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Chemistry Department 
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Abstract 

The crystal structures of 5-methoxytryptamine, melatonin., 

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

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

trial and error solution of crystal structures is also de-. - 

scribd here. 	 .. 	 . 

The molecular structure of l,l'-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 

crystallizes in space group P2 1/c with a = 6.379 ± .001 ; 

b = 26.07 + . 005 ; c = 8.1443 + .002 X ; 
 ,8= 96.87 	41 0 ; 

= 1.54051 ; Z = 4. Density calculated on these cell 
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dimensions is 1.575 g/cc 3 , and density measured by floata-

tion in ethylene bromide and ethylene chloride is 1.560 g/cc3. 

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 270  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 outlined in this thesis. The compound crystallizes in 

the non-centric monoclinic space group Pc, and 

a = 6.110 + .002 X; b =9.532+  .003 	c = 8.831 + .003 ; 

,$= 98.72 + 01 0 , 	1.5 1 051 X, z = 2 	The density calcu- 

lated on the basis of these cell dimensions is 1.242 g/cc 3 . 

The density measured by floatation at room temperature in 

ethyl acetate and ethylene chloride is 1.25 g/cc3 	The 

structure was refined against the 759 independent 9-2e scan 

automatic diffractometer data, of which 17 were zero to an 

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

.003 . Within the standard deviations of the determination, 

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 ir electron density as 

calculated by molecular orbital theory. One of the shortest 

•N-H-N hydrogen bonds yet reported, 2.916 AO
, 
is formed between 
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the primary amine nitrogen of the aliphatic chain and the 

nitrogen of the indole ring, which donates its hydrogen for 

io 	 the fOrmation of this bond. 

The crystal and molecular structure of melatonin has 

been solved using statistical methods and automatic diffrac-. 

tometer e-2e scan data. This compound crystallizes into 

space group P21/c, with a = 7.707 + . 002 A; b = 9.252 ± .002A; 

o = 17.007 + .004 A; t6 = 96.78 + .030; 31 = . 709261 A; Z = 14, 

Density calculated on the basis of these cell constants is 

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

ene chloride, ethylene bromide, and ethyl acetate Is 1.272 

9/cc3. The structure 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 

of the structure determinations. The carbons C(3)  and C(10) 

of the pyrrole ring are warped above the ring by 1.8 0 . 

The findings of the x-ray work are entirely consistent 

with the dual conformation theory of serotonin, 
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Introduction 

One of the most exact and thorough characterizations of 

a molecular structure possible results from careful analysis 

of the way a singlecrystal diffracts x-rays•. Standard devi- 
of bond length 

ationsAare + .oO3A for one of the cornpounds studied in this 

thesis. These highly accurate structures are the result of 

improved techniques. Diffraction data are 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 l;l'-bishomocubane. The 

thesis is divided into four independent sections, each with 

its own bibliography. 

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

is presented In Section I. This compound is important in 

the study of strained hydrocarbon ring systems. 

The logic and instructions for use of a computer program 

designed 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. 

This computer program was used:to. lv€.teiesta1 structure 

of 5-methoxytryptamine. The solution of this crystal 
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structure is related. in :Seo.t.i.on III. The crystal of a sirni-

lar compound, melatonin,. or N-.ac.ety.l-5-methoxytr.yptamjne is 

given in Section IV.. A Fortran listing of the trial and 

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

derivation of the orientation, matrix for the program may also 

be found in Appendix A. 	. 

The.major part of this thesis is concerned with the mole-

cular structure of substituted indole compounds, and thus 

these compounds will be described more completely here In 

terms of their role in biochemical metabolism. 

Since the iselation of serotonin from clotted blood 1 

there has been a flurry of scientific activity concerning the 

metabolism and fate. of the indole alkyl amines. Approximate-

ly 500 papers were published last year which treated the in-

ternal metabolism of these interesting indoles. It would 

be. impossible, obviously, to do all these papers Justice in 

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

outlines of serotonin metabolism in the human brain, and then 

consider the possible implications of the molecular structures 

of 5-methoxytryptamine and melatonin. 

The essential amino acid tryptophane is hydroxylated in 

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

tion Is followed by decarboxylation initiate.d by 5-hydroxy-

tryptophane decarboxylase, and serotonin is thus synthesized 

in the human brain.3 Serotonin is stored after synthesis 
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in "granules" morphologically similar to pinched nerve end-

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

taining monoarnine.:.oxidase.5 	This enzyme will destroy un- 

protected 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. 	Monoamiie oxidase 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, serotoniri concentration of turnover rate Is correla-

ted with regulation of body temperature,.sleep, sexual acti-

vity, and hallucinogenic activity of indole alkyl ainlnes 

such as N,N-dimethyltryptamlne, and psilocin, or 1 -hydroxy-N, 

N-dimethyltryptamine. The structural sim'larity of these 

compounds with 5-hydroxytryptamine, serotonin, is obvious. 8  

It is impossible to enumerate here all the pathways of bio-

logical metabolIsm In which serotonin has been implicated 

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

views are listed in the Bibliography to Section III. 

One of the most interesting structural problems concern-

ed with the metabolism of serotonin as follows: exactlyhow 

Is serotonin stored in the brain unharmed by monoamine 
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oxidase, and structurally how does serotonin interact with 

the serotonin receptor sites to cause physiological and phy-

sicaJ. changes.  There are currently no specific ideas about 

how serotonin is bound or protected from monoamine oxidase. 

Serotonin has been shown to interact specifically with 

bothamooth muscle and nerve tissue. Drugs which inhibit 

the nerve Interactions do not inhibit the smooth muscle inter-

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

the dual conformation theory of serotonin interaction with 

receptor sites.9 	Kier analysed calculated possible conform- 

ations of cerotonln as a function of energy, using Hueckel 

orbital theory. His conclusion was that serotonin should 

have only one conformation in solution. -°  

The crystal structure of 5-methoxytryptamine is presented 

in Section III, and the crystal structure of raelatonin 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 of Gaddum. 	Melatonin crystal- 

lizes into the minimum energy conformation calculated by 

Kier. On the other hand, 5-metboxytryptarnine crystallizes 

into a much higher energy conformation. Further discussion 

of serctonin metabOlism related to molecular structure can 

be found in the conclusions of Sections III and IV. 
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A. Introduction 

Since the original synthesis of the carbon cage com-

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

structure, 2  there has been much synthetic and analytical. 

work on this series of cage-type hydrocarbOns. Cubane is an 

octane which assumes the shape Of a cube. Cubane and Its 

analogues are interesting model compounds in the study 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 liquids 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-bromobenzoate of penta- 

cyclo (1I.4.0.0 2 ,5.031 8 .0b7) decan-9-Ol. 	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' -bishomocubane.. 5  This is the name 

for the compound which will be used throughout this section. 
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B. Experimental 	. 

th 	 h 	 ,1Ap'1r+4 

Crystals ofij.'-bishomocubane were supplied by Profes-

sor W. G. Dauben of the cneniistry department here. The crys-

tals were colorless, rectangular plates that .were largely 

• transparent to white visible light. They were.soft, and 

• they, cleaved easily and cleanly with a razor blade. These 

crystals are stable in air and show no pronounced tendency 

to absorb water. 

Preliminary oscillation and Weissenberg X-ray photo 

graphs of a rather large (.43 x .38 x •143 mm) crystal, showed 

Laue symmetry and extinctions consistent with space group 

P21/c. This crystal was mounted withthe fiber direction 

nearly parallel tothe'b axis. All crystals of l,l-bis-

homocubane upon which measurements were made were mounted on 

thith glass fibers with General Electric Number 1202 Clear 

Industrial Glyptal Varnish. The a. and c axes were chosen 

consistent with the extinctionrules OkO, k = 2n; hOg,, .% 

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, and was transferred to a General Electric 

XRD-5 manual diffractometer equipped with a Nal scintilla-

tion counter, a pulse height discriminator, a molybdenum 

41 
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x-ray tube, and d quarter circle Eulerian cradle goniostat. 

The molybdenum x-rays were filtered through a .00011 inch 

zirconium filter mounted on the reôeiving slit of the scm-

tillatiori dounter and Bragg reflection angles for the resol-

ved Kc 1  and K 2  doublet were measured through anarrow slit 

along the hOO, OkO, and 002. diffraction directions at a 2 

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

crystalreceived an additional 20 hours. Of 20 ma, 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 

aboveway, though precise, were not very accurate. They are 

listed here for later comparison. All calculations were 

based on bhe high angle K 1  (.709261), and a = 6.378 ± .003; 

b = 26.16 ± .01, c = 8.480 ± .00 14, a = 97.17, Z = 11. A 

check of a few diffraction peaks showed that there was con-

siderable overlap of diffraction. intensities in the counter 

window at a 110  take-off angle *ith.no slit. 

In order to eliminate overlapping of diffraction peaks, 

longer 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 

.27 x .15 mm) which had less than one hour of 1 ma, 140 kv 

preliminary copper x-ray exposure. These cell constants 

were, a = 6.379 ± .001, b = 26.070 ± 0005, c = 8. 14143 ± .002, 

= 96.87 ± .01, A = 1.514051. As a function of x-ray expo-. 

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

expanded. Since the crystal was mounted parallel to the b 

axis, it was possible to obtain accurate measurements of the 

argleasa function of x-ray exposure. The damage also 

resulted in an anisotropic reduction of a few diffraction in-

tensities which were also measured in the experiment. This 

semi-quantitative estimate of damage is sununarized in Table 

.1-1. 

Table I-i 

Estimate of 140kv Copper X-ray Radiation Damage in 1,1 1 -Bis-

homocubane. 

• 	(degrees )a 	Time (hours) 	AnisotrOpic Damageb 

6ma 20ma 	1002'1 00 	(I200/I 00 )  

	

96.87 	 14 	-- 	 .88 	 85 

	

96.87 	 5 	-- 	 .88 	.85 
• 	96,89 	 9 	-- 	 .78 	•9 

	

96.99 	 12 	5 	 .80 	.80 • 

	

97.06 	 -- 	13 	• 	• 72 	• 	.75 

a Standarddeviation of . measurement ± .01 degree 

b1 	means total counts of reflection hkl measured in ten 
hkl 

seconds minus a ten-second background count measured one 

degree lower in 29. 
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• 	 Density. calculated on the basis of the copper cell con- 

• 	 stants listed above was 1.575 g/cc 3 . Density measured by 

flotation in ethylene chloride and ethylene bromide was 

1.560 g/ôc 3 . 

In order to redué 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 

orifiôe 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 looked suitable for inten- 

• sity measurements. The fiber direction was closest to the 

axis, and alignment on the diffractometer was adjusted 

• 

	

	until the o axis of the crystal was approximately parallel 

to the phi rotation axis of the instrument. 

The chi = 90 1  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 I° tube 

take off angle, and 20 ma, 0 kv x-rays.. The linear absorp- 

tion coefficient, 11 ., for copper x-rays and l,i'-bishomocubane 

was 4 1I.1 cm, and 1it in 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 ma, and less than 30 minutes of 20 ma 

0 kv copper radiation. In order to reduce exposure time,, 



all of the backgrounds were estimated from a curve of 20 ver-

sus intensity, which was prepared for a number of different 

values of chi and phi. Diffraction intensities were mea- 

sured at a 4 0  take-off angle with a stationary crystal, 
	 I 

stationary counter technique. The crystal received radia- 

tion only during the 10 seconds that each peak was counted. 

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 20 

(sin 0/A = .43855) over a period of 36 straight hours. The 

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

• 	waone measurement for each independent reflection. A total 

of 990 independent reflections were measured,bf which 38 
others 	. 	 . 

were zero and 87Ahad  intensities snialler than one standard 

deviation of intensity. 	. 	'•• . 

Pour 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- 
il 

ly ipercent. 

