v1ere 
a total of 807 inde~endent data, of which 61 were given zero w~ight in the calcula­
tion of Hl. 
SD is the standard :leviation of observation unit vJeight for each refinement. 
k' i.s the extinction correction applied. 



these, ranging from 3.28 to 3.94, corresponded to the reason­

able distances expected for the remaining non-hydrogen atoms. 

(These numbers are merely indicative of peak size. unles.s the 

Fourier is calculated on the basis of all the atoms. Then 

the numbers associated with peak height refer to the number 

of electrons. This total of 14 non-hydrogen atoms refined 

isottopically to 8.7%, and anisotropically to 6.3%. 

A difference Fourier was calculated~ phased on the an­

isotropically refined positions of these 14 atoms. As an. 

o.id in the 3eo.rch for hydrogens i11 5-methoxytryptamine, the 

postulated geometry of the ring hydrogens was graphed into 

an orthonormal set, and the coordinate calculation subtou­

tine of the trial and error program was used to calculate 

the expected positions of the ring hydrogens in the crystal­

lographic unit cell. On the difference Fourier, peaks rang-· 

ed from zero to .36 electrons. The calculated positions of 

the ring hydrogens were in every 6ase near the p~sition of 

rather large peaks in the difference map. Thirteen of the 

top 16 peaks corresponded to the reasonable distances from 

carbon. and nitrogen atoms expected for hydrogen atoms. 

These peaks were all in the range .19 to .36 electrons. The 

hydrogen attached to the ring nitrogen had a peak height on 

the difference map of .16 electrons. These 14 hytlL·ugeu::; 

were added to the 14 other atoms and the structure was re­

fined isotropically to an R facto·r of 6-.19%. When the non-

; .. :~ 
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hydrogen:atoms were refined anisotropically and the hydrogens 

isotropically, an R factor of 3.32% resulted. A close exami-

nation of· observed and calculate.d structure factors from this 

refinement revealed that Fobs was systematically observed 

too w.eak for the intense reflections, by 20% in the worst 

case. 

An empirical, linear extinction correction was applied, 

using the relation Fe= kFobs(l + k'Iobs). The least squares 

program·scales the data in exactly this way. In this equa-

tion Fe is the calculated structure factor ror each hkl, 

and Fobs is the observed structure factor. Iobs is the ob-

served intensity. The constant k is the linear scale factor 

for Fobs, and k' is the proportion of Iobs that must be 

added to Fobs to correct for extinction. A graph of 

(Fc/kFobs) versus-Iobs was prepared, and the best visually 

estimated straight line was drawn through the resulting 

points. The slope crf this line k' was an estimate of the 

magnitude of the extinction effect. From this graph k' = 

8 -7 .3 X 10 • This value was too large and resulted in over-

correction of the Fobs for extinction as Fobs now systema-

tically exceeded Fe for the intense reflections. A refine­

ment was then done with k' = ·a.3 x 10- 8
• This value of k' 

resulted in an R factor of 3.06%, but it was not large 

enough to remove the systematic discrepancies. .An extinc-. · 

tion aorrectton, k', of 3.G x 10- 7 randomized the systematic 



error in.the intense Fobs without overcorrecting. The least 

squares weighting factor P, described in III-B;·partially ac­

counts for systematic effects. such as absorption and extinc­

tion. When a proper extinction correction was applied to 

the ob~erved data, the· fraction P=.05_proved t6 be too.large. 
intense 

The;data were over-weighted and the standard deviation of ob-

servation unit weight, SD, dropped below one. P was accor-

dingly reduced to • 03 to avulu uver·-weighting the data. for 

systematic errors. 

The final t!.x.l;inction correction with k' = 3.0 x 10"'" 7 

lowered the R factor from the value uncorrected for extinc-

tion of 3.32% to a low of 2.51%. The least-squares-estimate~ 

standard deviation of bond lenght nn ~~~ ~istances dropped 

from .oo4 to .003. In this final refinement no parameter 

shifted by more than 3% of lt::; estirna·ted standa:r•d deviation. 

Final discrepancy factors are: Rl = 2.51% for 746 non-zero­

weight data; R3 = 2.84% for all 807 independent data; and 

the weighted R2 = 2.6%. The standard deviation of observa­

tion unit weight is 1.115. There is no systematic trend in 

either jFobs/Fcj or ~l/2j6Fj as a function of intensity or 

Bragg scattering angle. No peaks in the final difference 

Fourier based on the final structure were higher than .15 

electrons. 
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D. Discussion of the Structure 

The atomic coordinates of all the non-hydrogen atoms are 

given in Table III-5, and the thermal parameters of these 

atoms are given in Table III-6. The atomic coordinates of 

the hydrogen atoms along with their thermal parameters are 

given in Table III-7. 'l'he atomic numbering system and bond 

dist·a:nces are in Fig: III-4. The observed an calculated struc­

ture factors for 5-metpoxytryptamine are .given in Table III-8. 

First, the intramolecular aspects of the structure will be 

discussed. After this, the packing arrangements of the mole­

cules will be described • 

. The most predominate feature of the 5-methoxytryptamine 

structure is the indole ring. Least squares planes were cal­

culated through the indole, 'the benzene, anq the pyrrole 

rings separately. Distances of atoms from these least 

squares planes are shown in Table III-9. Atoms giv~n zero 

weight in the least squares are indicated with parenthesis. 

A least squares plane through the indole ring giving all 

nine atoms of the ring full weight in least squares show it 

to be planar to within .02~. The first member of the side 
0 

chain, C(2), is .035A above this plane, and the oxygen, 0(1), 
. 0 

substituent at C(6) is -.02A below.this plane. The indole 

rings in glycyl-i-tryptophan, 14 i-tryptophan hydrobromide, 1 5 
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Table III-5 

Atomic Coordinates and their Standard Deviations (a) for 

all Non-hydrogen Atoms in 5-Methoxytryptarnine~ · 

ATOM X v l 
((l} .3467{0) • 3571( 3) .9726 (o) 
((2) .5789(7) .2923(3) .0040(5) 
((3) ~6 839 ( 6.) .3048(2) .1689(4) 
c ( 4)' .6088(6) .2435(2) ·• 3008( 4) 
((5) .4265(6) .1572(2) .3189(4) 
((6) .4050(6) .1152(3) .464 ., ( 4) 
((7) .5609(6) .1535(3) .5922(4) 
((8) .7384(7) .2375(3) .5765(5) 
((9) .7606(6) ~2834(2) .4291(4) 
c ( 10) .8715(6) .3782(3) .• 2241(4) 
(( 11) .0721(7) .0109(3) .. 8763(5) 
N(l) .3332(6) .4970(3) .5195(5) 
NC2J .9196(6) .3666(3) .3801(4) 
0( 1) -~,3~~!~) .032112) .4990(4) 

(a) Standard deviations of the least significant digits 

estimated by least squares are given in parentheses. 



Table III-6 

Table of Anisotropic Temperature Parameters (a) anj their Standard Deviations (b) 

· in. 5-i"1ethoxytryptamine. 

. .. 
··.Atom l311 B22 B33 Bl2 .· B13 B2'3 

C(1) 3.5(1) 4.0(1) 2.8(1) -.3(1) -·.06(9) .6(1) 
C(2) 3.9(1) 4.1(1) 2.9(1) .1 ( 1) .79(9) .1(1) 
c ( 3) 2.9(1) 3.2(1) 2.9(1) .43(9) .60(9) .15(9) 
C(4) 2.4(1) 2.51(9) 2.7(1) .31(8) .21(8) .02(8) 
C(5) 2.7(1) 2.7(1) 2.5(1) .18(8) -.07(9) -.17(8) 
C(6) - 3.3(1) 3.0(1) 3.0(1) .00(9) .40(9) .16(9) 
C(7) 4.2(1) 4.0(1) 2.5(1) .l ( 1) .1(1) .35(9) 
C(8) 3.7(1) 3.7(1) 2.7(1) .0(1) -.51(9) -.2(1) 
C(9) 2.5(1) 2.7(1) 3.2(1) .25(9) .. 17(9) -.24(9) 
C(10) 2.9(1) 3.8(1) 4.0(1) .2(1) .87(9) .4(1) 
C(l1) 3.8(1) 4.0(1) 4.2(1) .7(1) .6(1) -.2(1) 
N(1) 2.9(1) 3.7(1) 6.0(2) -.12(9) -.2(1) -1.0(1) 
N ( 2) 2.67(9) 4.0(1) 4',0(1) -.27(9) .13(8) -.11(9} 
0(1) 4.14(9) 4.88(9) 3.09(8) -1.19(8) .31(6) .89(7) 

(a) Anisotropic thermal parameters, ~' in units o.f A2
, are given by B = 4(3 .!.1/_sf§:_l, 

Where a~ is the ith reciprocal cell length. 

(h) Estimated standard deviations are given in parentheses following the parameter. 



0 

.Table III-7 

Final Positional Parameters and Isotropic Thermal 

Parameters (a) and their Standard Deviations (b) in 

5-Methoxytryptamine for all the Hydrogen Atoms. 

c 

ATOM X ·Y z 
0 

H ( 1l ._::\~4(7) .501 (4) .630(6) 
H(2) • 411(7) .449(4) .45'>(5) 
H(3) .248(4) .300(2) .027(3) 
H(4) .292(5) .354(3) .862(4) 
H(5) .563(4) .189(3) .977(3) 
H(b) .673(6) .339(3) .938(4) 
H(7) · .:H8(4) .126(3) .229(3) 
H(8) .532(5) .119(3) .692(3) 
H(9) .845(5) .262(4) .663(4) 
H ( 10) .046(6) .415(4) .434(4) 
1-i ( 11) .'H2(6) ·'•33(3) .16 0 ( 4) 
H ( 12) .969(5) .072(3) .92.9(3) 
H ( 13) .006(5) .067(

0

4) .320(4) 
H ( 14) .131(5) .068(3) .792(4) 

~··~·- .. ·---·--- ."···--

(a) The isotropio temperature faotor hac the form 

T=exp ( -B( s:Ln.S:f.A.) 2). 

B 

9.0(12) 
7.7(12) 
3.1 ( 5) 
4.0(6) 
3.6(6) 
5.6(8) 
?.6(5) 
4. 3 ( 6 )• 
5.4(7) 
'>.9(8) 
5.2(7) 
4. 1 ( 6) 
5.4 (8) 
4.8(6) 

(b) Standard deviations of the least significant digits 

estimated by least squares a·re given in parentheses. 

96 

• 

• 



.,.. 

. Table III-8 

Observed and Calculated Structure Factors 

for 5-methoxytryptamine. 

97 
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Figure III-4 

Atomic Numbering System and Bond Distances 
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Table III-9 

Distance (A) of Atoms in the Indole Ri.ng from Least Squares 

Planes. 

Distances in parentheses refer to atoms given zero weight in 

the calculation of the plane. 

Atoms N(2) C(3) C(lO) C(9) 

Indole Plane -.012 .015 .003 -.010 

Benzene Plane (-.009) (.030) (.016) -.008 

Pyrrole Plane -.002 .003 -.001 .004 

Atoms C(5) C(6) C(7) C(8) 

Indole Plane -.004 -.010 .012 .010 

Benzene Plane .005 -.010 .006 .003 

Pyrrole Plane (-.004) (.002) (.040) (.036) . 

C(4) 

-.005 

.oo4 

-.004 

C(2) 0(1) 

(.035) (-.020) 

(.060) (-.021) 

(.007) (-.006) 
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and indole acetic acid16 we~e all reported as planai to with­

in the_accuracy of the structure determinations. In ~he 

most accurate of these studies, that of indole acetic acid, 

the R factor was 18.2%, and the least-squares-estimated 

' 0 
standard deviation of bond lengths was .015 to .022 A. The 

least-squares-estimated standard deviation of bond length 
0 

in 5-methoxytryptamine is • 00 3 A for C-c· distances and • 004 

1 for C-N distances. Within the accura~y of these standard 

deviations, the indole ring is not planar. According to 

Cruikshank, the criterion for significant difference between 

two me~surements ~s that they be separated by at least three 

standard deviations. 17 As we can see in Table III-9, N(2), 

cc:=n. and C(6) are ~.ll mnre thAn three standard deviations 

away from the least squares plane throu$h the indole ring. 