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

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

• 	Squares, Distan, and data processing programs were all, 
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written by Dr. Allan Zalkin of this laboratory. The data 

processing programs sort, blend, correct., for Lorentz and 

polarization effects, and estimate standard deviations for 

all input intensities such that a corrected, Fo, observed 

structure factor is produced. The Least Squares program 

minimizes the function 	 . 

,Ew(IkFoI - IFcI)2/EWIkFOI2 

where Fc is the calculated structure factor, Fo is the ob-

served structure factor from the correctedintensities, Ic 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 = [o(Fo)]2.- , intiie equations which follow, 

Fo will be abbreviated with F. The quantity a 2 (F) is calcu-

lated from o(F). Thus, if I < (I),  

= C(F2)]V2  

(F) = F - [F2 - (F2)] 11 2  

where 
'I 

(I) = [I + 21b 	(AIb)2 +{(s)(I)}2]l/2 

and  

= (LP)-(I) 	 ' 
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In the equations above c(F),, i(F 2 ), •a(I). are the standard 

deviations of the quantities involved. The symbol F repre-

sents the observed structure factor, I represents observed 

intensity; (LP) is the Lorentz-polarizàtion. correction; 'b 

is the intensity of the background;1 b  is the uncertainty 

In the background; S is an estimate of the fraction of ob-

served. intensity suffering from systematic error. 

For the final refinements of 1,1 1 _bishomocubane, S was 

set equal to .06, and w was set equal to zero for reflections 

• 	where: 1= 0 or I < o(I). The uncertainty in the background,. 

was ten countS, except in the last ref.iements, where.. - 

it was..twenty counts. 

After each cycle, the Least Squares program produced 

the following criteria of fit between observed and calculated 

structure factors: 

H1  = E(IkFol - IFcI)/EIkF0I 

where Ri is the conventional H factor. The quantities in-

volved were defined earlier. The H1  reported throughout this 

thesis does not include zero weight data unles.s otherwise 

specified. The weighted R factor, R 21  is also produced by 

the program. 

H2 	101 - IFcI) 2/EwIkFoI 2 } 1/' 2  

A third criterion of fit is the standard-deviation-of- 
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observation unit weight, SD. 

SD =[(Ew(IFoJ - 

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

meters. 

The Least Squares program also produced estimated stan- 

dard deviations of bond distances and angles. These standard 

deviations willzm,be reported throughout this thesis, and are 

the larger of the two quantities 

• (ELi) 1"2/(n-1) 	or 

is the difference between the ith measurement and 

the áveräge of ii measurements, and a, is the error of the 

value estimated from the accuracy of the atomic coordinates. 

The temperature factors used are of the form 

éxp(-B ' (sinO/X) 2 ) 

if isotropic, and 

exp(-h 2 11  - 	
- 	

- 2hk 12  -2k&823 - 2h2 13 ) 

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

stant, and B jj  where = 4i/a a and at 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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C. Solution of the Structure 

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

tive of l,l'-bishomocubane, solution of the phase problem 

for this case was rather straightforward. The symmetry-

equivalent positions for the space group P2 1/c; (x,y,z), 

(,i), (i, 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 form a line, at u = 0, v, 

w = .1/2 in the Patterson function. The screwaxis inter-

atomic vectors fall in the plane u, 112, w. Since the bro-, 

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

tering material, 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 .090 

The bromine was at x = .0, y = .09, z = .125. The general 

positions (u,v,w) in the Patterson function for P2 1/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-

sonfunction at. (0,. .18, .125), and thus the bromine positions 

deduced from the Harker line and the Harker plane agreed 

with the centrosyminetrically related bromine peaks.. 

A Fourier was calculated with the observed structure 

factors using the phases calculated from the position of the 

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

mediately. When these 19 atoms were refined along with the 

bromine atom for 11 cycles of full-matrix least squares with 

isotropic temperature factors, and unit weights, except for 

zero intensities which were given zero weight, the refine-

merit óonverged to a conventional R of 18.2%.. The temperature 

factors were ailpositive and B ranged from 2.765 to 4.858 

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

neously indexed data. Because of confusion in the choice of 

left and right handed coordinate systems, all the hkZ data 

was really M& data, and all the 170, data was really hk& 

data. 

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

refinedin 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 onthe bromine positions. This Fourier gave the same 
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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-

obervation-unit-wèight 3.53k. With the same weighting 

6cheme 1  and the bromine plus the two oxygens given anisotro-

pie temperature factors, the R factor was 7.14% and the stan- 

dara deviationwas2.935. 

A least squares refinement as above, except all 20 atoms 

given anisotropic temperature factors, gave H = 7.1% and a 

standard deviation of 2.861. A difference Fourier was cal-

culated using the phase relationships of the refined atomic 

coordinates 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. HYdroenwere calculated from known geometry. 

A fu1l-matix least squares refinement with the weight-

ing scheme mentioned above gave after four cycles of refine-

merit with the bromine and two oxygens anisotroptc, an Rfac-

tor of.6.3% and a standard deviation of 2.1138. Unfortunate-

ly, the hydrogens refined to unreasonable positions, and 

the temperature factors on them ranged from -514.9 to 114.6. 

• It was reasoned that the data was not good enough to 

allow refinement of hydrogens. At this point the data were 

carefully scrutinized for mismeasurenients 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-

tensibies that showed bad agreement of observed and calcu-

lated structure factors. It was found that the crstal 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 

remeasuréd 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 

probably to an underestimation of background. The Fo for 

the intense data was systematically low due perhaps to 

counter saturation. Remeasurement of the decomposing crys-

tal allowed correction of the most serious blunders due to 

mis-set angles, but could do little to improve the bad agree-

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 discrepanciesof the weak and very in-

tense data. The constant S. which accounts for systematic 

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

affects the weighting on the weak reflections, was increased 

to 	counts. 

A least-squares refinement with this weighting scheme 

without hydrogens and with all the non-hydrogen atoms given 
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anisotrGpic temperature factors gave after 4 cycles, an R 

factor, of 6.5% and a standard deviation of .2.718. The weight-

ed H, H2, was 9,7%. 

The rest of the refinements on 1,1 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 A 2 -1, 

gave after 4 cycles an H 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 •144  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 H factor 

after 2 cycles of 4L9%, a standard deviation of. 1.932, and 

a weighted H, 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,l'-.bishomocubane the hydrogen positions or 

temperature factors were not allowed to vary, but structure ,  

factors were calculated based on their probable positions. 

The final refinement of 1,1 1 -bishomocubane with all 

non-hydrogen atoms given anisotropictemperatUre factors, 

and the hydrogen atoms used only for the calculation of 



structure factors based on their probable positions with a 

fixed isotropic temperature factor of 3A 2  gave an R factor 

of 5.5% for 865 non-zero weight data, an R factor of 6.% for 

all the 990 independent reflections, a weighted H of 7.9%, 

and astandard 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 

finaldifference 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 H factOr of 5.9% against all 

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

of observation unit weight 2.07. Standard deviations of in-

dividual bond distances dropped by .001. 

0 . 



D. Discussion of the Structure 

The final positional coordinates of the non-hydrogen 

atoma.are given In Table 1-2, and their thermal parameters 

are given In Table 1-3.  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 1-4 and may be of use. All Intramolecular 

distances are shown in Figure 1-1 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 l,l'-bis-

homocubane cage is 1.55 ± .02L 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 	. 

cahin. 9  This result Is consistent with the published values 

of C-C bond distances In cubane, 2  1.555 + .003, in homo-

cubane carboxylic acid, 10  1.56 ± .o3X, and 6,6-ethylenedioxy- 

heptach1oropentacyc1o(5.2.0.0 2 ' 5 ,0'.O' 8 )nonane-3-carboxy 1ic 

acid, 11  1.55L The average of all the bonds in the benzene 

ring is 1.31I,  a value which Is not significantly different 

23 
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• Table 	42 

Atomià Coordinates and their Standard Deviations (a) for 

• 	all Non-hydrogen Atoms in 1,1'-Bihomo.c4ba1te 

• 	 ATOM x Y 1 
BR .9957(2) .09402(5) .1308(2) 
0(1) .476(1) .3121(3) .2858(9) 
0(2) .27112) .2561(3) .399(1) 
C(I) .338(2) .3529(5) .328(1) 

 .464(2) .4014(4) .328(1) 
 .343(2) .4522(4) .351(1) 
 .139(2) .4564(4) .231(1) 
 .115(2) .4076(4) .122(1) 
 .132(2) .3553(4)  

C(7.) .515(2) .4240(4) .171(1) 
 .469(2) .4781(4) .229(1) 
 .273(2) .4835(4) .109(1) 

 .310(2) .4282(4) .047(1) 
 .439(2) .2624(7) .322(2) 
 .578(2) .2237(5) .271(1) 
 .741(2) .2349(5) .200(2) • 

• 	 C(14) .862(2) • 	 .1978(7) 	• .156(1) 
C(15) .821(2) .14805 .192(1) 

- 	C(L6) .665(2) .1352(4) .271(2) 
C(17) .537(2) • 	 01723(6) 	••'3•11(2)j 

(a) Standard deviations of the least significant digits 

• 	 estimated by least squares are given in parentheses. 
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Table 1-4 

Atomic Coordinates of the Hydrogen Atoms. in l,l'-Bishomo- 

. cubane.* 

'Atoms X I Z 

H(1) .2670 .3520 .4330 

11(2) .6100 .14050 .14000 

11(3) .3100 .14700 •4400 

0 .4700 .2500 

11(5) .9630 .14160 .0960 

11(6) .0210 .3320 .114140 

11(7) .07 14 0 .3720 .3060 

11(8) .6400 .4100 .1290 

 .55140 .5100 .2370 

 02300 .5100 .0200 

 .14100 .0800 .14600 

11(12) .7868 .27141 .1720 

H(13) .99149 .2056 .09140 

11(1 14) .62142 .0976 .2962 

11(15) .3927 .1658 •37914 

*Hydrogen coordinates are estimated from the difference 

Fourier; except benzene hydrogen coordinates are calcu- 

lated from known geometry. 
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Deviations (-in 

CycIohexane 

[C (1)-c ( 2 )-c( 
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Table 1-5. 

Angles (in degrees) and their Standard 

parentheses) of i,I t _Bishomocubane. 

ye Iobtñe 

[C(2)-c(7)-c(8)-c(3)] 

a 

atoms Angles 
C(l)-c(2)-c(3) 116.5(1.0) C(2)-c(7)-c(8) 90,1(,9) 
C(2)-c(3)_c(4) 11 1,7( 	.9) C(7)-c(8)-c(3) 86.8(.8) 
C(3)C(4)c(5) 109.7(1.0) C(8)-c(3)-c(2) 89.3(.) c(4)-c(5)-c(6) 117.6(1.0) . 	 C(3)-c(2)-c(7) 86.4(.8) 
c(.5)-c(6)-c(i) 109.9( 	.9) 
c(6)-c(l)-c(2) 112,0( 	.9) . 