A least squares plane giving full weight only to benzene 

ring atoms shows that all the atoms of the benzene ring are 

within three standard deviations of this plane. The benzene 

portiort·of the indole ring is planar, and the indole ring as 

a whole is not. 

Furthermore, a least squares plane giving weight only 

to the five members of the pyrrole ring N(2), C(lO),, C(3), 

C(4), and C(9) show the pyrrole portion of the indole ring 

to be planar within two standard deviations. The dihedral 

angle between the benzene ring and the pyrrole ring is about 

one degree. All the atoms of the indole ring and the two 



substituents 0(1), at carbon C(6); and C(2), at carbon C(3), 
0 

lie within .008 A, or two standard deviations, of the pyrrole 

ring plane. The exceptions to this are the carbons C(7) and 

C(8) of the benzene portion of the indole ring which depart 
0 

from the pyrrole ring plane by about .040 A, or ten standard 

deviations, and thus are significantly above the plane. 

These results can best be summarized with the following: 

The indole ring and its immediate substituents lie in a 

common plane except for carbons C(7) and C(8) which lie sig-· 

nificantly above the plane. A least squares plane through 

the two non-planar atoms and their immediate neighbors shows 

the indole plane to be puckered at C(7) and C(8) by 1.63 de-

grees;. 

Other authors have noticed this deviation from planar-

ity of conjugated aromatic ring systems.when the accuracy 

of the structure determination was high •. The phthalocyanine 

structure was at first thought to be planar, and later more 

accurate work revealed that this was not the case.18 The 

substituted naphthalene ring is not planar within the accu­

racy of the structure determination.l9 

No explanation for the deviation of C(7) and C(8) from 

the indole plane is obvious from considerations of packing 

or conformation. The closest approach of atoms outside the 
0 

molecule to C(7) and C(8) ~s in every case greater than 3 A. 

The nitrogen, N(1), in the side chain of the same molecule is 
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closest and is within 3.576 and 3.482 jt of these atoms re-

spectively. 

The· anisotropic the"rmal parameters for 5-methoxytrypta­

m.:Lne are ·reasonable, .and are set for.th in Table III-6. The 

anisotropic thermal motion of 5-meth.oxytryptamine is also 

shown in a stereoscopic illustration, Figure III-5. As we 

see in this· diagram, the nitrogen N(2). of the ring has the 

largest.amount of anisotropic thermal motion. 

The carbons C(7) and C(8) certainly do not deviate 

enough from the plane to destroy the indole v electron re­

sonance·system. We would expect all the·bonds in the indole 

ring to be significantly lengthened if this were t~ue. The 

average of all bonds in the benzene portion of the indole 
0 

ring in 5-methoxytryptamine ls 1,395 ~ .003 A. All intra-

molecular distances in 5-methoxytryptamine are given in 

Table III-10. The most accurate bond distance for the 
0 20 carbon-carbon double bond in benzene is 1. 397 ~ .001 A. 

The average bond length for the benzene portion of 5-methoxy-

trypt~uine is equal to this most accurate value within the 

standard deviation. 

The C(5)-C(6) and C(7)-C(8) bonds are six standard devi-

ations shorter than the benzene average, and the C(4)-C(9) 

.. 
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Figure III-5 

Anisotropic Thermal Motion in 5-Methoxytryptamine. 
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Table III-10 

.· 0 

Intramolecular Distances (in A) and their Standard Deviations 

(a) in 5-Methoxytryptamine. 

Atoms Distance Atoms Distance 

N( 1)-H( 1) .99(5) c( 7) -c < 8) 1.372(4) 

N(1)-H(2) .92(5) C(8)...;H(9) .96(3) 

N(l)-C(l) 1.45'7(4) C(8):..C(9) 1.398(3) 

C(l)-H(3) .99(3) C(9)-C(4) 1.404(3) 

C(l)-H(4) • 99'( 3) C( 9 )-N( 2) 1.374(3) 

c ( 1 ) ... c (2) 1.534(4) N(2)~H(l0) .96(4) 

C(2)-H(5) 1.02(3) N(2)-C.(10) 1.368(4) 

C(2)...;H(6) .98(4) C( 10) -·C ( 3) 1.3G0(4) 

C(2)-C(3) 1.504(3) C(lO)-H(ll) 1.04(3) 

C(3)-0(4) 1.439(3) O(i)-C(6) 1·.376(3) 

C(4)-C(5) 1~413(3) 0(1)-C(ll) 1.416(3) 

c c 5)-H< ·n 1.00(2) C(l1)-H(12) 1.02(3) 

C(5)-C(6) 1.374(3) C( 11) -H ( 13) .95(3) 

C(6)-C(7) 1.408(4) C(ll)-H(l4) 1.03(3) 

C(7)-H(8) .98(3) 

(a) Standard deviations have been estimated by the method 

of least squares and are indicated in parentheses. 
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b6nd is six standard deviations larger than the average. All 

the other.bonds of the benzene portion of the indole ring 

are equivalent within six standard deviations. The bond 

average for the indole ring of 1.393 ± .003A is not signifi­

cantly.different from that found for indole acetic acid, 16 

~-tryptophane hydrobro~ide,l5 and glycyl-~-t;yptophane.l4 

In the pyrrole portion of the indole ring ln 5-methoxy-

tryptamine, th~ C-N distances C(9)-N(2) = 1.374(3), C(l0)­

N(2) = 1.368(3) are equivalent. They are shorter than the 

average for the pyrrole ring by six standard deviations. 

The C(2)-C(l0) bond is also shorter than the average by six 

standard deviations, while the C(3)-C(4) bond is larger by 

12 standard deviations. The average for the pyrrole ring is 
0 

1.391 ± .003 A, and the value agrees within the standard de-

viations with other x-ray work.l4,15,16 

There was disagreement among earlier workers concerning 

the length of the C-N bonds in the pyrrole ring. The C(9)-
0 

N(2) bond of 1.31 ± .02 A in glycyl-~-tryptophane was found 

to be significantly shorter than the corresponding bond in 

~-tryptophane hydrobromide, and ~-tryptophane hydrochloride 

. 0 21 
(1.43 ± .02 A). The length of this bond in 5-methoxytryp-

tamine is 1.374 ± .003 1. This is near the average (1.37 ± 
0 

.02 A) obtained by averaging the results of the disagreeing 

workers. Pauling believed the C-N distances in pyrrole were 
0 

equivalent, and calculated a value of 1.42 ± ·.02 A for them, 
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based on. electron diffraction data. 22 The angular geometry 

of the indole ring in 5-methoxytryptamine is not significant­

ly different from the results found in the structure deter-

minations mentioned above. All intramolecular angles not 

involving hydrogen in 5-methoxytryptamine are shown in Table 

III-11 •. 

The C(5)-C(6), C(7)-C(8), N(2)-C(9), N(2)-C(l0), and 

C(3)-C(l0) bonds of the indole ring in ·5-methoxytryptamine 

are all six deviations or more sqorter than the average for 

the ring. If this bond-shortening effect is due to a.concen­

tration of ~ electrons, we should expect molecular orbital 

calculations to give high electron densities in the regions 

nea.:v thE)O c bondo, The fl·ontiel' t=lt= t.: l1'UI1 llensi ty, WhiCh cor­

relates 'with ~ electron density. has been calcnlatP.c'l fnr> 5 ... 

methoxytryptamine al'l:d tryptamine with thA Rpproximat1ons of 

Hueckel molecular orbital. theory. 23 The concentration of~ 

electron density, listed in decreasing order, is C(lO) > C(3) 

> C(5) > C(7) > N(2) > C(8)~ These regions of high electron 

density do not correlate with any long or average indole ring 

bond in 5-methoxytryptamine as determined by the x-ray work. 

Furthermore, the shortest bonds as found by the x-ray work 
0 

are C(3)-C(l0) and N(2)-C(l0); each bond is 1.368 ± .004 A. 

These regions correspond to the highest ~ electron concen-

tration as calculated by the Hueckel method. The x-ray work 

and the molecular orbital calculations for 5-methoxytrypta-



Table III-11 

Intramolecular Angles (in degrees) and their Standard Deviations (a) 

for all Non~hydrogen Atoms in 5-Methoxytryptamine. 

Atoms Angles Atoms · Angles 

N(l)-C(l)-C(2) 115.04(.25) C(5)-C(6)-0(l) 123.84{.20) 

C(l)-C(2)-C(3) 112.98(.23) C(7)-C(6)-0(l) 114.51(.25) 

C(2)-C(3)-C(4) 127.57(.25) C:(6)-C(7)-C(8). 121.31(.25) 

C(2)-C(3)-C(l0) 126.63(.27) C(7)-C(8)-C(9) 117.79(.24) 

e(4)-C(3)-C(l0) 105.80(.21) C( 8) -C ( 9) -C ( 4) 121.40( .22) 

C(3)-C(4)-C(5) 132.98(.21) C(8)-C(9)-N(2) 130.29(.24) 

C(3)-C(4)-C(9) 106.89 (. 20) C(4)-C(9)-N(2) 108.30(.20) 

C(9)-C(4)-C(5) 120.13(.21) C(9)-N(2)-C(l0) 108.04(.22) 

C(4)-C(5)-C(6) 117.70(.21) N(2)-C(l0)-C(3) 110.97(.22) 

C(5)-C(6)-C(7) 121.65(.23) C(6)-0(l)-C(ll) 117.70(.21) 

(a) Standard deviations of the least significant digits estimated by least 

squares are given in parentheses. 

1-' 
0 
\0 



mine seem to agree in this respect. The average bond 

length for the 5 ring hydrogens is .99 ~. The difference 

110 

between this average bond length and the most accurate ben~ 

zene C-H distance, 1. 084 ~ • 005 A, 20 from electron diffrac- . 

tion work, is consistent with the expected magnitude of 

effects. of thermal motion and concentrati~>n of electrons in 

the bond. These effects are well known to cause the x-ray 

determinations for bonds to hydrogen to ·be shorter than the 

average internuclear distance. All hydrogen distances· are 

reported in Table III-10. The standard deviations on hydro­

gen bond·lengths range from .02 ~on the best determined 
0 

ring hydrogens, to .05 A on the prlmary amine hydrogens of 

N(l). All thermal parameters on the hydrogens are reasonr~hlP. 11 

and have ueen set forth earlier in Table III-7. The ring 

hydrogens do not significantly depart from the plane of the 

indole ring. The hydrogens H(8) and H(9) of the puckered 

portion of the ring bend upward with the two carbons, but 

the effect is not sign1f1·nant within th~ hydrogen standard 

deviations on bond lengths. The angular geometry of the ring 

hydrogens is consistent with other accurate work and is shown. 

in '!'able III-12. Interestingly enough, the average length 
. 0 

of the other nine hydrogens was also .99 A. 

In the ether s1dP. chain at C(6), rotation of the methyl 

group about the carbon-oxygen single bond may be hindered by 

C(S). 
0 

The C(ll)-C(S) distance is 2.797 A, and the H(7)-H(l3) 



llOa 

distance is 2.252 ~. The ether side chain bends down below 

the indole ring and points. in the general .direction of C(5). 

The methyl carbon C(ll) is 1.04 ~ below the indole ring, and 

the ether side chain makes an angle of 19.8 degrees with the 

indole plane. The internal geometry of this side chain is 

about what one would expect, based on reported values. The 
0 

C(6)-0(l) bond (1.376 !. .003 A), and the C(ll).:.o(l) bond 

(1.416.!. .003 ~)are consistent with values found in the Inter-
0 

national Tables; 1. 36 !. • 01 A for s·hortened oxygen-carbon dis..;. 

tance due to the influence of an aromatic ring, and 1.43 + 

.01 ~ for aliphatic carbon-oxygen .distance. 24 

The C(6)-0(l)-C(ll) bond angle in 5-methoxytryptamine is 

117.7 degrees. This compares well with the angles in 1,4-

dimethoxy benzene (121°) within the standard deviations of 

the dete~minations. 2 5 

The side chain at C(3) in 5-methoxytryptamine may be 

thought of as a substituted ethane. Possible conformations 

for ethane, or better, n-butane, are shown in Figure III-6. 