Benzene 	 . Cyclobutane 

[C(l2)-c(13-c(1)-C(15)_c(16)_c(17) 	[C(c(5)-c(10)c(9)] 

Atoms 	. 
. Angles Atoms . 	. Angles 

C(12)-c(l3)-c(14) 119.7(1.6) C( 1I)-c(5)-c(io) 86.3(.8) 
C(13)_c(l4)c(15) 120.0(1.6) c(5)-c(l0)-c(9) . 91.3(,8) 
c(14)_c(15)_c(16) 122,4(1,6) C(10)-c(9)-c(4) 85.4(.8) 
C(15)-c(16)-c(17) 119,2(1.5) . 	 C(9)-c4)-c(5) 90.2(.8) 
C(16)-c(l7)-c(12) 118,2(1.6) 
C(17)-c(12)-c(13) 120.5(1.6) 

Cyclobutane çyclobutane 
[c(3)-c(8)_c(9)-c(4)] 	. [C(7)-c(8)-c(9)-c(1o)] 

Atoms Angles Atoms Angles 
C(3)-c(8)-c(9) 91.8(1.0) c(7)-c(8)-c(9) 92.6(.9) 
c(8)-c(9)-c(4) 89.7( 	.9) c(8)-c(9)-c(lo) 89.7(.9) C(9)_c(4)_c(3) 88.6( 	.9) c(9)-c(l0)-c(7) 89.2(.8) 
c(4)-c(3)-c(8) 89.9( 	.9) 	. C(10)-c(7)-c(8) 88(.c' 

Bxomine 

Atoms 
Br(l)-C(l5)_C(14) 
Br(l)-C(15)-C(l6) 

'Carony1 

Atoms 
Angles 	C(12)-C(l1)-0(2) 
120,4(.6) 	C(12)-c(n)-o(i) 

117,2(,6) 	C(ll)-0(1)-C(i) 
0(1)-c(l)-c(2) 
0(1)-c(1)-c(6) 

Angles 
127.3(1.2) 
118.8(1.2) 
121.2(1.2) 
106.2( - .8) 
110.5( .7) 
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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 values published in the International Tables. 9  

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

ORTEP 12  thermal ellipsoid stereo repre- 

sentation of thermal motion is shown in Figure 1-2.. 

• The most interesting part of. this structure is the an-

gular óbnfigurations 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 1-5.  Reference to the drawing of the 

óompound In Figure I-i will be helpful in interpreting Table 

•The. average of the four angles in the c.yclobutane rings 

is: (3_8_9_ 14) 90.0 0
, ( 7-8-9-10) 90.0 ° , (2-7-8-3) 88.2 0 , and 

(4-5-10-9) 88.3 0 . The average angles of the cyclobutane 

rings in cubane are all 90 0  and the cyclobutane rings are 

all planar. 2  Least squares planes through cyclobutane rings 

(3-8-9-4) and (7-8-9-10) show these two rings to be planar 

within the standard deviations of the structure determination. 

Deviations of the atoms in the various rings of l,l'-blshomo-

cubane from least squares planes drawn through the rings are 

given in Table 1-6. The angles 10-9-4  and 4-5-10 of cyclo-

butane ring (4-5-10-9) are significantly smaller than 900. 





V 

T 
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Table 1-6 

Deviation of Atoms in Angstroms from Least Squares Planes. 

Atoms C(?) c(8) C(9) c(io) 
Distance: 0005 -.006 .006 -.005 

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

Distance oo4 -.00 -.004 .004 

Atoms C(2) C(3) C(4) C(5) 

Distance -.000 .000 .000 .000 

Atoms C(2) C(l) C(6) C(5) 

Distance .007 .00 14 .004 -.007 

Atoms C(2) C(3)  C(7) 

Distance .134 -.134 0135 -0135 

Atoms C(Ll) C(S)'   

Distance .133 -.136 -0133 .136 



32 

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 cyclob.utanering (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_1)  is. puckered, the car-

bon C(S) is pushed out of the plane, andthe angle between 

planes 4-9-10 and 14510 is 27.2°.  Within the standard devi-

ations of the structure determination, these two rings are 

puckered the same amount. 

The cyclohexane ring in 1,1 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 0 . This average is significantly larger than the 

tetrahedral angle of the unconstrained ring. Most of the 

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

The angle 4-5-6 is 117.6 0  and the angle 1-2-3 is 116.5 0 . 

Carbons 2_3_145 of the cyclohexane ring are coplanar as we 

see in Table 1-6. Carbons 5-6-2-1 of the cyclohexane ring 

are also coplanar within the standard deviations, and these 

two planar portions of the cyclohexane are folded toward 

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

are within 148.3 0  of a cop.anar configuration. 

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

lel with the planar portion of the cyclohexane ring 2_3_14_5. 



33 

The dinedral angle between these tzo planes is 14.6 0 	This 

cyclobutane ring (7-8-9-10) is almost perpendicular to the 

planar cyclobutane ring (3-14-9- 8 ), and the dihedral angle 

between the two planes is 86.10. The planar portion of the 

cyclohexane ring (2-3-14-5) is also nearly perpendicular to 

cyclobÜtane ring (3-14-9-8) and the angle is 89.5 0 . 

A 3-dimensional representation of the intermolecular 

packin in 1,1-bishomocubane is shown in Figure 1-3. The 

closest intermolecular approach not involving hydrogens was 

3.53? between 0(11) and C(13). Other ciQsesyrnmetry-related 

approaches between the molecules of the unit cell were 

C(12)-O(2) 3 56, C(9)-C(8) 3 60A, C(ll)-0(2) 3 63, and 

• 	 c(3)-B(1) 3.63. 

A list of observed and calculated .structure factors for 

this compound is given in Table 1-7. 
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E, Conclusion 

The carbon-carbon distances in alithe rings of the 

hydrocarbon cage of l,l.'-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 cyclobutane rings in cubane were planar and 

mutually orthogonal. Addition of two extra atoms into one 

of the cyclobutane rings causes two of the remaining four. 

cyclobutane rings to pucker from a planar configuration by 

about 270.  The other two cyclobutane rings remain planar 

and mutually orthogonal. The consecutive atoms 2-3-4-5  of 

the cyclohexarie ring formed by this addition of two extra 

atoms into a oubane ring is planar and perpendicular to the 

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

Constraint within the cage causes the cyclohexane ring 

to flatten. The average of all the angles in the cyclo-

hexane ring is 112.9 0 . The two planar portions of the cyclo-

hexane ring are folded toward each other and the angle of 

separation is 131.70. 
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A. Introduction 

In this seOtjon there is outlined the use and 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 practical 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 Bragg reflection plane. This Juxtaposi-

tion is a useful starting point because a planar molecule 

gives a Patterson function for which all the interatomic 

vectors within the molecule lie on a disk, 1  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 molecularplane can be ex.. 

tracted from the Patterson function. For example, if the 

disk emanates from the origin in vector space at (0,0,0), 

and remains parallel with the a, c plane, the probable orien-

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 
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be limited. In competition with other Iethods, a trial and 

error program of this type is' most successful for the solu-

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

atom problems in non-centric space groups can be solved by 

direct methods only through excessive use of computer time. 

A trial and error program of the type outlined in this 

sectionworks best in exactly these cases because the number 

of parameters is limited1 Use of this program is outlined 

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

literature for which one could expect it to work well is 

given in part C. Use of the program to solve the crystal 

structure of 5-methoxytryptamine is given in Section III, 

and a.F.rtran listing along with the derivation of the ori-

entation matrix is given in the Appendix. In its present 

form the program works for space groups in monoclinic or 	' 

higher symmetry. 



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

sary work involved in setting up the program for a specific 

case, and a brief outline of the 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 aton 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 from 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 O between the positive abscissa 

and the vector R,  from the origin to this Nth atom. These 

two variables, r and 0n'  for each atom of your structure 

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

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

The program transforms each vector R n  first into an 

orthonormal basis set e j  such that R= 
	( j = 1,2) 

where v1 = r 	.osO 	and v2 = rn  sine. 	 . 

S 
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The vector R is then represented as a linear combination of - 

unitary monoclinic base vectors such that= Eu.v (i=1,3) 

and u = 	(i = 1,3, j = 1,2).i.  

The components of RnJ U,  in this system are further 

transformed into crystallographic coordinates, x, with di-

vision by the cell dimensions, and xj = u1/I1J, where b 1  is 

the ith direct space cell dimension. 

The second step in the use of this program is to decide 

with which Bragg diffraction plane your molecule is coinci-

dent. In general, Bragg planes can 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 orientation matrix, ij' is a function 

• 	of these direction cosines, the angle 	of the monodilnic 

axis system, and the cell dimensions of the crystal. 

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

duced from the Patterson function. Also, the orientation of 

the molecular plane may correspond to a high Ehki coeffi- 
14 

cient. 

The derivation of the orientation matrix, 	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 
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this matrix in any way. The matrix 	is produced on a 

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-. 

tatlons simultaneously. A Fortran listing of program Norma 

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

Appendix The orientation matrices a 1j  for every case you 

wish to try are loaded as cards I 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. 

These 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 approxinate positions in 

• 	theR factor test. 

Another possible means of selecting a sample of the 

data for the trial and error program iS bo choose Fo 

corresponding to high E -ik] values. One would expect more 

• 	structural information pertaining to the position of a mole- 

cule plane in •these numbers as high Ehkl values correlate 

with'a number of atoms scattering in phasë. 

Yet another way to supplement the low angle data, which 

are the backbone of this trial and error procedure, is to 

• . 	pick data cards at random out of the deck Cf observed struc- 

ture factors. This tends to reduce the effects of possible 

systematic errors introduced by the othertwo methods. At 

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

Besides r and 0, which are estimated graphically; the 

orientation matrix, a, which is produce.d from crystal cell 

dimensions and a choice of the orientation numbers hid by 

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

factors, F0 ; the program requires the average scattering 

factor for your compound as a function of sin0/X. The aver-

age scattering factor is used in the calculation of calcu-

lated structure factors, IFCI. The form of the structure 

factor used by the program is 	 • 

1F0 1 = • t[(EAr ) 2  + (EBr)2J'/2 
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where Fc  is the magnitude of the calculated structure factor, 

f is the average scattering factor for the r atoms of the 

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 Crystallography, Volume I. 5  For P2 1/c, 

B = 0 and 

Ar = 14cos2,r(h Xr+lZr+()) cos 2lr(kyr  

Specifically t = exp(-B . sin 2 6/X 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 

:f /N n fl 

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

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

structure factor IF 	Is produced for each of the observed 

structure factors, Fog  on data cards 5, and a linear scale 

factor k is calculated such that 



k = EIFc I 

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 a jj  iter-

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

atoms.in the unit cell, and mqlecular rôtátions about the 

Bragg plane normal which passes through the each chosen 

molecular origin (x,y,z). The program has a nest of 5 Do 

loops which controls this iteration. •For each trialorien-: 

tation of 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 IFc I, andprints out the conventional.R factor for, the 

orientation involved where 

R = ElIkFj -  IFc lI/ZI1oI 

For 11 atoms and 100 data in space group Pthe pro-

grain will produce crystallographic coordinates and print an 

R factor in .20seconds 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 50,000 

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 loads 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. 
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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 geometry. Many organic compounds meet 

this criterion. 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  

In general the program reduces a known gebmetrical sys-

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

atoms, to 5 trial and error variables. These 5 variables 

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

specify the position of one 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 a 1j  

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 decreasing the atomic resolution 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 omega still permits 

a solution if the dataare 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 can be eliminated or the range of search 

over them reduced. 

The crystal structure of N-methy1--I-phenylisoxazo1in-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 is possible by trial an 

error. 7  The compoundcrysta11izes in the monoclinic space 

group P2 1/c. There are. 2 molecules in the asymmetric unit, 

and Z = 8, a = 13.716, b = 10.925 9 	a 	= 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 a  

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 programcan be appli-

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

unit cell can be limited, For P2 1/c in general (1/4)25 

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 (1/14)252  trials woul.d 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 program, the 

omega angle need be rotated only through 180 degrees to find 

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 could be cleared up immediately once the position of 

the center of gravity of the ring were known in the unit 

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

(1/11)(25 2 )(11) computer trials, or 6 m±nutes 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 Patterson 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 space groups where the position of one 

of the atoms in the unit cell is limited by space group sym-

metry.. There are sixty-seslen• . polar space groups with 
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monoclinic or higher symrnetry..5 	If a  compound cry- 

stallizesin 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 statistical methods to these 

• 	cases tend to use quite a bit of computer time. 

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

lied with 252  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) 

and (-x,y,-z). If the cell is searched from x = 0 to x = 112, 

z = 0 to z = 1/2, and y = 0 toy = 1.0, all the independent 

parts of the cell would be scanned. Only (1/1) x (252) 

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

of one of the atomsbeing tested. Another rather common 

case, the orthorhombic space;group Pna2 1 ,has equivalent po-

sitions (xy,z), (-x,-y,1/2+z), (1/2-x,1/2+y,1/2+z), 

(1/2+x,1/2-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 

• 

	

	 1/1 of the unit cell muBt be search to find the origin of one 

of the atoms within the molecule. This means again 

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

crystallizes in one of these space groups, in general only 
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1/14 to 1/2 of a unit cell contains all the independent parts 

of the structure in these polar space groups. Sometimes 

more and sometimes less of the unit ceilmust be searched, 

but (1/ 14) to (1/2) is rather representative. For a representa-

tive polar space group in which a Bragg plane orientation 

can be deduced for the molecule involved, between (1/ 14)(25 2 )x 

(22) and (1/2)(252)  x (22)trials must be calculated. Be-. 

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

For a singly polar space group the method is unfeas-

ible if a Bragg normal direction cannot be approximately de-

duced.. These calculations again represent general upper 

limits for any specific case where packing considerations 

impose additional restrictions on where a molecule can be in 

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

ture of 1:2,5:6-dibenzanthraquinone is an example of a struc-

ture in a polar space group that could have been solved 

quickly with this program. 8. The molecule crystallizes in the 

singly polar orthorhombic space group Pca2 1  a = 28.514, 

b = 3.85, c = 12.90, z = 14 •  There is no heavy atom. One of 

the planar napthalene residues could have been graphed into 

ri orthonormal coordinate system. Since the b axis is so 

short, we know that the molecule must be nearly in the x,y 

plane. This orientation can be described bythe 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 on-. 

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

• through 1800  in the angle omega. The orientation, of this 

substituted napthalene could have been found with sufficient 

accuracy to phase a Fourier with (25 2 )(1/14)(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)-0-methylmandelamide. 9  This structure 

does nothave a heavy atom, and crystallizes in the non-

centric polar space group P2 1 0 It was solved originally by 

successive application of the tangent formula. 

Use of this trial and error program is epecial1y at 

tractive for cases such as these. Statistical 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 function, 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 degrees. of rotation in the angle omega 

about the Bragg normal will be sufficient to include all 

orientations of the napthalerie ring for any fixed position 

of this origin in the unit cell. For the space group P2 1  

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 napthaiene ring center of 

gravity within the unit cell is arbitrary. Only (1/2)(252)  x 

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

would be necessary to find the position of the napthalene 

ring. Fouriers could then be phased using t}location 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 position of one atom 

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-meth.oxytryptamine molecule crystallizes in the. 

doubly polar space group P. 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 

orgarii:c molecules. 

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 I or which the program works best were 

discussed in 11-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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A.. Introduction 

The scientific interest in serotonin and its structural 

analogues since the original isolation of serotonin from 

clotted blood,- has been,almost,as widespreadas the natural 

occurrence of these compounds. Serotonin may be found in such 

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

and human 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 similar 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 vasocoristrictors. 

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 serbtonergic 

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

tonin is' important in the regulation of body temperature. 2 ' 3  

The biological activity of ser.otonin and 5-methoxytryp-

tamine does not end with these physiological 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. 	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 C5 137 19  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 

may 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 serotonin and 5-methoxytryptamine are 

listed in the bibliography. 9 "0 ' 11 ' 12  

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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B. Experimental 

Crystals of 5-methoxytryptamine 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-methoxytryptamine 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 

color-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-ray.s. Exposure to x-rays 

hastens the color-change and decomposition, but the diffrad-

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= 14; 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 
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a space group assignment of Pc wasmade, 

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 parallel to the 

crystalline b axis. After one oscillation photograph to 

check optical alignment, the crystal was transferred to a 

General Electric XRD-5 diffractometer equipped with a copper 

x-ray tube, a Nal scintillation counter, a pulse height dis-

criminator, and a quarter-circle Eulerian cradle goniostat. 

The 40kv, 20ma copper radiation was filtered through a .001" 

nickel foil mounted on the receiving slit of the scintilla-

tion tube. The crystalline b axis and the glass fiber direc-

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

x-ray tube was set at a 2 0  take-off angle, and Bragg reflec-

tion azigles for the resolved CuKc*1, CuKc 2  doublet were mea-

sured through a narrow slit along the hOO,økO, and 009.. dif-

fraction directions. From these measurements precise cell 

dimensions were calculated: 

a = 6,110 ± .002; b = 9.532 ± .003; c = 8.831 ± .003; 

B - 98.72 ± .01 

With Z=2 these parameters gave a calculated density of 

1.242g/cc 3 . The density measured at room temperature by. 	 - 

flotation in ethylene chloride and ethyl acetate was 1.2459/cc 3 , 

which agrees closely with the calculated value of 1.2142g/cc3. 

6)4 



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 wer'e 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-

tairied 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 (sinO/X = . 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 810 x .032mm), and thus was almost needle-shaped. 

The crystal is shown in Fig. 111-1.. 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 c 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 
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with measured chi, phi, and omega settings of the 0,0,10 and 

the 020 reflections to set the orientation matrix of the. 

PDP-81 computer which controlled the diffractometer. 

The diffractometer was equipped with a copper tube, a 

full-circle goniostat, a Nal 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-81 were 

furnished by the Picker Oorporation. Copper x-rays generated 

at 30kv and 16ma were monochromatized to KcL radiation 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 programmed for 0-20 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 0-20 scans were done in the following way: 

The 20 position of each peak was calculated for CuKc 1  radia-

tion. The diffractometer was then set at a value 20-s/2, and 

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

the peak until a value of 20+s was •reached, where A20 is 	 - 

the calculated separation of Kc 1  and Kcx 2  for each reflection. 

Dispersion corrections on the x-rays were made before the 

calculation of the 26 peak settings. For copper radiation, 

66 



67 

dA/X = .002 1487. Backround was measured with offset in 20 = 

.70 degrees above and below the terminal points of the 2e 

it 
	 peak sean, with counting times of 10 seconds in each position. 

The equivalent reflections hk9. 9 ik; ik 9 ,hki.were measured 

throughout the k hemisphere of reciprocal space in planes 

of constant h from F to h out to 1214.5 degrees in 20(sin0/X.5714). 

The 106 and 104 reflections were chosen as standards, and were 

measured at intervals of 50 reflections. The time for each 

reflection averaged over the complete data set was 2.67 mm- 

utes. 

The Intensities and their standard deviations were calcu-

lated with the following formulas from the total counts mea-

sured on the Picker machine. 
C) 

I = c - t 0 (B 1  + B2); 2(I) = c + t 2 (B 1 
 + B2) where c 

14 tB 

is the total count during the scan for a time t, B I  and B 2  

are the two background counts, each taken for time 

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

Intensities after they were corrected for. Lorentz and polari-

zation effects. A total of°  16014 data were measured, of which 

1594 corresponded to the equivalent Friedel pairs (Fik2 = FhkL). 

The OkO reflections were measured only once. These 1604 data, 

of which 19 were zero, gave 807 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 was estimated as: 

a(F) = [a2(F)A + p 2 F 2 / 14j 
I') 

where a(F) AV  was taken as the greater of the two values 

].(Z kj2c2(Ij))1'2 	and 1 	2 1/2 
n-i 

where n is the number of equivalent reflections averaged, I 

is the intensityof the jth reflection which was multiplied 

by correcting factor (including absorption and Lorentz and 

polarization factors) ki, to be reduced into F 1 2 ; and A i  is 

the difference between F1  and the average F of the set. The 

term p 2 F 2 / 1  was included 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 

Including a term (p1) 2 , where p is a small fraction (.05 in 

this case), in the value of a 2 (I). The linear absorption o-

efficient, t, of 5-methoxytryptamine for copper radiation 

was.6.58cm', and it for the largest dimension of the crystal 

was .22. No correction for absorption was made. 

Refinements were made using a full-matrix least squares 

program, which minimizes E w(1F0 1 - IFI) 2 /wIF0 I 2 , wherelF0 l 

and IFcI are the magnitudes of the observed and calculated 

structure factors, respectively, and w = [a(F)J2. 



All calculations were made on the CDC-6600 computer. 

The Fortran computer programs used were: 

Paper - for reduction of the total counts on paper tape 

to intensity data on cards. 

Edit - for finding possible bad intensity measurements 

before averaging equivalent reflections. 

Incor - for Lorentz, and polarization corrections. 

14 •  Sort - for blending and sorting equivalent reflections. 

Fordap - for Fourier and Patterson summations. 

Distan - for distance and angle calculations. 

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: 

LSPLAN - from the University of Pittsburgh. This program 

calculates best fit planes through chosen input points. 

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

of E's and an average temperature factor. 

Ortep - a drawing program written by Carrel Johnson. 13  

1.1. Norma - a program which positions an orthonormal coordi-

nate system in a crystal cell. 

Omoo - a trial and error program for solution of crystal 

structures which have a moiety with a known rigid geometry. 

iase - a program which calculates coefficients for a shai'p-

ened Patterson function. 
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Figure 111-i 

Photograph of the 5-methoxytryptamifle 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 

( • 314 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. 

Ingeneral, six parameters mustbe specified to place 

a known, rigid planar molecule in a unique position within 

a crystallographic cell. Three translational coordinates 

of any atom and In addition three angular coordinates are 

needed to specify position of the 5-methoxytryptamifle 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 anorthonormal 

coordinate system. The approximate geometry of the indole 

ring was known from the structure determination of indole 

acetic acid. This graph, Figure 111-2, 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 used 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( 14), 

the Bragg plane in which the molecule lies (this will be ab- 
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breviated with hid), 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 111-B. A Patterson function was. calculated using 

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 nearly parallel with the -121 diffraction 

plane. This assignment was consistent with the fact that 

the Lorentz and polarization corrected structure factor for. 

the -121 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/ 11. An attempt 

to calculate 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 was not 

clear what this fact meant. 
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The first use of this trial and error program was under-

taken with the knowledge that the plane of the molecule was 

approximately T21, that the center of the x-ray scattering 

material was near y = .25, and that the y coordinateof 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 

molecular plane were compared with 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 ofhow the R factor was calculated, and theme-

thod of calculating structure factors is given in Section 

With a. plane orientation of i'21, Lhe cell was swept in 

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

.50 and from omega = 0 1  to omega = 360 0 . The x and z coor-

dinates of C4) were fixed at .60 and .30 respectively. 

More of the cell was swept than was necessary in this first 

use of the program. Two minute8 of computing time was used. 

Several minima were found near y = 0. 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 



the be.stpossibility. The trial parameters of this minimum 

are listed in Table 111-1. The positional parameters for the 

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

1500 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 andz coordinates of c(14). 

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

all the temperature factors were negative. 

Evidently the T21 orientation was. wrong, and a list of 

possibilities was in order: (1) The T2l orientation gave a 

totally false R factor minimum and the true plane orienta-

tion was quite unrelated to y = . 30, omega = 150 0 , 
hid = T21. 

(2) The T21 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. (.14)  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 aset of Weissenberg 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). 	 .. 

First, 70 plane orientation normals, hkl's, ranging 
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Table 111-1 

Values of the Trial and Error Parameters IiKL, Y(fractions 

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

R (%) Minima less than Sixty Per Cent. 

The •search included 70 plane normal possibilities, 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 42 66 
-383 .12 140 4 8.:6 61 34. 70 
-473 .32 120 49.8 50 44 70 
-375 .28 140 48.o 61 44 56 
-291 .32 120 57.2 71 20 83 

471 .16 140 55.3 49 44 83 
291 .20 1 140 58.1 71 22 83 

-292 .2 11 80 514.1 72 22. 77 
382 .12 	. 