The indole ring may be in the extreme case either ci~- or 

trans- to N(l) of the side chain. The rotation angle about 

the ethane bond for the substituents is 0° for the cis- and 

180° for the :t;r_an.s- pos:t tion, The conformat;ton of n-outane 

may be either eclipsed, with end-on projection of the c-c 

bond showing only three substituents, or staggered, with all 

six substituents visible. 



Table III-12 

Intramole~ular· Angles (in degrees) and. their Standard Deviations :(a) foi! all 
. . . 

Bonds Inv~lving Hydrogen iri 5-Methoxytryptamine. · 

Atoms Angles Atoms Angles 

C(l)-N(l)-H(l) ;102.6(2.3) C(6)-C(7)-H(8) 116.0(1.6) 
C(l)-N(l)-H(2) 104.1(2.3) C(8)-C(7)-H(8) 122.7(1.6) 
H(l)-N(l)-H(2) 118.6(5.0) C(7)-C(8)-H(9) 121.3(1.9) 
C(2)-C(l)-H(3) 107.9(1.4) C(9)-C(8)-H(9) 120.9(1.9) 
C(2)-C(l)-H(4) 109.4(1.7) C(9)-N(2)-H(10) 132.4(1.8) 
N(l)-C(l)-H(3) 108.8(1.3) C(10)-N(2)-H(l0) 119.6(1.8) 
N(l)-C(l)-H(4) 10 6. 8 ( 1. 5) C(3)-C(l0)-H(ll) 126.5(1.8) 
E(3)-C(l)-H(4) 108.8(3.0) }.J(2)-C(l0)-H(ll) 122.5(1.8) 
C(l)-C(2)-H(5) 107.1(1.5) O(l)-C(ll)-H(l2) 103.4(1.5) 
C(l)-C(2)-H(6) 108.8(1.8) O(l)-C(11)-H(l3) 111.8(1.7) 
C(3)-C(2)-H(5) 108.5(1.4) O(l)-C(ll)-H(l4) 115.0(1.8) 
C(3)-C(2)-H(6) 109.6(1.8) H(l2)-C(ll)-H(13) 116.2(3.3) 
H(5)-C(2)-H(6) 109.9(2.9) .H(l~)-C(ll)-H(l4) 109.2(3.4) 
C(4)-C(5)-H(7) 121.5(1.4) H(l3)-C(ll)-H(l4) 101.7(3.2) 
C(6)-C(5)-H(7) 120.8(1.4) 

(a) Standard. deviations of the least significant digits estimated by least 

squares are given in parentheses. ..... 
..... 
..... 
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The conformation energieS of n-butane were calculated 

by Hoffman using extended .Hueckel molecular orbital theory. 26 

This energy curve is also shown·in Figure III-6. The minimum 

is for- the trans- isomer. The maximum is for the ~- isomer. 

The energy separation is 1. 2 ev .or 27.7 kcal/mole. Notice 

that there is also a minimum with a gauche, staggered -conform­

ation at a rotation angle of about 60 degrees. The energy 

separation between this conformer and the-trans- minimum is 

.26 ev or about 5.99 kcal/mole. 

The rotation angle between the terminal nitrogen N(l) 

of the side chain and carbon C(3) of the indole ring in 5-

methoxytryptamine is 68.3 degrees. The conformation is 

thus·staggered with a gauche orientation. The conformation of 

5-methoxytl"yptamine in the solid state falls into a higher 

energy minimum than the preferrAcl trans-. _arrangement calcu­

lated fOr the isolated molecule. 

Kier has made a similar extended Hueckel molecular ~rbi-

. 27 tal conformational analysis of s~rotnnin. He found the 

' . lowest energies associated with the trans- configuration 

of the terminal nitrogen N(l) and the carbon C(3). The con-

figuration in 5-methoxytryptamine, R.s mentioned earlier, 

is a gauche, staggered arrangement with the rotation angle 

between N(l) and C(3) about the ethane bond of 68.3 degrees. 

This conformation corresponds to an energy of about .3 ev 

or 6.9 kcal/mole higher than the most stable, trans-

conformation. This estimate of the energy separation 
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Figure III-6 

Conformation Energies for the n-Butane, and Conformation 

Energy of the Primary Amine Side Chain iri 5-Methoxytryptamine. 
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between the most stable conformation and that found in 5-

methoxytryptamine is 1.0 kcal/mole higher than the analysis 

based ori n-butane. 

As mentioned above, the energy calculations were made 

using extended Hueckel molecular orbital theory. This theory 

works best for aromatic systems, but is only semi-quantita­

tive for aliphatic systems. For aliphatic systems, energy 

barriers are always estimated too high. The estimates are 

best for compounds such as ethane, where very few terms, due 

to steric repulsion, are added to the energy calculation. 

The energy gap between the eclipsed and staggered positions 

of ethane is calculated to be 4.0 kcal/mole, and is actually 

observed to be 25 to 33 per cent less. This over-estimation 

of energy separations tends to increase with the complexity 

of the molecule until qualitative as well as quantitative 

errors occur with the branched pentanes. 26 

Kier also calculated the probable rotation angle of the 

ethane bond with the indole ring. For the purpose of this 

discussion we define the angle • such that when • = 0 the 

ethane bond of the side chain is parallel to the plane of 

the indole ring and pointing generally toward the benzene 

115 

ring. When • = _0, serotonin has the highest calculated con­

formational energy. When • = 90°, with the terminal nitro­

gen in the ~~ns-staggered position, serotonin has the lowest 

conformational energy. ~he energy separation between • = 0 



and ~ = 90° is 1.5 ev or 34.6 kcal/mole when the terminal 

nitrogen N(l) is in the lowest energy,·t~- conformation. 

The angle ~ in 5-methoxytryptamine is 35.8 degrees. 

The ethane bond points in the general direction of the ben­

zene ring and is rotated 35.8 degrees below the indole plane. 

This bond con format ion corresponds to an energy about •. 3 ev . 

or 6. 92 kcal/mole higher than the minimum \<1i th ¢ = 90° and 

the ethane bond perpendicular to the ring. Again, we must· 

realize.that these calculated energy barriers are calculated 

too higll uy 25 to 33 percent in. the most favorable .case' 

that of ethane. 

If we assume that the conformation energies involved 

are independent and add:1.t1 vP. .. · .5 ... m~thoxytryptaminc o..:J:Hune~ a 

conformation in the solid state about 13.8 kcal/mole higher 

than tho moot 3table confurmallon. If we use the more l,'t;a.­

sonable value for the conformation energy, that .based on 

n-butane, the energy separation is 12.8 kcal/mole~ We cah 

compare this to the highest conformation energy that 5-meth­

oxyt~yptamine could assume according to these calculations, 

62.3 kcal/mole above the most stable configuration. The 

solid-state conformation energy of 5-methoxytryptamine is 

20 percent of the highest conformation energy possible ac­

cording to extended Hueckel molecular orbital theory. Since 

the energies for ethane were calculated 25 to 33 percent 

high, and the percentage error tends to increase in an upHard 
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direction with the number of steric repulsions, we should 

probably reduce the conformational separation energy of 12.8 

kcal/moie calculated for serotonin by more. than 33 percent. 

'I'he 5-methoxytryptamine molecule moves to the higher 

energy conformer in the solid state partially in order to 

complete an intermolecular hydrogen bond. The indole r~ng 

makes an angle of 35.6 degrees with the ac plane, and the 

distance. between translation equivalent,indole rings is 

3.50 A. The nitrogen side chain bends below the plane of 

the ring, with the conformations mentioned earlier, toward 

the ·~ plane. Hydrogen bonds are formed with the nitrogen 

N(2) of the glide-related molecule translated one unit cell 

distance along~' (1 + x, -y, 1/2 + z). The hydrogen on the 

ring nitrogen N(2) is donated to the primary amine nitrogen 

N(l) on the side chain. The intermolecular distance between 

N(l} and N(2) is 2.916 ± .003 i, and is the closest inter-

molecular approach in the crystal structure of 5-methoxytryp­

tamine. The angular environment about the hydrogen-bonded 

atom N(l) is given in Table III-13 1 and Figure III-7. 
0 

In crystalline ammonia, the N-H-N distance is 3.38 A. 

The energy of the N-H-N hydrogen bond in ammonia is estimated 

to be in the range 1.3 to 3.8 kcal/mole. The N-N approach 

distance in 5-methoxytryptamine is one of the shortest yet 

reported for this kind of bond. This distance of 2.916 i is 

shorter than the N-H-N-'bond in Ademine-HCl, 2.99 A; ammonium 
['11 
·,. 
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Figure III-7 

Hy(!rogen Bonding in· 5-Methoxytz•yptu.rnine. 
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Table III-13 

Angles (in degrees) and Standard DeviatLons (a) about 

the Hydrogen-bonded Atom N(l). 

The Hydrogen H(lO) is donated by the Nitrogen N(2) in 

the symmetry-related molecule one unit cell away. Other 

atoms are in the same molecule as N(l). 

Atoms Angles 

H(l)-N(l)-H(2) 118.6(5.0) 

H(lci)-N(l)-H(l) 122.2(4~0) 

H(l0)-N(l)-H(2) 9 3 .·9 ( 4. 6) . 

C(l)-N(l)-H(lO) 111.6(1.1) 

C(l)-N(l)-H(l) 102.6(2.3) 

C(l)-N(l)-H(2) 104.1(2~3) 

N(2)-H(l0)-N(l) 171.0(2.3) 

(H) T.P.R.R t squares estimations of the least significant 

digits are.given in parentheses. 
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azide ~nd dicyandiamide, 2.94 i. 28 In view of the short 

N-H-N bond distance, an energy on the order of 3.0 kcal/mole 

is a. rea~onable estimate of the strength of the N-H-N bond 

in 5~methoxytryptamine. For comparison, the 0-H-0 hydrogen 

bond,.in ice; is 5.0 kcal/mole, and the 0-H-0 bond in acetic 

acid is 7.6.kcal/mole. 29 
•. 

From these considerations, we can .say that up to 30 per 
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cent of·the excess conformational energy'in 5-methoxytrypta­

mine can be accounted for by the formation of hydrogen bonds·. 

Hueckel molecular orbital theory, then, overestimate~ the 

conformational energy separations in 5-methoxytryptamine by 

a valu~ of between 33 and 70 percent. 

Tl18 ::; UJ:Jt=l'-:::; L1·uu Lur·e ur 5-methoxyt:ryptamine can be de..;.· 

scrib.ed as pleated sheets stacked along the ~ direction, held 

together by N-H-N hydrogen bqndin~ betw~~Q the sheets. DiR­

tance between equivalent planes is 3.50 l. The niirog~n·N(l) 

is 3.30 i below the plane of the ring t6_which it is attached, 

and is within 2.916 i of N(2) in the glide-related molecule, 

translated one unit cell length along ~· The N-H-N hydrogen 

bond has a reasonable geome~ry as we can see in Table III-13. 

A least squares plane through this iniermolecular N(2)-H-N(~) 

bond makes an angle of 60.5 degrees with the plane of the 

indole ring of N(2). The intermolecular packing is shown in 

Figure. III-6. The view is down the· a axis. The direction 

of the glide plane is along c. 

I 
I 

1 
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Figure III-8 

Intermolecular Packing in 5-Methoxytryptamine. 
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The closest interm.olecular approach in 5-methoxytrypta-
. o·. 

mine is between C(5)-0(l), 3.405 A. The oxygen is in the 

glide-related molecule at (x, -y, 1/2 + z). Other close ap­

proaches are between 0(1) of the methoxy side chain in the 

molecule (1 + x, y, z), and C(8) of the molecule (x,y,z). 

The distance involved is 3.759 X. The C(7) in molecule 
ci 

(x,riz). is within 3.734 A of C(5) in th~ glide-related mole-

cule at (x, -y, 1/2 + ~). 

I' 
I 

I 
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E. Conclusion 

The indole ring in 5-methoxytryptamine is not planar 

within t.he standard deviations of the structure determination. 

The carbons C(7) and C(8) are warped out of the plane of 

the indole ring by 1.6°. No.explanation of· this is obvious 

from a consideration of molecular packing or conformation. 

Short bonds in the indole ring correlate with regions of 

high ~ electron density as calculated by Hueckel molecular 

orbital theory. 

The nitrogen of the aliphatic side chain forms a very 

strong N-H-N hydrogen bond with the nitrogen of the indole 

ring ·in the glide related molecule at (l+x,-y,l/2+z) •. 

Formation of this hydrogen bond partially compensates for 

the large energy separation between the minimum energy 

conformation and the conformation which actually occurs in 

5-methoxytryptamine. 

The ap:Proximati_ons · ~f Hueck~l mol'ecular 9rbi'tal tl)eory · 

may substantially· overestimate the energy separations 

involved. 
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Section IV 

The Crystal and Molecular Structure of Melatonin. 



A. Introduction 

Melatonin is formed in the pineal gland of the.human 
1 

brain by N-acetylation bf serotonin. This ,reaction is 

129 

2 
followed by methylation with hydroxy~dole-Omethyl trans fer as e .• 

The formation of melatonin is an.addedcomplication in 

the ~ompiicated biochemistry of serotonin. Serotonin 

which is acetylated is protected from monoamine oxidase 

destruction. The compound N-acetylserotonin·is excreted 
3 

in human urine. 

The crystal structure of melatonin was undertaken 

in order to provide a sound structural basis for molecular 

orbital calculations •. It was hoped· that some clue would 

be provided by the x-ray structure which would help es-

tablish the role molecular conformations have in the bio-

chemical actions of serotonin and melatonin. 



B. Experimental 

The crystals. of melatonin used in this structure deter-

mination were obtained as described in III-a. Preliminary 

oscillation and Weissenberg photographs of an unmeasured cry­

stal had symmetry and extinctions consistent with mono.clinic 

·space group P2 1/ri. (OkO, k = 2n; hOt, h + t = 2n). It was 

subsequently found that a better choice of cell could be made, 
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and that the preliminary photographs were .t~ken with the cry­

stal aligned along the a* axis of a P21/o unit oell. 'l'he 

crystal structure of melatonin was solved in P21/c, and all 

further ~eferences to this problem will be based on this space 

group. 

Rough oell dimensions were measured from the films or· 

this crystal and another crystal (.35 x .27 x .10 mm) mounted 

on a thin glass fiber with General Electric Clear Industrial 

Varnish 1202 in a random orientation was transferred to the 

Picker Automatic Diffractometer for the accurate determination 

of cell dimensions and intensity measurements. The Picker 

Automatic Diffractometer was physically the same as outlined 

in Section III-B, except that a molybdenum x-ray tube was 

used, and the graphite monochromator was set at 12.048°. 

Least square~ oell dimension~ were.oaloulated on the 

PDP-81·. computer from the 28 values of 13 well-centered reflec-

tions using the standard program furnished by the Picker 

I 

I 
I 
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Corporation. . The molybdenum .cell dimensions for P2 1/c were 

a = 7 .·707: + • 00.2;: b 9.252 + .002; . .£. = 17.07.7 + .004; -
a = 96.7S + - • 0 3; A = .• 709.26:1; z = 4. 

Calculated density basad on these cell dimensions was 

1.276 g/cc3, and the experimental density as measured at room 

temperature in ethylene chloride, ethylene bromide, and ethyl 

acetate was 1.272. g/cc3, which agrees well with the calculated 

value. The linear absorption coefficient, ~, for melatonin 

with molybdenum x-rays was • 9 41 cm-1 and ~t in· the longest di­

rection for this crystal (.35 x .27 x .10 nun) was .033. No 

absorption correc~ion was made. 

Intensity data was taken throughout the +k region of re~ 

ciprocal space in planes of constant h from -h to +h. All 

the molybdenum data in this hemisphere was measured from 

28 = 0 to 28 = 40° (sin8/A = .48222). The scan width, s, was 

2.0 degrees, and data was taken at a 2.0 degree take-off 

angle.· Definition of s and the diffractometer scan procedure 

was given in :O:I-B. 

The 006 and 206 reflections were chosen as intensity 

standards. The 206 reflection was measured 49 times for an 

average intensity of 21552 and an average deviation of 393. 

The 006 reflection was measured 48 times for an average in­

tensity of 24313 and an average deviation of 315. 

A total of 2275 reflections were measured. The 45~ re-

flection was m~HSllr'ed only once due to a machine error, and 
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4 Ok0 11'-'!'eflections were measured only once. The·re were two 

measurements .of al_l .other independent re.f.lec.tions as the 

Friedel-equivalen:t pairs hkR., .hkR.; and hkR., hki" were measured. 

Thus, the 2275 measurements were reduced to 114D independen~ 

observa.tions after averagin@?• 

The form of the temperature factors ·used and the weight­

ing scheme for least squares refinement were given in III-B. 

The source of scattering factors used was given in I-~ The 

Af' and Af" anomalous dispersion corrections for the light 

atoms in melatonin were zero. 
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c. Solution of the Structure 

The crystal structure of melatonin was solved with a 

direct method of phase determination. A Wilson plot of the 

data was prepared using a computer program written by Maddox 

4 Q2 and Maddox. The overall temperature factor, 1.09 A., calcu-

lated from the Wilson plot, was used by the program in the 

calculation of the normalized structure factors Ehkl. The 

151 Ehkl ~ 1.50 were tested for sign interactions with a 

Fortran computer program written by Michael Drew.. Three re­

flections corresponding to a large number of interactions, 

high Ehkl values, and linear independence modulo two were 

chosen to determine the origin. These reflections were ar-

bi~rarily given positive signs. Once the origin was set, all 

the other signs were functions of the structure alone. A 

starting set of four reflections with a large number of sign 

interactions and large Ehkl values were given all possible 

comb.~nations o"f,plus and. minus .signs ·resulti~g in 16 pessible· 

solutions to the structure of melatonin. Signs for the 

other Ehkl values based on these 16 possible combinations of 

the starting set were calculated with iterative application 

of Sayre's eq~ationtwhich results also from the E2 relation­

ship of Hauptman and Karle.6 This equation was applied to 

the 151 normalized structure factors Ehkl using a computer 

7 program written by R. E. Long. 



Sayre's equation may be expressed as 

where -s ( ) means "sign of" the dot implies multiplication, . J 

and !_1 B, and C are the vectors (:tlkl) for the reflections 

A, .B,_.and C• the sum is over all combinations where -

B + Q = A. 

The three origin -determining reflections and the four 

structure invariant reflections which were chosen for sign · 

permutation are given below, the origin determining reflec-

tions are listed first: 

h k l Ehkl M 

3 1 11 3.09 34-

3 1 8. 2.02 32 

i 2 6 2.46 38 

3 1 5 2.52 30 

?. 1 .... ? 5.93 49 

2 1 -1 4.11 45 

1 4 -3 2.02 32 

The quantity M is tne number of sign interactions for the 

reflection involved., and M ranged from 8 to 5l for the 151 

reflections considered. 
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Selection· of .the correct .combination of signs from the 

16 sets produced by Long's program is aided by. a consistency 

index, c, defined as 

c = 

"{lEA I: E_B E_CI} 
A=B+C 

. { IE A I I: I EB I I Ec I } 
- A=B+C 

where the sums are over all pairs B and C for which B+C = P:.'. 

and where· { } means the average over all values of!· 

A totally consistent solution has a consistency index 

of 1.0. 

The program repeatedly applies Sayre's equation_ in 

cycles through the list of Ehkl such that signs predicted at 

the top of the list are used in the prediction of signs be-

low until there are no ·;changes or additions to the list. 

The solution with the corre.ct combination of signs usually 

correlates with the highest consistenci index, and the few~ 

est number of cycles. 

Although this correlation does not always hold, for 

melatonin it happened to be true. Of the 16 possible solu­

tions, consistency indices ra~ged rrom .50 td .Bo, and the 

number of cycles needed to produce an unchanging set of 

signs ranged from 7 to the maximum of 17. Set number 11 had 

a consistency index of .Bo,.and sign combinations for the 



151 terms was calculated in 7 cycles. For this solution, 

the four.· signs of the starting set:.were positive except for 

th~ 315, and 31T reflections. 

A Fourier was calculated using as terms the 151 Ehkl 

with the signs predicted by Long's program. The top 17 

136 

peaks on.this Fourier corresponded to all the non-hydrogen 

atoms of the melatonin structure. A full matrix least : 

o~uarco refinement of the~e 17 a~ums w1th 1Ant~np1c tempera­

ture factors gave a conventional R factor of 11.6%, a weight­

ed n, n2, of 13.4%, and a standard deviation of observation 

unit weight of 3.417. An examination of the signs of the 

calculated structure factors corresponding to this refined 

structure revealed that Sayre's equation and. Long's computP.,.. 

program had correctly predicted every single one of the 151 

eigne. 

This structure was refined with anisotropic temperature 

factors through four cycles of least squares refinement~ The 

result of this refinement was an R factor of 9.1%, a weighted 

R ~f 10.4%, and a standard deviation of 2.881. 

A difference Fourier phased on the refined atomic posi­

tions of t~e 17 non-hydrogen atoms from the anisotropic re­

finement revealed the positions of the. hydrogen atoms. The 

top 19 peaks on this difference map ranged from .~6 to .51 

electrons, and .the 16 hydrogen atoms of melatonin were among 

these 19 peaks. 



Four cycles of least squares refinement giving the non­

hydrogen atoms anisotr.opic~ and the hydrogen atoms isotropic 

temperature factors resulted in an R factor of 3.45%, a 

weighted R of 3.4%, and a standard deviation of observation 

unit weight .995~ . All·the refinements mentioned above were 

done wit~ the weighting scheme outlined in IV-B Since the 

standard deviation at this point dropped below one, the in­

tense data were overweighted for systematic errors, and the 

coefficient p was lowered to .04. 

' With this revised weighting scheme the above refinement 
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was repeated. The R factor this time was 3.45% for 808 data; 

the weighted R was 3.3%, the standard deviation was 1.106, 

and the conventional R including zero weight data was 5.71% 

for the 1140 independent reflections. There was no systema­

tic trend in either jFo/Fcl or w112 ~F as a function of in­

tensity or Bragg scattering angle. The largest peak on the 

final difference Fourier was .19 electron~. In this final 

refinement no parameter shifted by more than 1% of its esti-

mated standard deviation. 
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D • Dis cuss ion of the .Structure 

The atomic coordinate of all the non-hydrogen atoms in 

melatonin are given in Table IV-1, and the thermal parameters 

are listed in Table IV-2. The coordinates of the hydrogen 

atoms and their thermal parameters are. given in Table IV-3. 

The atomic numbering system is entirely consistent with that 

of 5-methoxytryptamine in Section III-D. .B'or this reason~ 

numbering o.f the hydrogens in melatonin is. not entirely se-

quential. Since there is. only one hydrogen on the :nl t.r·ogen, 

N(l), in the side chain of melatonin, and two in 5-methoxy­

tryptamine, the label H(2) for the second hydrogen on this 

nitrogen has been omitted for melatonin. This numbering sys­

tem, with the interatomic distances in melatonin, is present­

ed in Figure IV-1. Interatnmi~ distanc~s are given along 

with their standard deviations in Table IV-4. 

The ~verage of all the bond distances of the benzene ring 
0 

is 1.386A. This average is not significantly different from 

the result found for 5-methoxytryptamine. As in 5-methoxy-

tryptamine, bonds C(5)-C(6) and C(7)-C(8) are significantly 

shorter than the average. The bond C(4)-C(5) is significant­

ly larger than the average. The definition of significance 

used and the probable cause of the bond-shortening have been 

adequately discussed in III-D. 

The average of all the bonds in the pyrrole ring is 

! 

I 

i 
I 
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Table IV-1 

Atomic.Coordinates and their Standard Deviations (a) for all 

Non-hydrogen Atoms in Melatonin. 