140 55.3 61 35 77 
-193 .32 14Q 57.9 81 21 70 
-465 .32 120 51.3 51 53 56 
-366. .28 140 51. 14 61 52 147 
-456 .28 120 56.2 51 6b 148 
-276 •24 80 58.8 72 145 148 
-167 .32 80 59.9 81 52 35 
-357 .28 1140 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 

In a thin shell of the reciprocal lattice for 1000 < 20 < 1040 

and .149685 < (siri0/X)< .51110, The celiwas searched for 

all values of the parameters 0 < y,L 112 and 0 0  < omega < 1800 

with y = .04 and Aw = 20 0  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 to the 16 cases 

with H < 60% are listed in Table 111-1. For clarification, 

the angles which each plane normal makes with the coordinate 

axes are also listed in Table 111-1 2  and an heuristic map of 

the search is shown in Figure 111-3. 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 114 de-

grees of the 121 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 this factseemed to substanti-

ate the earlier reasoning that the y coordinate of c(14) must 

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

Since the approximate orientation seemed to be 121, 
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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 5 105. describes the same plane as hkl = 121. At this 

tithe it seemed reasonable to limit the search to the y and 

omega values that had led to the lowest ,R with hkl = T21. 

About 20 seconds of computing time was 'used to calculate R 

factors for the 125 hkl's at y = .30 and omega = 150 0 . 

Forty-eight of these_hid's 'correlated with R factors of less 

than 53%, and of these, eight showed 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 angle Fobs were 

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

lation still remained 50. The eight possibilities resulting 

from this search are listed in Table 111-2. 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. The input geometry was wildly distorted in 

every case. The 95 orientation gave the lowest convention-

al R value in the least squares, H = 36%. 
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Table 111-2 

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 1500.  A, 13, and C 

are the angles each hkl vector makes with the coordinate axes 

a,b,C. 

HKL 	 R(%) 	. 	A 	 B 

	

5105 	 52.2 	 54 	 42 . 	 66 

	

106 	 52.2 	 .. 56 	 43 	 61 

	

785 	 52.5 	 56 	. . 	143 	 60 

	

86 	 51.9 	 58 	. 	146 	 56 

	

794 	 149,5 	 57 	 38 	 68 

	

795 	. 	147.11 	 59 	 4o 	 63 

	

63 	 53.2 	 55 	 1414 	 66 

	

764 	 52.3 	 57 	 144 	 59 



Further 'refinements tested thorOughly the 795 possibi-. 

lity. This orientatiOn was refined again with constrained 

geometry against the same 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. The 795 

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 H 	36%, and the geometry, though distorted by re- 

finement, vas much more reasonable. Refinement against all 

the data allowing all positional parameters except those 

fixed by symmetry and all the isotropic temperature factors 

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

ed with the knowledge of the negative overall Isotropic tern-

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 111-B. 

Against the new data set the 795 ,orientation gave an R 
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value in least squares against all the data of 143%.  In this 

refinement all parameters were varied except those fixed by 

symmetry. As before, isotropic temperatures were used for 

six cycles of re2inement. The 50 structure factors chosen 

for trial and error had led to a false structure. Somewhat 

surprisingly, the Wilson plot still gave a negatIve tempera-

ture factor B = -2.123 	, and again it.was. impossible to 

calculate reliable Ehkl values. 

The problem was now clearly defined. A data set for 

trial and error 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 

H faátor in the trial and error program: . First, the coeffi-

cients Phkl = Fhkl/[hk1 x exp(-B x siñ 2 O/X 2 )] were calcula-

ted for a11 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 

fixed at 32• 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 sunnnarized in Table 111-3. 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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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-

terisities, 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 

72 plane orientation, however, consistently gave lower B 

values than the other possibilities. It was also noticed 

that the y coordinate of the minimum in Data 3et (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-

pondingtb the trial parameters hkl 	372 S y = . 26, omega = 

10 0  were refined in the full-matrix least squares program 

with isOtropic temperature factors against all the data in 

eight cycles to an B factor of 33%. 

After the 33% B factor had been calculated for the 372 

orientation at y= .26, omega = 10 1 , the course of the work 

was split into two parts. The grid size for the trial and 

error program was reduced to Ay = .01, Lw = 1 0  and the orien-

tations :arouñd hkl = 72, y = .26, and omega = 10° were exa-

mined more closely. Data Set (L)  was used in this probe. 

The minimum from this search was at y = . 25, omega = 70. 
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Positional parameters 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, .R 1 .) 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 for trial and error. The search range 

.20 < y < .30, 0 < w < 180 0  was used with a grid size Ay = 

.025, Aw 	150. Another minimum was found with hid = 92, 

y = .25, omega = 15°. 

As can be seen in Table III 1I, the 92 orientation re-

fined to the same structure as the 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 p0-

sition of the ring was 14 0 f  The angle between the 792 and 

the final refined position was less than 10.  The fact that 

another plane orientation refined to the same structure as 

the 72 was added confirmation of the structure. The phases 

from the 28% least squares refinement of the 72 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 
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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 unless 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 

isotropically to 8.7%, and anisotropically to 

A difference Fourier was calculated, phased on the an-

isotropically refined positions of these 114  atoms. As an 

aid in the search for hydrogens in 5-methoxytryptamine, the 

postulated geometry of the ring hydrogens was graphed into 

an orthonormal set, and the coordinate calculation subrou-

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 differenceFourier, peaks rang-

ed from zero to .36 electrons. The caláulated positions of 

the ring hydrogens were in every case near the position 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 114 hydrogens 

were added to the 114  other atoms and the structure was re-

finedisotropically to an R factor 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 weak for the intense reflections, by 20% in the worst 

case. 	 . 

An empirical, linear extinction correction was applied, 

usingt.he relation Fe = kFobs(l + k'Iobs.). The least squares 

program scales the data in exactly this way. In this equa-: 

tion Fe is the calculatedstructure factor foreach hkl, 

and Fobs is the observed structure factor.. lobs is the ob-

served intensity. The constant k is the linear scale factor 

for Fobs, and k' is the proportion of lobs that must be 

added to Fobs to correct for extinction. A graph of . 

(Fc/kFobs) versus lobs was prepared, and the best visually 

estimated straight line was drawn through the resulting 

points. The Alope ff this line k' was an estimate of the 

magnitude of the extinction effect. From this graph k' = 

8.3 x i0 7 . This value was too large and resulted in over-

correction ofthe Fobs for extinction. as Fobs now systema-. 

tically exceeded Fe for the intense reflections. A refine-

ment was then done with k' = 8.3 x 10_ 8 . This value of k' 

resulted in an H factor of 3.06%, but it was not large 

enough to remove the systematic discrepancies. An extinc-

tii eQrre(tion, k', of 3.0 x 10 	randomized the systematic 



error in the intense Fobs without overcorrecting. The least 

squares weightingfactor 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 observed data, the fraction P=.05proved to be toolarge. 
intense 

Th were over-weighted and the standrd deviation of ob- 

servation unit weight, SD, dropped below one. 	P was accor- 

dingly reduced to .03 to avoid over-weighting the data for 

systematic errors. 

The final extinction correction with ic' = 3.0 x 

lowered the R factor from the value uncorrected for extinc- 

tion of 3.32% to a low of 2.51%. The least-squares-estimated 

standard deviation of bond lénght on C-C distances dropped 

from .00! to .003.  In this final refinement no parameter 

shifted by more than 3% of its estimated standard deviation. 

Final discrepanc y factors are: Ri = 2.51% for•76 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 Fobs/Fcj or ti'/2IFI  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 111-5, and the thermal parameters of these 

atoms are given in Table 111-6. The atomic coordinates of 

the hydrogen atoms along with their thermal parameters are 

given in Table 111-7. The atomic numbering system and bond 

distanôes are in Fig. II•i-4. The observed an calculated struc- 

ture factors for 5-methoxytryptamine are •given in Table 111-8. 

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, and the pyrrole 

rings separately. Distances of atoms from these least 

squares planes are shown in Table 111-9. Atoms given 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 .02L The first member of the side 

chain, C(2), is .035  above this plane, and the oxygen, 0(1), 
0 

substituent at 0(6) is -.02A below this plane. The indole 

rings in glycyl--tryptophan, 	£-tryptophan hydrobromide,15 
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Table 111-5 

Atomic Coodinates and their Standard Deviations 	(a) for 

all Non-hydrogen Atoms in 5-Methoxytryptamine. 

ATOM X V 1 
C(I) .3467(0) .3571(3) .9726(0) 
C(2) .5789(7) .2923(3) .004015) 

• 	 C(3) .6839(6) .3048(2) .1689(4) 
• 	 C(4) .6088(6) .2435(2) .3008(4) 

 .4265(6) .1572(2) .3189(4) 
 .4050(6) .1152(3) .4647(4) 
 .5609(6) .1535(3) .5922(4) 
 .7384(7) .2375(3) .5765(5) 
 .7606(6) .2834(2) .4291(4) 

010) .8715(6) .3782(3) .2241(4) 
C(L1) .0721(7) .0109(3) .8763(5) 
N(I) .3332(6) .4970(3) .5195(5) 
N(2) .9196(6) .3666(3) .3801(4) 

• .0321(2) .4990(4) 

(a) Standard deviations of the least significant digits 

• 	 estimated by least squares are given in parentheses. 
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•Table 111-7 

Final Positional Parameters and Isotropic Thermal H 

Parameters (a) and their Standard Deviations (b) in 

5-Methoxytryptamine for all the Hydrogen Atoms. 

C 

ATOM X Y Z• B 
0 

 .394(7) .501(4) .630(6) 9.0(12) 

 .411(7) .449(4) .455(5) 7.7(12) 
 .248(4) .300(2) .027(3) 3.1(5) 

 .292(5) .354(3) .862(4) 4.0(6) 

 .563(4) .189(3) .977(3) 3.6(6) 
 .673(6) .339(3) .938(4) 5.6(8) 
 .318(4) .126(3) e229(3) 2.6(5) 

 .532(5) .119(3) .692(3) •4.3(6) 
 .845(5) .262(4) .663(4) 5.4(7) 

 .046(6) .415(4) .434(4). 5.9(8) 
11(11) .972(6) .433(3) .160(4) 5.2(7) 

 .969(5) •. .072(3) .929(3) 4.3(6) 

 .006(5) .067( °4) .320(4) 	. 5.4(8) 
 .131(5) .068(3) .792(4)  

The isotropic temperature factor has the form 

• 	Texp(_B.(sjn/X) 2 ).. • 	 . 	 . 

Standard deviations of the least significant digits 

estimated by least squares are given in parentheses. 
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Table 111-9 

Distance () of Atoms in the Indole Ring from Least Squares 

Planes.. 	. 

Distances in parentheses refer to atoms given zero weight in 

the calculation of the plane. 

Atoms. N(2) C(3) 0(10) C(9) 0(14) 

Indole Plane -.012 .015 . 	 .003 -.010 -10.05 

Benzene Plane (-.009) (.030) (.016) -.008 . .004 

Pyrro.le Plane -.002 .003 -.001 .0014 -.0014 

Atoms C(S) C(6) 0(7) . C(8) 0(2) 0(1) 

• 	

• 	 Indole Plane -.0014 -.010 .012 1010 (.035)  

Benzene Plane .005 • 	 -.010 .006 .003 (:060)  

Pyrrole Plane (_.0014) (.002) (.0140) (.036) (.007) (-.006) 



and indole acetic ,acidl6  were all reported as planar to with-

in the accuracy of the structure determinations. In the 

most accurate of these studies, that of indole acetic acid, 

the H 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 .003 A for C-C distances and .004 
0. 