ATOM X y l 
CHJ .4374(6) .3060(4) .1265(2) 
Cl2J .6292(6) .6757(4) .4202(2) 
Cl3J .3187(4) .2059(3) -.0055(2) 
Cl4l .2388(4) .3953(3) .4384(2) 
C(5J .8116(4) .0403(4) .0554(2)· 
C(6) .1182{4) .6102(4) . .3777(2) 
Cl7J .9049(5) • 0394(5) .. 1950(2) 
CC8) .1418(5) .3979(5) .2971(2) 
C(9) .2138(4) .3265(4) .3650(2) 
c ( 10, .1377(5} .1702(4) .4541(2) 
c (11) .9128(7) .1303(5) .0534(3) 
c ( 12) .5977(4) .3575(4) .2551(2) 
c ( 13) .3268(7) .7993(5) .1667(2) 
N ( l) .4906(4) • '1658(3) .2944(2) 
N(2) .7280(4) • 6876•( 4) .1235(2) 
0( l) • 0660(3) .7531(3) . .3751(2) 
0(2) .3862(3) -.0144(2) • 2630 ( 1) 

(a) Standard deviations of the least significant digits· 

estimated by least squares are given in parentheses. 
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Table IV-2 

Table of Anisotropic Tem)erature Parameters (a) and their Standard 

ATCM 
C(l l 
c ( 2 ., 

c ( 3 ) 
c ( 4) 

c ( 5) 
c ( 6 ) 
c ( 7) 

c ( 8) 

c ( 9) 

c ( 10, 
c ( 11) 

c (12) 

c ( 1 3) 
N ( 1 ) 
N ( 2 l 
0 ( l) 
c ( 2) 

J 11 
5.·:1(2) 
4.1(2) 
3. 9 (2) 
3.3(2) 
4. L (2) 
4.1(2) 
4.6(2) 
4.6(2) 
3.9(2) 
4.7(2) 
6.0(3) 
4.0(2) 
5.9(3) 
5.8(2) 
5.6(2) 
6.'H2l 
7.3(2) 

Deviatio~s (b) in Melatonin • 

B22 
2.7(2·) 
3.0(2) 
2.6(2) 
2.7(2) 
1.1(2) 
3.3{2) 
4.6(2) 
4.9(2) 
2.8{2) 
3.4(2) 
3.2(2) 
z.g!2l 
4.1(2) 
1.9(1) 
3.4(2) 
3. 6 (_l >. 
2.3( 1) 

. 833 
3.1(2). 
3.5(2) 
2~8(2) 

3.0(2) 
3. 3 ( 2) 
4.1( 2) 
3.7(2) 
3.0(2) 
3.5(2) 
3.3(2) 
7.1(3) 
3.3(2') 
3.5(2) 
3.1(2) 
3.6(2:) 
5. 6 ( 2') 
4.on r 

812 
..,..1(21 

. • 2 ( 2) 
-.2(1) 
-.5(t) 

• 4 ( 1) 
• 2 ( 2) 

-.0(2} 
-.6(2) 
-.1(1) 

• 1 { 2) 
-.5(2') 
-.4(1) 

.3(21 
• 4 ( l , 
• 0 ( 1) 

1.4(1) 
.6(1). 

fH3 
. .. 2 ( 2) 
. ~4(2) 
.5(-i)" 
• 5 ( 1) 

• 6 ( 2) 
• 1 ( 2) 

-~4(2) 

.2(2) 
• 3 ( 1 ) 
• 4 ( 2) 
• 4 ( 3) 
• 9 ( l) 

-.0(2) 
• 4 ( 1) 

• 8 ( 1 ) 
.1{ l) 

• 9 ( 1 ) 

(a) Anisotropic thermal parameters, B, in units of A2, are given by 

i3 = 4B 1 .. /a1·*a~, where af is the ith re:-iprocal cell length~· 
.::..!L ---J.. 

P.23 
.• l( 1) . 

• 1 ( 2) 
·.3(1) 

-.0(2) 
• 3 ( 2) 
• 3 ( 2) 

-1.1(2) 
-.2{2) 
-.3(2) 

• 3 ( 2) 
• 1( 2) 

-.5(2) 
-.3(2) 
-.4(1) 

1.2(2.) 
• 7 (.1 ) 
.07(9) 

(b) Estimated s tc.ndard de•Jiations are given in paren:;heses follm'i'ing the par:t.:ncter. 

-----------------·--· 
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Table IV-3 

Final Positional Parameters and Isotropic Thermal 

Parameters (a) and their Standard Deviations (b) 

Melatonin for all the Hydrogen Atoms. 

ATOM X y z 

H (l) .502(3) .680(3) .280(1) 
H ( )) .656(4) .879(3) .370(2) 
HCitJ. .535(4) .355(3) .103(2) 
H(5J • 45.8 ( 4) .103(4) .088(2) 
H(6) .273(4) .136(3) • 10 3 ( ·2) 
H(7) .798(4) .410(3) .506(2) 
H(8) .043(4) .591(3) .260(2) 
H ( 9) .124(4) .352(4) .246(2) 
H ( 10) .282(4) .131(3) .343(2) 
H ( 11) .623(4) .577(4) .027(2) 
H ( 12) .022(5) .713(4) -.011(2) 
H ( 13) -.045(5) .423(4) .068 ( 2 .) 
H ( 14) .210(5) .824(4) .474(2) 
H (.15 ) .323(5) .695(4) .164(2) 
H(l6) .607(5) .335(4) .374(3) 
H (17) .208(6) .825(4) .157(2) 

(a) The isotropic temperature factor has.the form 

T=exp(-B(~in 6/A) 2 ). 

in 

B 

1.9(7) 
4.7(8·) 
lt.9(9)·· 
4.6(9) 
3.8(8) 
3.5(7) 
4.3(8) 
5.3(9) 
2.2(8) 
4.6(9) 
7.2(12) 
6.1( 10) 
6.5(11) 
6.5(10) 
7.8(12) 
7.2( 12) 

(b) Standard deviations of the least significant digits 

estimated by least squares are given in parentheses. 
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Table IV-.4 . 

IntramolecularDistances (in X) and their Standard Deviations 

(a) in Melatonin. i 
I 
I 

. I , 

·Ato·ms· Di·s·tan:ce · At·oms DTs·tan:ce ! 
I 
I 
I 

C(l)-C(2) 1.502(4) N( 1 )-H( 1) .84(3) I 
I 
I 

C(2)..:.C(3) 1.491(4) C ( 1) -H( 3) .99(3) I 
I 
I 

C( 1)-H( 4) C(3)-C(4) 1.426(4) . 1.00(3) I 
I 

c(4)-C(5) 1.405(4) C(2)-H(5) .95(3) I 
C(4)-C(9) .1.399(4) C(2)-H(6) .96(3) I 

C(5)-C(6) 1.368(4) C(5)-H(7) ~95(3) 
l 
I 
l 

c(6)-C(7) 1.397(5) C(7)-:-H(8) .95( 3) I 
I 

C(7)-C(8) 1.368(5) C(8)-H(9) .• 96(3) 
I 
I 
! 
I 

C(8)-C(9) 1.:3~1(5) N(2)-H(l0) .79(3) l 
I 

C(9)-N(2) 1.368(4) C(lO)-H(ll) .96(3) I 
N(2)-C(l0) 1.370(4) C(ll):-H(l2) 1.01(4) I 

! 

C ( 10) -C ( 3) · 1.355(4) C(ll)-H(l3) .94(4) 
i 
I 

C(6)- 0(1) 1.380(4) C(ll)-H(l4) 1.01(4) I 
I 
i 

0(1)-C(ll) 1.407(5) C(l3)-H(l5) .97(4) I 
! 

C ( 1)-N( 1) 1.448(4) C(l3)-H(l6) .96(4) 
I 

N ( 1) -C ( 1 ?. ) 1.~27(4) C(l3)-H(l7) .94(4) 

0(12)-0(2) 1.235(3) 

C(l2)-C(l3) 1.493(5) 

(a) Standard deviations are estimated by the method of least 

squares and are indicated with parentheses. 
i 

I 
I 

I 

. ! 
I 
I 

I 
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Figure IV-1 

Atomic Numbering System and Bond Distances iri Melatonin. 
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0 
1.384A. As iri 5-methoxytryptamine the bonds N(2)-C(9) and 

N(2)-C(lO)· are equivalent within one standard deviation and 

are three standard deviations shorter than ·th~ average for 

the ring~ The bond C(3)-C(l0) is seven standard deviations 

shorter than the average. All the· results are consistent 

with the structure of·5-methoxytryptamine. As in 5-methoxy-

tryptamine, short bonds in these aromati.c rings correlate 

with large frontier electron density as ~alculated by Hueckel 

molecular orbital theory. The shortest bond correlates with 

the highest density. 

The average of all bonds for the indole ring is 1.3851. 

This value is consistent with that found in 5-methoxytrypta-

mine. All the intramolecular angles in the indole ring are 

consistent within the standard deviations with the results 

of 5-methoxytryptamine. Intramolecular angles not involving 

hydrogen are given in Table IV-5, and all intramolecular 

angles involving hydrogen are given in Table IV-6. 

A stereoscopic view of thermal motion in melatonin is 

shown· in Figure IV-2. Thermal parameters are reasonable, 

and they may be found in Tables IV-2 for non-hydrogen, and 

IV-3. for hydrogen atoms, as related earlier • 

. ·As in 5-methoxytryptamine, the indole ring is planar 

within .o2l, but is not planar within the standard deviations 

of the structure determination. Deviations of atoms from 

least squares planes in melatonin are given in Table IV-7. 
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Figure IV-2 

Anisofropic Thermal Motibn in Melaton{h·. , 

146 

i 
I 

I 
j 
i 

i 

i 
I 

- I 
I 
i 

I 
i 
I 
! 

·I 
. I 

I 
l 
! 
I 
I 
l 

I 

I 
I 

I 
I 
I 
I 

I 
I 
I 

I 
I 

I . I 
I 
I 

I 
I 
I 
I 
I 
: 



L(6..g)L l'ClX 

·· .. · 



Table IV-5 

Intramolecular Angles. (in degrees) and their Standard 

Deviations (a) for all Non-Hydrogen Atoms in Melatonin. 

·Atoms · Atoms 

C(2)-C(3)-C(4) 125.3(3) C(8)-C(9)-N(2) . 131.2(4) 

C(2)-C(3)-C(l0) 128.6(3) C(g) ... N(2) ... C(l0) 109.1(3). 

C(3)-C(4)-C(5) 132.7(3) C(9)-C(4)-C(5) 119.4(3) 

C(3)-C(4)-0(9) 10 7. 9 ( 3) N(2)~C(l0)-C(3) 110.1(3) 

C(4)-C(5)-C(6) 118.3(3) . C(l0)-C(3}-C(4) 106.1(3) 

C(4)-C(9)-C(8) 122.0(3) C(3)-C(2)-C(1) .113.8(3) 

C ( 4) -C ( 9) -N ( 2) 106.8(3) c·(2)-C(l)-N(l) 111.0(3) 

C(5)-C(6)-C(7) 121.1(3) C(l)-N(l)-C(l2) 122.7(3) 
.. 

C(5)-C(6)-0(l) ].;>4.4(3) N ( 1) -.C ( 12) -0 ( 2) 120.9(2) 

C(6)-0(l)-C(ll) 117.0(4) N(l)-C(l2)-C(l3) 117.1(4) 

C(6)-C(7)-C(8) 121.9(3) C(l3)-C(l2)-0(2) 122.0(3) 

C(7)-C(8)-C(9) 117.1(4) 

148 

(a) Standard deviations are estimated by the method of least. 

squares and are enclosed in parentheses. 

., 

I 
,.. : 

j 

I 
! 

: I 
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Table IV-6 

Intramolecular Angles (in degrees) and th.eir Standard 

Deviations (a) for all Bonds Involving Hydrogen in Melatonin. 

C(l2)-N(l)-H(l) 

C(1)-N(l)-H(l) 

N(l).;..C(l)-H(3) 

N(1)-C(1)-H(4) 

C(1)-C(2)-H(5) 

C(l)-C(2)-H(6) 

C(3)-C(2)-H(5) 

C(3)-C(2)-H(6) 

C(2)-C(l)-H(3) 

C(2)-C(l)-H(4) 

H(3)~C(l)-H(4) 

H(5)-C(2)-H(6) 

C(4)-:-C(5)-H(7) 

C(6)-C(5)-H(7) 

0( 1f-C( 11)-H( 12) 

O(l)-C(11)-H(l3) 

0(1)-C.(ll)-H(l4) 

Angles 

118.9(1.7) 

118.3(1.7) 

108.5(1.7) 

105.3(1.6) 

107.3(1.8) 

10.8 ~ 7 ( 1. 6 ) 

112.1( 1. 8) 

109.7(1.6) 

111.8(1.7) 

112.3(1.6) 

107.5(3.3) 

104.7(3.4) 

121.4(1.6) 

120.3(1.6) 

114.0(2.1) 

103.4(2.0) 

112.5(2.0) 

Angles 

H(l2)-C(ll)-H(l3) 111.2(4.6) 

H(l3)~C(il)-H(l4) 116.6(3.9) 

H(14)-C(11)-H(l2) 99.6(4.1) 

C(6)-C(7)-H(8) 118.5(1.8) 

C(8)-C(1)-H(8) 

C(7)-C(8)-H(9) 

C(9)-C(8)-H(9) 

C ( 9) -N ( 2) -H (10) 

119.5(1.8) 

120.2(1.9) 

122.7(1.9) 

125.7(2.1)· 

C(l0)-N(2)-H(l0) 124.4(2.1) 

N(2)-C(l0)-H(ll) · 119.6(1.8) 

C(3)-C(10)-H(ll) 130.0(1.7} 

C(l2)-C(l3)-H(l5) 114.4(2.1) 

C(l2)-C(l3)-H(l6) 109.8(2.2) 

C(l2)-C(l3)-H(l7) 109.9(2.3) 

H(l5)-C(l3)-H(l6) 108.4(4.0) 

H(l6)-C(l3)-H(l7) 111.4(4.5) 

H(l5)-C(l3)-H(l7) 102.7(4.0) 

(a) Standard deviations are estimated by the method of least 

squares and are enclosed in .parentheses. 



Table IV-7 
0 

Deviations (in A) of Atoms from Least Squares Planes in Melatonin. 

Atoms given zero weight in the least squares calculations a~e indicated with 

parenthes.es. 
~·· . 

.. \ 

. c ( 3) c ( 10) . N(2) c ( 9) . G(4) c ( 5) . " c (6) C(7) C( 8) · 0( 1) . .- C(2) 

Indole . .012 .018 -.020 -.007 -.010 -.014 .004 .012 .006 (..026) (.041)' 

Benzene (.. 0 38) (.042) (-.008) -.002 .oo4 -.004 .002 .001 -.001 (.018) (.078) 

Pyrrole -.001 .008 -.012 .011 -.006 (-.004) (.032) (.053) (.042) (.062) ( ) 

o(:) N(l) 

Acetyl -.002 --.00 2 

Deviation from C(l) · N(1) . 

Indole plane (-.064) (.166:· 

c ( 12) 

(. 30 g) 

C(12) 

.005 

. C(l3) 

(. 618) 

c ( 13) . 

-.001 

0(2) · C(ll) 

(.169) C.o38). 
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In 5-methoxytryptamine the indole ring was planar_except 

C(-7) and C(8) were abo.ve the plane by. 10 standard deviations. 

The· _first members of the side chains C(2). and 0(1) were in 

the plane of the ring. Ih melatonin the benzene portion of 

the indole ring is quite planar, and'the nitrogen N(-2) of the 

pyrrole ring lies in this plane. Carbons C(3) and C(lO) of 

the pyrrole ring are above the plane of the indole ring by 

at least 9 standard deviations. The oxygen 0(1) and carbon 

C(2) of the side chains lie significantly above the ring 

also. It is not.clear why C(3) and C(lO) should be out of 

the indole ring plane. This deviation from the plane does 

not seem to be a consequence of molecular packing. 

All the atoms of melatonin lie approximately in the plane 

of the indole ring. Deviation of all the non-hydrogen atoms 

of the structure from a least squares plane through the in-

dole ring is_ given in Table IV-7. As in 5-methoxytryptamine, 

the aliphatic" and the ether side chains unfold on the same 

side of the ring. The side chain at C(3) drifts casually 

above the ring to a maximum distance above the ring .of .62X 

with the terminal atom, C(l3).· 

The angle ~ of melatonin is 175.0°. It will be remember­

ed from Section III that this is the angle between the ethane 

bond of the side chain and the indole ring such that if ~ = 0 

C(l) is pointed toward C(5) and is in the plane of the ring. 

The minimum energy conformation in the absence of outside 

,- ..... ... - ·" 



forces is with ~ = 90.0
1 .but :the .energy separation between 

~ = 90° and ~ = 180° is only 2. 3kcal/mole Within the ap-

proximations of Hueckel theory, .these two conformations are 

equivalent .8 

The ether side chain lies almost entirely in .. th~ plane 

of the indole ring. A"· least squares plane through 

C(ll)-O(l)-C(6) is parallel within one degree to the piane 

of the ring. The conformation about .the ethane bond 

C(l)-C.(2) is almost perfectly ~-and staggered. This cor­

responds to the minimum conformation energy expected as cal­

culated 'by extended Hueckel molecular orbital theory. The 
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possible conformations for C(3)-C(2)-C(i)-N(l) are shown in 

Figure.~II-6. A rotation angle ofl80°. between N(l) and C(3) 

corresponds to zero conformation energy and the trans..- stag-- .. 

gered configuration~ This conformation angle in melatonin 

isl88.4°. The conformation of the nitrogen-containing side 

chain in melatonin is very close to that expected from liueckel 

molecular orbital theory calculations,. and the energy ::;epara-

tiori between the minimum (O.Okcal/mole), and that found for 

melatonin is 2.3kcal/mole. We may con~rast this value with 

the very large separation energy found in 5-methoxytryptamine 

of 12.8 kcal/mole. 

In 5~methoxytryptrumine; the nitrogen oide=chain moved 

into a higher conformational energy state in order to com­

plete an intermolecular hydrogen bond between N(l) of mole-
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cule (x,y,z) and N(2) of molecule (l.+x.,-y,l/2+.z). The abili­

ty .of N (.1) to form an N-H-N hydrogen bond wi.th N ( 2) is des-

troyed in melatonin by th~ acetyl. group. 

The acetyl group is planar as we can see from Table IV-7. 

The angles about C(l2) and N(l) are all cl6se to 1~0°. The 

planar acetyl group is nearly coplanar with the indole ring; 

the dihedral angle between the two planes is .-, ~" 
I • I - •. The ace-

tyl group may be partially in resonance with the indole ring. 

The uonds C(2)-C(3) and C(l)-C(2) are signlflcautly shorter 

than expected for a carbon-carbon single bond.9 The tetra­

hedral angles about C(2) and C(l) are larger than normal by 

about 20. :;;Landard deviations· for C(2) and 11 standard devia-

tions for C(l). 

Instead of an N-H-N hydrogen bond as found in 5-methoxy-

tryptamine, melatonin forms an N-H-0 hydrogen bond. The 

o~ygen 0(2) of molecule (x,y,z) is hydrogen bonded to N(2) 

in the indole ring of molecule (-x,l/2+y,l/2-z). The dis-
0 

tance of separation is 2.903A, and the angle N(2)-H(l0)-0(2) 
0 

The oxygen 0(2) of (x,y,z) ia also only 2.966A 

from N(l) of the side chain in (-x, l/2+y,l/2-z), and the 

angle N(l)-H(l)-0(2) is 161.3°. Thus, both the nitrogen N(l) 

of the si~e chain and N(2) of the ring in molecule (x,y,x) 

are hydrogen-bonded to oxygen 0(2) in the glide related mole­

cule c~x,l/2+y, 1/2-z). 



These distances and angles for the N-H-0 hydrogen bond 

are in general agreement with those found in neutron diffrac­

tion work. 10 These hydrogen bonds are weaker than the N-H-0 
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bonds of amino acids or proteins. The N-O distance for an 

N-H-0 bond in these compounds is 2.79 ~ .12~. The ideal 

N-H-0 angle is 180° 1 and for each 6° of deviation approximate­

ly .1 kcal/mole of strain is produced in the hydrogen bond. 11 

These N-H._O hydrogen bonds in melatonin w+th distances of 

about 2.9~ and angles of about 160° are .rather weak bonds. 

Also, the nitrogen-hydrogen distance is sometimes used as a 

criterion or hydrogen bond strength. If a strong hydrogen· 

bond is formed, the nitrogen-hydrogen distance should be 

longer, as the hydrogen is donated to the 6iygen. The dis­

tance N(2)-H(l0) is .79~. and the N(l)-H(l) distance is .84~. 

These are the shortest intramolecular bonds involving hydro-

gen in the whole molecular structure, but least squares esti­

mated standard deviations on these bond lengths are ~ .03 ~~ 

Since these estimated standard deviations are the minimum stan-

dard deviations for every structure, .these short N-H bonds 

are probably not significant within the accuracy of the struc-. 

ture determination. 

The crystal structure of melatonin is held together by 

a rather weak network of hydrogen bonds. The indole ring 

makes an angle of 73.2° with the ~plane, and the side 

chain in the molecule at (x,y,z) is hydrogen bonded to the 

i 
I 

• I 
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ring and side chain of the glide-related molecule at (-x,y+l/2, 

l/2-z). The closest non-bonded approach in the structure 

not in~olving hydrogen is 3.758 ~. This interaction is 

between 0(2) of (x,y,z) and C(l3) of· (-x,y+l/2,1/2-z) •. A 

diagram of intermolecular packing in melatonin is shown in 

Figure IV-3. A list of final observed and calculated 

structure factors for melatonin is given in Tabl~ IV-8. 
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i 

Figure IV-3 I 
I 
I 

·I 
I 

I 

Intermolecular Packing in Melatonin. 
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Table IV-8 

Observed and Calculated Structure Factors for Melatonin. 
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E • Conclusion 

The molecular structure of melatonin agrees in many 

aspects.with the crystal structure of 5-methoxytryptamine 

which was related in Section III. The indole ring in 

melatonin is not planar, although the benzene ring is. The 

atoms C(2) and C(lO) of the p~rrole ring are warped out of 

the plane of the indole ring by 1.8° • Short bonds iri the 

indole ring correlate with a large frohtier electron density 

as calculated by Hueckel molecular orbital theory. The 

shortest b~nd correlates with the highest pi electron den­

sity. 

In contrast to 5-methoxytryptamine, melatonin assumes 

a conformation in the solid state very close to that ex­

pected from quantum mechanical calculations.r Acetylation 

of the primary amine. group destroys the ability of 5-meth­

oxytryptamine to form a strong N-H-N hydrogen bond. The 

~-H-0 hydrogen bonds formed in melatonin are very weak, and 

the molecule is able to assume the minimum energy conforma~ 

tion calculated for the isolated molecule with no inter­

molecular interactions. Partial conjugation of the acetyl 

group with the indole ring may help stabilize this preffered 

conformation. 
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Since 5-methoxytryptarnine forms such a strong inter-

molecular bond in the solid state, it seems plausible that 

serotonin, which differs only by a·methyl group in the 

5 position should also form a strong hydrogen bond. Fur-

therinore, it is reasonable to assume that serotonin could 
. 12 

be bound .in the "granules" by hydrogen.bonding. Thts 

idea is partially suppo~ted by the fact that serotonin forms 
13 

an addition complex with ATP. It is possible that this 

addition complex is formed by N-H-N hydrogen bonds of ser6-

tonin ~ith adenine. 

The-dual conformation theo~~ of Gaddum is completely 

consistent with the x-r~y work. ~~rotonin could assume 

a higher energy conformation in a biological environment 

conducive to the formation of hydrog•n borids, and·a lower 

energy conformation similar to that calculated for the iso­

lated molecule in a biological environment where formation 

of hydrogen bonds would be dif.ficul t. 

It is hoped that these molecular structures will help 

those who are trytng to piece together the truth of the 

serotonin metabolism. 
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Appendix A 

1.. Derivation of the Orientation !11atrix aij 

The orientation matrix ai. for the trial and error com­
- J 

puter.program is a function only of the cell dimensions of 

the crystal studied and the direction cosines of the normal 

to the molecular plane relative to the unitary monoclinic 

base vectors, ~i' mentioned in Sect1on II. The derivation 

of the components of this matrix relies heavily upon use of 

the dot and cross vector products. Sinrie in man~ cases it 

is possible to deduce independently th~ orientation of the 

molecular plane in terms of the Miller indices of a Bragg 

plane which the molecule is nearly coincident with, the first 

step in the derivation of the orientation matrix is the de-

velopment of an expression for this Bragg normal in terms · 

of its direction cosines. 