A for C-N distances. Within the accuracy of these standard 

deviations, the indole ring is not planar. According to 

Cruikshank, the criterion for significant difference between 

two measurements is that they be separated by at least three 

standard deviations. 17  As we can see in Table 111-9, N(2) 9  

C(3), and c(6) are all more than three standard deviations 

away from the least squares plane through 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 

portion 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(10), 0(3), . 

C() 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 
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substituents (1), at carbon C(6); and, C(2), at carbon C(3), 

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 

from the pyrrole ring plane by about .00 A ,, or ten standard 

deviatidris, 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 abovethe 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. 19  

No explanation for, the deviation of 0(7)  and 0(8) from 

the indole plane is obvious from considerations of packing" 

or conformation. The closest approach of atoms outside the 

molecule to 0(7)  and 0(8) is in every case greater than 3 

The nitrogen, N(l), in the side chain of the same molecule is 



closest and is within 3.5.76 and 3. 1482 alof.  these atoms re-

spectively. 

The anisotropic thermal parameters for 5-methoxytrypta-

mine are reasonable, and are set forth in Table 111-6. The 

anisotropic thermal motion of 5-methoxytryptamine is also 

shown in a stereoscopic illustration, Figure 111-5 	As we 

see in this diagram, the nitrogen N(2) of the ring has the 

largest amount of anisotropic thermal motion. 

The carbons 0(7) and 0(8) certainly do not deviate 

enough from the plane to destroy the indole w electron re-

sonance system. We would expect all the bo rids in the indole 

ring to be significantly lengthened if this were true. The 

average of all bonds in the benzene portion of the indole 
0 

ring in 5-methoxytryptamine is 1.395 ± .003 A. All intra-

molecular distances in 5-methoxytryptamifle are given in 

Table 111-10. 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 benzerie portion of 5-methoxy-

tryptamine 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(14)-C(9) 

10 14 
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Table 111-10 

Intramolecular Distances (in A
0
) and their Standard Deviations. 	V 

(a) in 5-Methoxytryptamine. 	
a 

Atoms Distance Atoms Distance 

N(l)-H(l) .99(5) C(7)-c(8) 1,372( 14) 

.92(5) C(8)-H(9) .96(3) 

N(l)-C(1) 1.1457(14) c(8)-c(9) 1.398(3) 

C(1)-H(3) .99(3) c(9)-C(14) 1. 14014(3) 

c(1)-H(14) ,99(3) C(9)-N(2) 1.3714(3) 

C(l)-c(2) 1.5314(14) N(2)-H(10) .96(14) 

c(2)H(5) 1e02(3) N(2)c(10) 1.368(14) 

C(2)-H(6) .98(14) C(10)-C(3) 1.368(14) 

c(2)-c(3) 1.5014(3) c(lo)-H(n) 1.014(3) 

C(3)-C(14) 1.1439(3) 0(i)-c(6) 10376(3) 

C( 14)-c(5) 101413(3) 0(1)-C(1l) 1. 1416(3) 

C(5)-H(7) 1.00(2) C(11)-H(12) 1.02(3) 

c(5)-c(6) 1.3714(3) c11)-H(13) .95(3) 

c(6)-c(7) 1,1408(14) C(11)-H(114) 1.03(3) 

c(7)-H(8) 098(3) 

(a) 	Standard deviations have been estimated by the method 

of least squares and are indicated in parentheses. 
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bond 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 ± .003. is not signifi-

cantlydifferent from that found for indole acetic ac id, 16  

-tryptophane hydrobromide, 15  and glycyi__tryptophane. 1  

In the pyrrole portion of the indole ring in 5-methoxy-. 

tryptamine, the C-N distances C(9)-N(2) = 1.374(3), C(10)-

N(2) = 1368(3) are equivalent. They are shorter than the 

averge for the pyrrole ring by six standard deviations. 

The C(2)-C(.10) bond is also shorter than the average by six 

standard deviations, while the C(3)_C( 14) 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. ,l5,lb 

There was disagreement among earlier workers concerning 

the length of the C-N bonds in the pyrrole ring. The C(9)-

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 2.-tryptophane hydrochloride 

(1.3 ± .02 A). 21  The length of this bond in 5-methoxytryp- 

• 	 tamine is 1.37 ± .003 L 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 pyrrolewere 

equivalent, and calculated a value of 1.2 ± .02 A for them, 
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based on electron diffraction data. 22  Theangular 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 

The C(5)-c(6), C(7)-c(8), N(2)-C(), N(2)-C(10), and 

C(3)-c(10) bonds of the indole ring in 5-methoxytryptamine 

are all six deviations or more shorter than the average for 

the ring. If this bond-shortening effect is due to a concen-

tration of it electrons, we should expect molecular orbital 

calculations to give high electron densities in the regions 

near these bonds. The frontier electron density, which' cor-

relates with 71 electron density, has been calculated for 5-

methoxytryptamine and tryptamine with the approximations of 

Hueckel molecular orbital theory. 23  The concentration of it 

electron density, listed in decreasing order, is C(lO) > C(3) 

> C(5) > C(7) > N(2) > C(8)6 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 

are C(3)-C(lo) and N(2)-C(10); each bond is 1.368 ± .00 14 

These regions correspond to the highest it electron concen-

tration as calculated by the Hueckel method. The x-ray work 

and the molecular orbital calculations for 5-methoxytrypta- 
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mine seem to agree in this respect. The average bond 

length for the 5 ring hydrogens is .99i. The difference 

between this average bond length and the most accurate ben-

zeneC-H distance, l.08 + .005.,20 from electron diffrac-

tion work, is consistent with the expected magnitude of 

effects of thermal motion and concentration 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 111-10. The standard deviations on hydro-

gen bond lengths range from .02 . on the best determined 

ring hydrogens, to .05 A on the primary amine hydrogens of 

N(l). All thermal parameters on the hydrogens are reasonable, 

and have been set forth earlier in Table. 111-7, 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 significant within the hydrogen standard 

deviations on bond lengths. The angular geometry of the ring 

hydrogens is consistent with other accurate work and is shown. 

in Table 111-12. Interestingly enough, the average length 

of the other nine hydrogens was also .99 A0 . 

In the ether side chain at C(6), rotation of the methyl 

group about the carbon-oxygen single bond may be hindered by 

C(5). The C(11)-C(5) distance is 2.797 A ., and the H(7)-H(13) 



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 i.o X below the indole ring, and 

the ether side chain makes an angle of 19.8  degrees with the 

indole plane. The internalgeometry of this side chain is 

about what one would expect, based on reported values. The 

C(6)-0(1) bond (1.376 ± .003 A), and the C(ll)-O(l) bond 

(1.16 ± .003 .) are consistent with values found in the Inter- 
0. 

national Tables; 1.36 ± .01 A for shortened oxygen-carbon dis-

tance due to the influence of an aromatic ring, and 1.3 ± 

601 X for allphatic carbon-oxygen . di s t ance . 2h1  . 

The 0(6)-0(1)-c(11) bond angle in 5-methoxytryptarnine Is 

117.7 degrees. This compares well with •the angles in 1 19 14_ 

dimethoxy benzene (121 0 ) wIthin the standard deviations of 

the determinations. 2 .5  

The side chain at C(3)  in 5-methoxytryptainlne may be 

thought of as a substituted ethane. Possible conformations 

for ethane, or better, n-butane, are shown In Figure 111-6. 

The Indole ring may be In the extreme case either cis- or 

trans- to N(l) of the side chain. The rotation angle about 

the ethane bond for the substituents Is 0 0  for the cls- and 

180 0  for the trans- posItIon. The conformation of n-butane 

may be either eclipsed, with end-on projection of the C-C 

bond showing only three substituents, or staggered, with all 

six substituents visible. 
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The conformation energies of n-butane were calculated. 

by Hoffman using extended Hueckel molecular orbital th eory . 26  

This energy curve is also shown in Figure 111-6. The minimum 

is for the trans- isomer s  The maximum is for the cis- isomer. 	
LA 

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 nitrogenN(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 s  The conformation of 

5-methoxytryptamine in the solid state fails into a higher 

energy minimum than the preferred trans- arrangement calcu-

lated for the isolated molecule. 

Kier has made a similar extended Hueckel molecular orbi-

tal conformational analysis of serotonin. 27  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-methoxytryptarnine, as 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 







between the most stable conformation and that found in 5-

methoxytryptamine is 1.0 kcal/mole higher than the analysis 

based on n-butane. 

Asmentioned 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 a1pIatic systems, energy 

barriersare 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 thebranched 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 

ring. When 	= 0, serotonin has the highest calculated cofl- 

formational energy. When 	= 90 ° , with the terminal nitro- 

gen in the t'a.ns- staggered position, serotonin has the lowest 

conformational energy. The energy separation between 	= 0 

115 
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and 	= 90 0  Is 1.5 ev or 34.6 kcal/mole when the terminal 

nitrogen N(1) Is in the lowest energy,trans- conformation. 

The angle 0 in 5-inethoxytryptamine is35.8 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 conformation corresponds to an energy about .3 ev 

or 6192kcal/mole higher'than the minimum with 	= 90 °  and 

the ethane bond perpendicular to the ring. Again, we must 

realize that these calculated energy barriers are calculated 

too high by 25 to 33 percent in the mostfavorable case, 

that of ethane. 

If we assume that the conformation energies. involved 

are Independent and additive, 5-methoxytryptamine assumes a 

conformation in the solid state about 13.8 kcal/mole higher 

than the most stable conformation. If we use the more rea-

sonable value for the conformation energy, that based on 

n-butane, the energy separation is 12.8 kcal/mole. We can 

compare this to the highest conformation;energy that 5-meth--

oxytryptamine could assume according to these calculations, 

62.3 kcal/mole above the most stable configuration. The 

solid-state conformation energy of 5-methoxytryptamirie 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 upward 



direction with the number of steric repulsions, we should 

probably reduce the conformational separation energy of 12.8. 

kcal/mole calculated for serotonin by more than 33 percent. 

The 5-methoxytryptamine molecule moves to the higher 

energy. conformer in the solid state partially in order to 

complete an intermolecular hydrogen bond. The indole, ring 

makes an angle of 35.6 degrees with the ac plane, and the 

distance :  between translation equivalent .indôle rings is 

3.50 A. The nitrogen side chain bends below the plane of 

the ring, with the conformations mentioned earlier, toward 

the ac plane. Hydrogen bonds are formed with the nitrogen 

N(2) of the glide-related molecule translated one. unit cell' 

distance along a, (1 + x, -y, 1/2 + z)a 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(1) and N(2) is 2.916 ± .003 , 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 111-13, and Figure 111-7. 	. 

In crystalline ammonia, the N-H-N distance is 3.38 AO . 

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  Vis 

shorter than the N-H-N;'ond in Adenine-HC1, 2.99 ; ammonium - 
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Table 111-13 

I 
	

Angles (in degrees) and Standard Deviations (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(1). 

Atoms 	 Angles 

H(1)-N(l)-H(2) 	 118. 6(5. 0) 

H(10)-N(l)-H(1) 	 122.20 0) 

H(10)-N(l)-H(2) 	 93.9(14 6) 

C(l)-N(1)-H(l0) 	 111.6(1.1) 

C(1)-N(1)-H(l) 	 102.6(2.3) 

C(l)-N(l)-H(2) 	 1014.1(2.3) 

N(2)-H(10)-N(1) 	 171.0(2.3) 

(a) Least squares estimations of the least significant 

digits are given in parentheses. 
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• azideanddicyandiamide, 2,94 	.28  In view of the short 

N-H-N bond distance, an energy on the order of 3.0 kcal/mole 

is a reasonable estimate of the strength of the N-H-N bond 

in 5-methoxytryptamine. For comparison1 the 0-11-0 hydrogen 

• bond,in ice, is 5.0 kcal/mole, and the O-H-O bond in acetic. 

acid is 7.6 kcal/mole. 29  

From these considerations, we can say that •up to 30 per 

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, overestimates the 

conformational energy separations in 5-methoxytryptamine by 

a value of between 33 and 70 percent. • 

The super-structure of 5-methoxytryptamine can be de-

scrib.ed as pleated sheets stacked along the a direction, held 

together by N-H-N hydrogen bonding between the sheets. Dis- 
0 

tance between equivalent planes is 3.50 A. The nitrogenN(I) 

is 3.30 X below the plane of the ring to which it is attached, 

and is within 2.916 	of N(2) in the glide-related molecule, 

translated one unit cell length along a. The N-H-N hydrogen 

bond has a reasonable geometry as we can see in Table 111-13. 