Knowledge of the principles of the reciprocal lattice 

will be assumed to permit brevity of development. Several 

good books which elucidate the concept~ of reciprocal space 

are available, and a few of them are listed in the biblio­

graphy.l,2,3 

The reciprocal lattice vector ~(hi) = th1~i (i = 1,3) 

where hi represents the ith Miller index and ~i represents 

the ith reciprocal space base vector, may be dotted with the 

direct· space monoclinic base vector set bi since the direct 



.. 

s·pace and the reciprocal space vector sets have the same ori­

gin. The result of this is (1) 

(i = 1,3) 

The direction cosines, cos e:i, of a Bragg-plane normal rela­

tive to the direct space vector basis set bi is a function 

only of h1 , the ith Miller index, and the length of bi and 

~(hi). The length of ~(hi) is a well-known property of re­

ciprocal space, and l~(hi)l = 1/d(hi) whe~e d(hi) is the per­

pendicular distance between the Bragg planes involved. 

It is convenient to normalize the bi such that 

\1 = -i These vi are the unitary monoclinic base vee-

tors mentioned in Section II. The vector ~(hi) may also be 

expressed in this vector basis, and ~(hi) = En1~1 (i = 1,31· 

The components, ni, ~f ~(hi) may be expressed in terms of 

direction cosines. This result follows if we dot ~(hi) with 

" . . .!.i ~ ~ 
.,_ ·: . ·--~:&nd .:salv~~- ·the:· ·zesul ting, ·set.~ of-

li-Qear equations remembering that the ~i are normalized di­

rect space monoclinic base vectors. The ni are given in (2). 

(2) 
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'rhe expression for the ni may be normalized with division by 

I~Chi)l. The normal ~(hi) to the Bragg plane hi has now been 

normalized and expressed as a function of its direction co­

sines and the cell constants of the crystal. This normal is 

one vector of an orthonormal vector set into which the geo-

metry of· a planar molecule can be graphed. Another vector 

~l = l:).i~i (i = 1,3) can be defined. This vector can be 

dotted with ~(hi) and the result set equal to zero~ This 

will give us after ~l is normalized the expression ( 3) 

~1 = 1/1~11 

).2 = 1/ 1.!!11 ( 3) 

).
3 

• -[(cosE 1 + cosE 2 )/cosE
3
J/Ie1 1 

I £.11 'r. {2 I· ( (co.s£ l +co~~ 2) /l;OSt;; 3] 2-2 (cos~ l +cose: 2) cos a/cosE 3 J l/2 

I( cosE 3 = 0, the expression for ).i becomes infinite. This 

difficulty is overcome by deriving analogous eJpressions for 

).i having different cose:1 in the denominators of the terms 

involved and branching the computer program to avoid divi-. 

~:d. on by zero. 

The ).i = ai 1 (i = 1,3) of the orientation matrix. We 

can define a third vector ~2 = 1:~ 1~1 (i = 1,3) such that 

~(h1 ) X ~1 = ~2 • Solution of this vector equation, expres­

sion of the answer in terms of the ~i' and normalization of 

.. 

I 

i 

l 
I 
I 

! 



• 

.£.2 gives ( 4) • 

where 

~ = ~ - n cosB/sinS 1 

~ · = n sinS . 
2, 

~ 3 = n - t oosB/sinB 

(4) 

and the required matrix a is represented in (5). 
4.j 

Al )..ll 

~ij = A )..12 (5) 
2 

A3 l-13 
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Appendix A 

2. Fortran Listings 
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• 

PROGRAM NORMA( INPUTtOUTPUT~TAPE2=INPUTtTAPE3=0UTPUT,TAPE4) 
DIMENSIO~ HH(50)tHK(50)tHLI50)tRDHKLI50)tDHKL150l 
DIMENSION COSA(50ltCOSBI50ltCOSt<50ltAI50ltBC50ltCC50l 
DIMENSION BATI5JltANGA(50l tANGB<50ltANGCI5Ql 
DIMENSION A1(50)tA2(50)tA1150)tSUM(50ltBVF.CT(50) 

167 

DIMENSION 8SQ!50)t81(50ltB2!50lt83(50)tR!50ltS(50)tT!50)t(l(50l 
DIMENSION C2(50l ,C3!50l 
IN=2 

. LOUT =3 
NPUN=4 
READCINt300l AA,BBtCCtALPHA,BETAtGAMMAtNHKL 
WRITE!L01JTt300l AAtBBtCCtALPHAti3ETAtGAMMAt~HKL 
READ( INt310l !HH( I l tHKC I) tHU I l ti=ltNHKLl 
WRITE(LOUTt310) (HH( I) tHK( I l tHL( I)' I=l •NHKLl 
PI=3,14159265 
TWOPI=2•*PI 
RADCON=PI/180. 
CONRAD=180.IPI 
A~TAR=1e0/IAA*SINIRADCON*BETAl l 
ASTAR=1e0/RR 
CSTAR=1.0/!CC*SIN!RADCON*BETAl l 
13ETAS=l80.-RETA 
DO 10 I=ltNHKL 
BAT<Il=(HH<Il*ASTARl**2+(HKIIl*BSTARl**2+1HL( Il*CSTARl**2 

1+2.0*HH!Il*HL!Il*ASTAR*CSTAR*C0S(BETAS*RADCONl 
RDHKL!Il=SQRTI8AT!Tll 
DHKLCil=l,O/RDHKL!Il 
COSAIIl=IHHIIl*DHKLIIll/AA 
COSA(ll=(HK!Il*DHKL!Ill/RB 
COSC ( I l = ( HU t l *DHKL( I l l /CC 
A<Il=ACOSCCOSAIIll 
BCil=ACOS<CO~B<Ill 
C!Il=ACOSICOSC!Ill 
ANGACil=ACil*CONRAD 
ANGBCil=ACil*CONRAD 
ANGCCil=CCil*CONRAD 

10 CONTINUE 
WRITE!LOUTt400l 
WRITE< LOUTt410l IHH( 11 tHK( I l tHLC I l tDHKL (I l ,(OSA( I l •COSB< I l' 

lCOSC( I l •ANGAI I l tANGS( I l tANGCI I l tl=l•NHKL) 
DO 20 J=ltNHKL 
AIIJl=!COSAIJl-COSC(Jl*COSIBETA*RADCONl l/!SIN!BETA*RADC0Nll**2• 
A2(J)=C0SRIJl 
A3(J)=(C0SC{J)-C05A(Jl*COSIBETA*RADC0Nl )/!SIN<BETA*RADC0Nll**2• 
IF(COSC(Jl.FO.O.l 12tl5 

12 SUM(J)=COSA(Jl+COSC!Jl 
BSQ(J)=ISUM(Jl/COSAIJ))**2+1.+1.-2.*(SUM(J)/COSAIJ) l* 

1 COSC9ETAWRADCONl 
RVECTIJl=SQRTIASQ(Jll 
WRITEILOUTt'395l BVECTIJl 
Bl(Jl=-ISUMIJl/COSAIJll/AVECT(J) 
R2(Jl=1,/AVECTIJl 
81(Jl=1,/AVF.CT(Jl 
GO TO 16 

15 SUM(J)=COSA(Jl+COSR(Jl 
BSQ(J)=le+le+ISUMIJl/COSCIJl l**2-2e*<SUM(Jl/COS({Jl l* 

1 COSCBETA*RADCONl 
BVECTIJl=SQRTI9SO!Jll 
WRITEILOUTt395l BVECT(Jl 
Bl(Jl=1e0/BVF.CT(Jl 
B2(Jl=1e0/BVF.CT(Jl 



83(JI=-!SUM(J)/C05C(J))/BVECTIJI 
16 CONTINUE 

R(Jl=A21Jl~B~!Jl-A3(Jl*B21Jl 
S(Jl=A31Jl*R11Jl-Al!Jl*B31Jl 
T!Jl=A11Jl*B21Jl-A21Jl*BI1Jl 
C1(Jl=(R(Jl-TIJl*COSIBETA*RADCONl )/(SINIBETA*RADCONll 
C21Jl=S!Jl*STNI~ETA*RADCONl 
C31J)=(T!Jl-RIJl*COSIBETA*RADCONl l/!SINIB~TA*RADCONl l 

20 CONTINUE· .. 
WRtTEILOUTt3?.0l 
WRTTEILOUT•330) IA11J),A21J),A31J),J=l•NHKLl 
WRITEILOUTt140) . . 

168 

WRITEILOUTt350) IB11JltB21JltB31Jl•CliJ),C21J),C31Jl•HHIJ),HKIJ)• 
lHL(J)eJ=l•NHKL) 

WRITEINPUN•500) IBIIJ),B21J),B3(J) tCliJ)~C21Jl,C31J),HHIJ),HKIJ), 
lHL(J).,J:},NHKL) 

END Fl LE NPI.JN 
REWIND NPI.IN 
WRITEILOUTt475) NHKL 

300 FORMAT(6Fl0.5,I51 
310 FORMAT(3f5.0l 
320 FORMAT(41HTHE COMPONENTS OF THE NORMALa FOL'-OW BELOW) 
330 FORMAT!3Fl0.4l 
340 FORMATf5X~2HRl,lOX,2HB2t10Xt2HB3t10X,2HClt10Xt2HC2tlOX,2HC3) 
350 FORMAT(6Fl0.4,1Xt3F3.0) 
395 FORMAT!1Fl0.3l 
400 FORMAT(4XtlHHt3XtlHKt3Xt1HLt3Xt4HDHKLe5X,~HC0SAt5Xt4HC0SB, 

1 5Xt4HCOSC,5Xt4HANGAt5X,4HANGBt5Xt4HANGCI 
410 FORMAT13F5.0,4Fl0e4t3F10ell 
475 FORMATflOHA TOTAL QF,I5t23HCARDS HAVE BEEN PUNCHEDI 
500 FORMAT(6Fl0.5,1Xt3F3.0) 

STOP 
END 

... 
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PROGRAM OMOO( INPUT,OUTPUTtTAPE2=INPUT,TAPE3=0UTPUTl 
IN ITS PRESENT FORM THIS PROGRAM WORKS FOR MONOCLINIC OR HIGHER 
SYMMETRY. THE PROGRAMMER MUST WRITE THE SIN AND COSINE FORMULAS 
OF HIS SPACE GROUP FROM THE INTERNATIONAL TABLES AND INSERT. THEM 
IN SUBROUTINE FANG. IF MORE THAN 200 DATA OR 30 ATOMS ARE READ IN 
THE PROGRAMMER MUST EXPAND THE DIMENSION STATEMENTS OF THOSE 
VARIA9LES. 
CARD 1(6FI0.5t2I5l AtBtCtALPHAtBETAtGAMMAtNDATAtNATOM 
AXIS LENGTHS IN ANGSTROMS AND ANGLES IN DEGREES. NDATA IS THE 
NUMBER OF DATA READ IN. NATOM IS THE NUMBER OF ATOMS YOU READ IN 
CARD 2. (5FI0.3,Il0l XOR,YORtZORtANGMAXtDELANGtNCOS 
XOR,yOR,zoR ARE CRYSTAL COORDINATES OF CHOICE OF ORIGIN FOR AN 
ATOM WITHIN YOUR MOLECULE• GRAPH THE MOLECULE TO SCALE ON A 
CARTESIAN AXIS SYSTEM. PLACE ONE OF YOUR ATOMS AT THE ORIGIN OF 
THE CARTESIAN SET. MAKE ANOTHER ATOM COINCIDE WITH SOME POINT 
ON ONE OF THESE CARTESIAN AXES. THESE TWO ATOMS DESCRIBE 
A VECTOR ~HICH THE PROGRAM WILL USE TO ROTATE THE MOLECULE ABOUT 
THE PLANE NORMAL. THE MOLECULE WILL ROTATE ABOUT THE PLANE NORMAL 
FROM THE ANGLE WHICH YOU DEFINE WITH YOUR GRAPH AS ZERO TO A 
MAXIMUM ANGLE ANGMAX IN STEPS OF DELANG DEGREES. 
NCOS IS THE EXACT NUMBER OF CARDS 4. 
CARD 2A. (3Fl0e3•3Il0l DELX•DELYtDELZtNXtNYtNZ 
THE MOLECULAR ORIGIN IS MOVED THROUGH THE CELL. IN STEPS OF DELXt 
DELY,DELz,. FOR NXtNYtNZ TIMES 
CARDS 3. TAKE YOUR SCATTERING FACTOR TABLES AND AVERAGE THEM 
TYPE THEM IN FORMATC7CF4.2tF6.3ll 