A least squares plane through this intermolecular N(2)-H-N(1) 

bond makes an angle of 60.5 degrees with the •plane of the 

indole ring of N(2). The intermolecular paOking is shown in 

Figure 111-6. The view is down the a axis. The direction 

of the glide plane is along C. 
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The closest intermolecular approach in 5-methoxytrypta-

mine is between C(5)-0(1),  3405 )L 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 3759 R. The C(7) in molecule 

(x,y,z). is within 3.734 A of C(5) in the glide-related mole-

cule at (x, -y, 1/2 + z). 



E. Conclusion 

The indole ring in 5-methoxytryptamine is not planar 

within the standard deviations of the structure determination. 

The carbons C(7) and c(8) are warped out of the plane of,  

theindole ring by 1.6 0 . 	No..explanat.ionof this is obvious 

from a consideration of molecular packing or conformation. 

Short bonds in the indole ring correlate with regions of 

high 7r electron density as calculated byHueckel 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 (1+x,-y,1/2+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 approcimaions of Hueckel oiecu1ar Qrbital tIeory 

• may substantially overestimate the energy separations: 

involved. 
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A. Introduction 

Melatonjn is formed in the pineal gland of the human 
1 

brainby N-acetylatlon of serotonin. 	This reaction is 
2 

followed by methylation with hydroxyndo1e-Omethyltransferase. 

The formation of melatonin Is an addedcomplicationln 

the complicated biochemistry of serotonin. Serotonin 

which is acetylated is protected from monoamine oxidase 

destruction. The compound N-acetylserotonln'js excreted 
3 

in human urine. 

The crystal structure of mélatonin 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. 



The crystals of melatonin used in this structure deter-

mination were obtained as describe.d in III-. Preliminary 

oscillation and Weissenberg photographs of an umneasured cry-

stal had symmetry and extinctions consistent with monoclinic 

space group P2 1/n. (OkO, k = 2n; h02., h + £ = 2n). It was 

subsequently found that a better choice of cell could be made, 

and that the preliminary photographs were taken with the cry-

stal aligned along the a* axis of a P21/c unit cell. The 

crystal structure of melatonin was solved in P2 1/c, and all 

further references to this problem will be based on this space 

group. 

Rough cell dimensions were measured from the films of 

this crystal and another crystal (.35x .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 111-B, except that a molybdenum x-ray tube was 

used, and the graphite monochromator was set at 12.0I8 1 . 
	 .4' 

Least squares cell dimensions were calculated on the 

PDP-81•. computer from the 20 values of 13 well-centered reflec-

tions using the standard program furnished by the Picker 



Corporation. The molybdenum cell dimensions for P2 1/c were 

a = 7.7071 ± .002.; b 	9.25.2 ± .002; c = 17.077 + .00 14; 

= 96.78 ± . 03, X = .709261, z = 140 

Calculated density based on these cell dimensions was 

1.276 g/cc 3 , and the experimental density as measured at room 

temperature in ethylene chloride, ethylene bromide, and ethyl 

acetate was 1.272  /cc 3 , which agrees well with the calculated 

value. The linear absorption coefficient, u s  for melatonin 

with molybdenum x-rays was .9141 cm -  and iit.in the longest di-

rectibn for this crystal (,35 x .27 x .10 mm) was .033.  No 

absorption correc..ion was made. 

Intensity data was taken throughout the 4-k region of re-

ciprocal space in planes of constant hfrom -h to +h. All 

the molybdenum data in this hemisphere was measured from 

20 = 0 to 20 = 140 1  (sin0/X = .148222). 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 intEl-B. 

The 006 and 206 reflections were chosen as intensity 

standards. The :206 reflection was measured 149 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 214313 and an average deviation of.315. 

A total of 2275  reflections were measured. The 145 re-

flection was measured only once due to a machine error, and 
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• 	 L OkO'reflections were measured only once. There were two 

• 	measurements of all other independent reflections as the 

• 	Friedei-e.quivalent pairs. hk2,, Eki; and ik,: hkT were measured. 

Thus, the 2275  measurements were reduced to 1140 independent 

observations after averaging. 

The form of the temperature factors used and the weight- 

ing scheme for least squares refinement were given in 111-B. 	• 

The source of scattering factors used was given in I-B. The 

Aft 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 wassolved with a 

direct method of phase determination. A Wilson plot of the 

data was prepared using a computer program written by Maddox 

and Maddox. The overall temperature factor, 1.09 	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-

flectioris 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-

bitrarily 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 

combinations ofplus and. minus :si sreu1t.in 16 possible 

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 equation,5  w3ich results also from the E 2 relation-

ship of Hauptman and Kane.6  This equation was applied to 

the 151  normalized structure factors Ehkl using a computer. 

7  program written by R. E. Long. 
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Sayre's equation may be expressed as 

• 	
s(EA) = 5.(A+cEB'.Ec) 

• 	
where s( ...) means "sign of", the dot implies multiplication, 

and A, B, and C are the vectors (hkl) for.the reflections 

• 	A, B,,and C; the sum is over all combinations where 

B+C=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 	 1 	Ehkl 	M 

3 	 1 	 11 	3.09 	 314 

• 	 3 	1 	.8 	2.02. 	32 

1 	2 	 6 	2.146 	38 

3 	1 	 5 	2.52 	• 	30 

2 	1 	-2 	5.93 	149 

.2 	• 	1 	• 	-1 	1411 	145 

1 	14 	-3 	2.02 	32 

The quantity M is tne number of sign interactions for the 

reflection inyQived, and M ranged from 8 to 51 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 

E 	
ECII  

AB+C - - 

• 	 EA 	i: 	EB. Ec 
—A=B+C 

where the sums are over all pairs B and C for which B+C = A, 

and where { } means the average over all values of A. 

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 nochanges or additions to the list. 

The solution with the correct combination of signs usually 

• 	correlates with the highest consistency 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 ranged from .50  to .80, and the 
• 	

number of cycles needed to produce an unchanglng set of 

signs ranged from 7 to the maximum of 17.  Set number 11 had 

• a consistency index of .30,,and sign combinations for the 



151 terms was calculated in 7 cycles. For this solution, 

the four signs of the staiting setwere positive except for 

the 315,  and 311 reflections. 

A Fourier was calculated using as terms the 151 Ehkl 

with the signs predicted by Long's program. The top 17 

peaks ontiiis Fourier corresponded to.all the non-hydrogen 

atoms of the melatonin structure. A full matrix least 

squares refinement of these 17 atoms with isotropic tempera- 

ture factors gave a conventional R factor, of 11.6%, a weight-

ed R. R20  of 13.14%, and a standard deviation of observation 

unit weight of 3.1417.  An examination of the signs of the 

calculated structure factors corresponding to this refined 

structure revealed that Sayres  equation and Long's computer 

program had correctly predicted every single one of the 151 

signs. 

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 

H of 10. 14%, and a standard deviation of 2.881. 

A difference Fourier phased on the refined atomic posi-

tions of the 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 .26 to .51 

electrons, and the 16 hydrogen atoms of melatonin were among 

these 19 peaks. 
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Four cycles of least squares refinement giving the non-

hydrogen atoms anisotropic, and the hydrogen atoms isotropic 

temperature factors resulted in an R factor of 3i5%, a 

weighted R of 3.4%. and a standard deviatIon of observation 

unit weight .995.. All the refinements mentioned above were 

done with the weighting scheme outlined in IV-B Since the 

standard deviation at this point droppedbelow 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 

was repeated. The H factor this time was 3 • 145% for 808 data; 

the weighted H was 3.3%, the standard deviation was 1.106, 

and the conventional H including zero weight data was 5.71% 

for the 11 110 independent reflections. There was no systema-

tic trend in either IFo/FcI  or 	Fas a function of in- 

tensityor Bragg scattering angle. The largest peak on the 

final difference Fourier was .19 electrons. In this final 

refinement no parameter shifted by more than 1% of its esti-

mated standard deviation. 
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D • Discussion 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 I 11_3. 

The atomic numbering system is entirely consistent with that 

of.  5-methoxytryptamine in Section III-D. For this reason, 

numbering of the hydrogens in melatonin Is not entirely se-

quential. Since there is only one hydrogen on the nitrogen, 

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 mélatonin. This numbering sys-

tem, with the interatomic distances in melatonin, is present-

ed in Figure IV-l. Interatomic distances are given along 

with their standard deviations in T.able IV 14. 

The average 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( 14)-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 



Atomic Coordinates and their Standard Deviations (a)for all 

Non-hydrogen Atoms in Melatonin. 

• 	ATOM X V 
 .4374(6) .3060(4) .1265(2) 
 .6292(6) .6157(4) .4202(2) 
 .3187(4) .2059(3) -.0055(2) 
 .2388(4) .3953(3) .4384(2) 

C(S) .8116(4) .0403(4) .0554(2) 
 .1182(4) .6102(4) .3177(2) 
 .9049(5) .0394(5) .1950(2) 
 .141815) .3919(5) .2911(2) 
 .2138(4) .3265(4) .3650(2) 

• 	 C(lO) .3377(5) .1702(4) .4541(2) 
. .9128(7) .1303(5) .0534(3) 

 .5977(4) .3575(4)... .2551(2) 
 .3268(7) .7993(5) . 	 .1667(2) 

 .4906(4) .1658(3) .2944(2) 
 .7280(4) .6816(4). .1235(2) 

0(1) .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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z Mw 

.280(1) 

.370(2) 

.103.(2) 

.086(2) 

.103(2) 

.506(2) 

.260(2) 

.246(2) 
343(2) 

.027(2) 
-.011(2) 
.068(2) 
.474(2) 
.164(2) 
.374(3) 
.157(2) 

1.9(7) 
47(8) 
4

.
9(9J 

4.6(9) 
3.8(8) 
3.5(7) 
43(8) 
.5,3(9) 
2.2(8) 
4.6(9) 
7.2(12) 
6.1(10) 
6.5(11) 
6.5(10) 
7.6(12) 
7.2(12) 

Table IV-3 

Final Positional Parameters and Isotropic Thermal 

Parameters (a) 'and their Standard Deviations (b) in 

Melatoriiñ for all the Hydrogen Atoms. 

ll 

ATOM 

H(1) .502(3) .680(3) 
 .65614) .879(3) 
 .535(4) .355(3) 

H(5). .45.81'.) .103(4) 
H(6) .273(4) .136(3) 
14(7) .798(4) .410(3) 

 .043(4) .591(3) 
 .124(4) .352(4) 

H(lO) .282(4) .131(3) 
14(11) .623(4) .577(4) 

 .022(5) .113(4) 
 -.045(5) .423(4) 

14(14) .210(5) .824(4) 
14(15) .323(5) .695(4) 
H(16.) .607(5) .335(4) 
H(ll) .208(6) .825(4) 

The isotropic temperature factor has .the form 	. 

T=e.xp(-B(sin 0/A) 2 ). 	 . 

Standard deviations of the least significant digits 

estimated by least squares are given in parentheses. 
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Table IV_LI 

IntramolecularDistances (in 	) and their.  Standard Deviations 

(a) in Melatonin. 