CARDS 4 CONTAIN INFORMATION THE PROGRAM NEEDS TO PRODUCE CRYSTAL 
COORDINATES FOR YOUR ATOMS FROM YOUR GRAPHED GEOMETRY. THIS . 
INFORMATION IS PUNCHED OUT BY PROGRAM NORMA IN THE PROPER FORMAT 
AND MAY BE USED DIRECTLY. THERE ARE NCOS OF THESE CARDS. 
CARDS 5. THERE ARE NDATA OF THESE. HAVE YOUR DATA TAPE PUNCHED 
FROM THIS SELECT THE CARDS YOU NEED 
CARDS 6. NATOM OF THEM. R,THETAtFORMATC2Fl0e4l R IS THE DISTANCE 
IN ANGSTROMS FROM YOUR ORIGIN ATOM TO ANY ATOM WITHIN YOUR MOLE­
CULE. YOU GET THIS FROM YOUR GRAPH. THETA IS THE ANGLE THAT 
THE NTH ATO~ MAKES WITH THE ORIENTATION VECTOR WHICH YOU GRAPHED 
COINCIDENT WITH ONE OF THE CARTESIAN AXES EARLIER. 
COMMON/CELL/AA,BB,CCtALPHA,BETA,GAMMA,NDATAtNATOM 
COMMON/SCATER/SLAMC2lltFTBLC2ll 
COMMON/HKL/HH(200),HK(200)tHL(200ltFOBS(200) 
DIMENSION XEX(30ltYEY(30)tR(30ltTHETAC30),0MEGAC36l 
DIMENSION XU(30)tYU(30)tZU(30)tY0(30) 
DIMENSION 81(50)tB2(50ltB3C50ltC1(50l,C2(50ltC3(50l 
DI~ENSibN NNNC50ltMMMC50ltLLL(50ltX0(20ltZOf20l 
IN=2 
LOUT=3 
READ(INt300l AA,BB,CCtALPHA,BETAtGA~MAtNDATA,NATOM 
READCIN•330l XORtYORtZOR,ANGMAX,DEL~NGtNCOS 
READCIN•295l DXtDYtnZ,NXtNYtNZ 
READCINt320l CSLAMCKltFTBLCK),K=lt2ll 
READCINt310l CBlCLltB2ClltB3(LltCl(LltC2CLltC3(LltNNNCL),MMMCLlt 

lLLLCLltL=l•NCOSl 
READ(INt340l CHHCiltHKCil•HLCiltFOBSCilti=ltNDATAl 
READfiNt350l. (R(Nl,THETA(NltN=ltNATOMl 
WRITECLOUT.t300) AAtB8tCCtALPHA•BETAtGAMMA,NDATAtNATOM 
WRITECLOUTt310) XOR•YORtZORtANGMAXtDELANG,NCOS 
WRITECLOUTt295l DX.DYtDZ,NXtNYtNZ 
WRITECLOUTt3?0l CSLAM(KltFTnLCKl•K=l•2ll 
WRITE(LOUTt310l CBl(LltB2CLltB3(Ll tClCLl•C2CLltC3CLltNNN(Llt 

. I 



lM~~(LltlLLILltL=ltNCOSI 
WRITECLOIJT,3401 IHHI ·r I tHKI I I tHLI I I •FOBS! I I t!=ltNDATAI 
'.NRITECLOUT,·:p;O) IRCNI tTHETACNI •N=l•NATOMI 
PI=3.14159265 
TWOPI=2.0*PI 
RADCON=PI/180. 
NANG=ANGMAX/DELANG 
XO(l)=XOR 
YO(l)=YOR 
ZO!l)=ZOR 
OMEGACll=O.O 
WRITECLOUTt430) NNNCl)tMMMCl)tLLL(l) 
WRITECLOUTt440) XOCll 
WRITECLOUTt4501 YOfl) 
WRITECLOlJT,460) ZOfl) 
DO 40 L=l,NCOS 
DO 35 N=l,NZ 
r10 30 I=l,NY 
DO 25 M=l,~X 
DO 20 J=l,NANG 
DO 10 K=l•NATOM 
XEXCK)=R!Kl*COSC CTHETA!Kl+OMEGACJI l*RADCON) 
YEYCK!=R!Kl*SlNC CTHETA!Kl+OMEGACJl l*RADCONI 
XUIKI=CXEXCKl*Bl(L)+YEYfKI*CliLl)+CXO(Ml*AAI 
YUCKI=CXEXCK1*82(LI+YEYCKI*C21Lli+CYO(II*ABl 
ZUIKI=CXEXIKl*A3!Ll+YEY!Kl*C3CLll+!ZOCNl*CCl 

·l'(O 

C XUtYUtZU ARE COORDINATES OF EACH ATOM REFFERRED TO MONOCLINIC 
C AXES WHICH ARE ONE ANGSTROM LONG 

10 CONTINUE 
'WRITECLOlJT,410l OMEGAfJl 

CALL FANGCXU,YU,ZU.lll 
OMEGA!J+ll=O~EGACJI+DELANG 

20 CONTINUC 
XO!M+li=XOCM)+DX 
WRITECLOUTt440) XOCM+ll 

?.5 CONTINUE 
YOCI+li=YOCil+DY 
IIJqiTF:CLOlJT,4')0) YO! I+ll 

30 CONTINUE 
ZOIN+li=ZOINI+DZ 
WRTTECLOUT,460l ZOIN+l) 

35 CONTINUE 
WRITECLOUTt430l NNNCL+ll•MMMCL+ll tLLLCL+ll 

40 CONTINUE 
295 FORMATC3Fl0.1,3Il0) 
300 FORMATC6F10.5t2151 
310 FORMATC6Fl0.5tlXt3I3l 
120 FORMATC7CF4.?.tF6.3)) 
330 FORMATC5Fl0e3ti101 
340 FORMATC3F5.0,1Fl0.21 
350 FORMATC2F10.41 
410 FORMATC8HOMEGA !StlFlO.ll 
430 FORMATC19HTHIS IS ORIENTATION,3I51 
440 FORMATC4HX IStlF5e2l 
450 FORMATC4HY IStlF5.2l 
460 FORMATC4HZ IStlF5.2l 
500 STOP 

END 
SUBROUTINE FANGCXU,yu,zu,Jl 
DIMENSION XUCJ),YUCJitZUCJI 

i 
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DIMENSION X(?OltYC30ltZC30l 
COMMON/CELL/AA,BB,cC,ALPHA,BETA,GAMMA,NDATAtNATOM 
COMMON/SCATERISL.AM( 21 l ,FTBL( 21 l 
COMMON/HKL/HH(2IT0l,HK(200l tHLC200ltFOBSC200) 
DrMENSION SUM1(30),SUM2(?JJ,A(30)tRC30) 
DIMENSION FATC200),SINLSQ(200ltBATC200) 
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DIMENSION SU~F0(201ltSUMFCC201l,SFOBSC201l tDELF(201ltSUMDEL~(2011 
DIMENSION TEMP(200J,SINLC200),SCAT(200ltFCALC(200) 
DIMENSION SUMSFOR(201ltASUMC31l•BSUM(31l 
PI=3.14159265 
TWOPI=2•*PI 
RADCON=P I /180 • 
ASTAR=l.O/CAA*SINCRADCON*BETAll 
RSTAR=1e0/BB 
CSTAR=1.0/CCC*SINCRADCON*BETAI I 
BETAS=Cl80.0-BETAl*RADCON 

C THIS LOOP CALCULATES ISOTROPIC TEMP FACTOR 
DO 5 t=1tNDATA 
RATCti=CHH(Il*ASTARl**2+(HK(Il*BSTARl**2+CHL(I)*CSTAR)**2 

1+2.0*HHCil*HLCII*ASTAR*CSTAR*COSCBETASl . 
SINLSQCil=BAT(Il/4.0 
TE~P(Il~FXPC-3.0*SINLSOCil l 
SINL( I l =SQRT( SINLSQ( Ill 

5 CONTINUE 
I=l 

6 CONTINUE 
DO 10 K=1•2l 
KK=K 

? IFCSLAMCK+1l.GT.SINLCil l GO TO 12 
10 CONTINUE , 
12 SCATCil=FTBLCKKl+(FTBLCKK+1l-FTBLCKKl l*CCSINLCil-SLAMCKKll/ 

J.(SLAMCKK+ll-SLAMCKKl I) 
I=I+l 
IFCI-NDATAl 6t6tl4 

C SCAT IS SCATTERING FACTOR AND TEMP IS ISOTROPIC TEMP FACTOR 
14 CONTINUE 

C TEMP IS AN AVERAGE ISOTROPIC TEMPERATURE FACTOR FOR ALL ATOMS 
DO 20 I.;;1tNn~TA 

DO 15 J=ltNATOM 
X!Jl=XU(J)/AA 
Y(Jl=YU(J)/RR 
ZCJl=ZUCJl/CC 
SU!>1l(J)=HH( I l*X(J)+HL( I l*Z(J)+CHKC I )+HL( I) )/4. 
SUM2CJI=HK( I l*YCJI-CHKC I l+HLC I I 114. 
A(J): 4e*COSCTWOPI*SUMl(J) I*COSCTWOPI*SUM2(J)) 
R(Jl=OeO 
ASLJMCll=O.O 
R.SUMCli=O.O 
A SUr4 C J+ 1 l =A ( J l +ASIJ~4 ( J l 
BSUMCJ+1l=R(Jl+BSUMCJ) 

15 CONTINUE 
SUMA=ASUti.1CJ+ll 
SUMB=B SIJivl( .J+ 1 l 

C THIS IS THE UNITARY PART OF THE STRUCTURE FACTOR FUR NAIOM 
FAT(Jl = SQRTCSUMA**2 + SUM8**2l 

C SCAT IS THE AVERAGE SCATTERING FACTOR FOR NATOM 
C TEMP is THE AVERAGE ISOTROPIC TEMPERATURE FACTOR FOR NATOM 

FCALC ( I l = FAT ( I I *SC.A T ( I l *TEMP ( I l 
20 CONTINUE 



DO 25 I=l,~Dt..TA 
SU"'lFOlll=O.O 
SU"'1FC!ll=O.O 
SU"'1FO! I+ll=FORS!Il+SUMFO!Il 
S1J"'1FC ( I+ 1 l =FC.ALC (I l +.SUMFC ( I l 
IF!I-~DATAl ,5,~0,30 

25 CONTINUE 
10 CONST=SUMFC!T+l)/SUMFO! l+ll 

WRITE<3•1~0) CONST 
r>O 40 L=l,l\lnATA 
SFOBS(Ll=CONST*FOBS!Ll 
DELF(Ll=ABS!SFOBS(Ll-FCALCCL) l 
SUMDELF!l)=O.O 
SlJ~SFO~(l)=O.O 
SU"'1DELF(L+ll=DELF(Ll+SUMDELF(Ll 
SUMSFOB!L+ll=SFOBS!L)+SUMSFOB!Ll 
IF(L-NDATAl 40t50t50 

40 CONTINUE 
50 Rl=SU"'1DELF(L+ll/SUMSFOB(L+ll 

WRITE('3,370) Rl 
WRITEf~t400l (X(JJ,Y(J),Z(J),J=l•NATOM) 

350 FORMATf28HTHF. SCAI.E FACTOR FOR FOBS ISdFlO.S) 
~70 FORMAT(l5HTHE R FACTOR IStlF10.5) 
400 FORMAT(3Fl0.~) . 

RF.TURN 
END 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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