Atoms Distance Atoms Distance 

c(l)-c(2) 1.502(11) N(l)-H() .811(3) 

c(2)-C(3) 1.1191(11) c(l)-H(3) .99(3) 

c(3)-C(11) 1.1126(11) c(1)-H(11) 1.00(3) 

c(4)-C(5) 1.1105(11) c(2)-H(5) .95(3) 

c(11)-C(9) 1.399(11) C(2)-H(6) .96(3) 

c(5)-C(6) 1.368(11) c(5)-1I(7) .95(3) 

c(6)-C(7) 1.397(5) c(7)-(8) .95(3) 

c(7)-C( 8 ) 1.368(5) c(8)-H(9) .96(3) 

c(8)-c(9) 1.391(5) N(2)-H(10) .79(3) 

c(9)-N(2) 1.368(11) c(10)-H(l1) .96(3) 

N(2)-C(10) 1.370(11) c(11)-H(12) 1.01(11) 

c(10)-C(3)• 1.355(11) c(11)-H(13) .911(11) 

c(6)- 	(1) 1.380(11) C(11)-H(111) 1.01(11) 

o(i)-C(ii) 1.11ö7(5) c(13)-H(15) .97(11) 

c(1)-N(i) 1.11118(11) c(13)-H(16) .96(11) 

N(1)-C(12) 1.327(11) c(13)-H(17) .914(11) 

c(12)0(2) 1.235(3) 

c(12)-C(13) 1.1193(5) 

(a) Standard deviations are estimated by the method of least 

squares and are indicated with parentheses. 
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1.384A. As in 5-methoxytryptamine the bonds N(2)-C(9) and 

N(2)-C(10)' are equivalent within one standard deviation and 

are three standard deviations shorter than the average for 

the ring. The bond C(3)-C(10) 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 aromatic rings correlate 

with large frontier electron density as calculated by Hueckel 

molecular orbital theory. The shortest ,bond correlates with 

the highest density. 

The average of all bonds for the indole ring is 1.385L 

This value is consistent: with that found in 5-methoxytrypta-

mine. All the intramolecular angles in the indole ring are 

consistent within thestandard 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-methoxytryptaniine, the indole ring is planar 

within .02X, 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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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( 14 ) 125,3(3) c(8)-c(9)-N(2) 131.2(14) 

c(2)C(.3)-C(10) 128.6(3) C(9)-N(2)-C(1O) 109.1(3) 

C(3)-.C( 14 )-C(5) 132.7(3) o(9)-C(14)-C(5) 119.14(3) 	.. 

c(3)-C(14)-C(9) 107.9(3) N(2)-C(10)-C(3) 110.1(3) 

c(14)-c(5)-C(6) 118.3(3) 'c(10)-c(3)-c(14) 106.1() 

•c(14)c9)c(8) 122.0(3) c(3)-C(2)-C(1) 	. .113.8(3) 

c(14)-C(9)-N(2) 106.8(3) c(2)-C(l-N(1) 111.0(3) 

c(5)-C(6)-C(7) 121.1(3) C(1)N(i)-C(12) 122.7(3) 

c(5)-C(6)-0(1) 1214.14(3) N(1)-C(12)-0(2) . 	 120.9(2). 

c(6)0(l)-c(ll) 117.0( 14 ) N(1)-C(12)-C(13) 117.1(14) 

c(6)-C(7)-C(8) 121.9(3) C(13)C(12)-0 (2) 122.0(3) 

c(7)-C(8) -C(9) 117.1( 14 ) 

(a) Standard deviations are estimated by the method of least. 

squares and are enclosed in parentheses. . 	 . 



Table Iv-6 

Intramolecular Angles (in degrees) and their Standard 

Deviations (a) for all Bonds Involving Hydrogen in Melatonin. 

Atoms Angles Atoms Angles 

c(12)-N(l)-H(l) 118.9(1.7) H(12)-C(1l)-H(l3) 111.2( 14.6) 

C(1)-N(l)--n(l) 118.3(1.7) H(13)-C(11)-H(1 14) 116.6(3.9) 

N(1)-C(l)-H(3) 108.5(1.7) H(114)-C(ll)-H(l2) 99.6(14.1) 

105.3(1.6) c(6)-c(7)-H(8) 118.5(1.8) 

c(1)-C(2)-H(5) 107.3(1.8) c(8)-c(7)-H(8) 119.5(1.8) 

c(1)-c(2)-H(6) 1o87(1.6) c(7)c(8)H(9) 120.2(1e9) 

112.1(1.8) c(9)-c(8)-H(9) 122.7(1.9) 

c(3)-C(2)-H(6) 109.7(1.6) c(9)-N(2)-H(10). 125.7(2.1) 

c(2)-c(1)-H(3) 111.8(1.7) c(10)-N(2)-H(10) 1214.14(2.1) 

112.3(1.6) N(2)-C(10)-H(11) 119.6(1 0 8) 

H(3)-C(i)-H( 4 ) 107.5(3.3) C(3)-C(10)-H(11) 130.0(1,7) 

H(5)-C(2)-H(6) 1014.7(3.14) C(12)-(13)-H(l5) 11.14(2.i) 

121.14(1.6) C(12)-C(13)-H(16) 109.8(2.2) 

c(6)-c(5)-H(7) 120.3(1.6) C(12)-C(13)-H(17) 109.9(2.3) 

0(1).c(11)-H(l2) 1114.0(2.1) H(15)-C(13)-H(16), 108.14(14.0) 

0(l)-C(11)-H(13) 103.14(2.0) H(16)-C(13)-H(l7)11l.14(14.5) 

0(1)-c(11)-H(1 14) 112.5(2.0) H(15)-C(13)-H(17) 102.70 0) 

(a) Standard deviations are estimated by the method of least 

squares and are enclosed in parentheses. 
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In 5-methoxytryptamine the indole.ring was planar except 

C(7) and C(8) were above 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. In 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(10) 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 .62. 

with the, terminal atom, C(13). 	• 

The angle t of melatonin is 175.00.  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 c' = 0 

C(1) is pointed toward C(5) and is in the plane of the ring. 

The minimum energy conformation in the absence of 'outside' 
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forces is with 	= 90 1 , but the energy separation between 

= 90 1, and I = 180 0  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 the plane 

of the indole ring. Aleast squares plane through 

C(11)-O(1)-C(6) is parallel within one degree to the plane 

of the ring. The conformation about the ethane bond 

C(l)-C(2) is almost perfectly trans-and. staggered. This cor-

responds to the minimum conformation energy expected as cal-

culated 'by extended Hueckel molecular orbital theory. The 

possible conformations for C(3)-C(2)-C(l)-N(1) are shown in 

Figure' 111-6. A rotation angle ofl80 0  between N(1) and C(3) 

corresponds to zero conformation energy and the trans- stag-

gered configuration. This conformation angle in melatonin 

is 188.4°.. The conformation of the nitrogen-containing side 

chain in melätoniu is ve.ry close to that expected from Hueckel 

molecular orbital theory calculations, and the energy epara-

tion between the minimum (0.Okcal/rnole), and that found for 

melatonin is 2.3kcal/mole. We may contrast this value with 

the very large separation energy found in 5-methoxytryptamine 

of 12.8 kcal/mole. 

In 5-methoxytryptamine, the nitrogen side-chain moved 

into a higher conformational energy state in order to corn-

plete an intermolecular hydrogen bond between N(l) of mole- 



cüIe (x,y,z.) and N(2.) of molecule (1+x,-y,l/2.+:z). The abili-

ty Of N(l) to form an N-H-N hydrogen bond with N(2) is des-

troyed in melatonin by. the acetyl group. 

The acetyl group is planar as we can see from Table IV-7. 

The angles about C(12) and N(l.) are all close to 1200.  The 

planar acetyl group is nearly coplanar with the indole ring; 

the dihedral angle between the two planes is 7.7 ° .. The ace-

tyl group may be partially in resonance with the indole ring. 

The bonds C(2)-C(3) and C(l)-C(2) are significantly shorter 

than expected for a carbon-carbon single bond. 9  The tetra-

hedral angles about 0(2) and 0(1). are larger than normal by 

about 20 staridard deviations for 0(2) and 11 standard devia- 

tions for 0(1). 	. . 	. . 

Instead of an N-H-N hydrogen bond as found in 5-methoxy-

tryptamine, melatonin forms an N-H-O hydrogen bond. The 

oxygen 0(2) of molecule (x,y,:z). is hydrog.en bonded to N(2) 

in the indole ring of molecule (-x,1/2+y,1/2-z). The dis-

tanceof separation is.2.903, and the angle N(2)-H(10)-0(2) 

is 163.61. The oxygen 0(2) of (x,y,z) is also only 2.966. 

frorn.N(l) of the side chain in (-x, ,1/2+y,l/.2-z), and the 

angle N(l)-ff(l)-0(2) is 161.30. Thus, both the nitrogen N(l) 

of the.side chain and N(2), of the ring in molecule (x,y,x) 

are hydrogen-bonded to oxygen 0(2) in the glide related mole- 
.4 

culé (-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 

bonds of amino acids or proteins. The N-0 distance for an 

N-H-0 bond in these compounds is 2.79 + 612L The ideal 

N-H-O angle is 18009  and for each 6 0  of deviation approximate-

ly .1 kcal/mole of strain is produced in the hydrogen bond. 11  

These N-H-0 hydrogen bonds in melatoninwith distances of 

about 2.9a and angles of about 1609 are rather weak bonds. 

Also, the nitrogen-hydrogen distance is sometimes used as a 

criterion of hydrogen bond strength. If a strong hydrogen 

bond is formed, the nitrogen-hydrogen distance should be 

longer, as the hydrogen is donated to the oxygen. The dis-

tance N(2)-H(10) 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 73.20  with the ac plane, and the side 

chain in the molecule at (x,y,z) is hydrogen bonded to the 

154 
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ring and side chain of the glide-related molecule at (-x,y+1/2, 

1/2-z). The closest non-bonded approach in the structure 

not involving hydrogen is 3.758 A. This interaction is 

between Q(2) of (x,y,z) and C(13) of (-x,y+1/2,1/2-z). .A 

diagram of intermolecular packing in melatonin is shown in 

Figure IV-3.  A list of final observed and calculated 

structurefactors for melatohin is given in Table IV-8. 
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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(10) of the pyrrole ring are warped out of 

the plane of the indole ring by 1.8 9  • 	Short bonds in the 

• 

	

	indole ring correlate with a large frott1er• electron density' 

as calculated by Hueckel molecular orbital theory. The 

• 	shortest bond correlates with the highest p1 electron den- 

sity. 	. 

In contrast to  5-methoxytryptamine, melatonin assumes 

a conformation in the solid state very closeto that ex-. 

pected from quantum mechanical calculations.c Acetylatlon 

of the primary, amine group destroys the ability of 5-meth-

oxytryptamine to form a strongN-H-N hydrogen bond. The 

N-H-O hydrogen bonds formed In melatonin are very weak, and 

the molecule is able to assume the minimum energy conorma 

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. 

159 



Since 5-methoxytryptamine forms such a strong inter-

molecular bond in the solid state, it seems plausible that 

serotonjri, which differs only by a methyl group in the 

5 position should also form a strong hydrogen bond, Fur-

thermore, it is reasonable to assume that serotonin Oould 
12 

be boundin the "granules" by hydrogenbonding, 	This 

idea is partially supported 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 sero-

tonin with adenine. 

• 	The dual conformation theory Of Gaddum is. completely 
14 

consistent with the x-ray work. 	Serotonin could assume 

a higher energy conformationin a biological environment 

conducive to the formation of hydrogen bonds, 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 difficult. 	. 	• 	= 

It is hoped that these molecular structures will help 

those who are trying to piece together the truth of the 

serotonin metabolism. 

-a 
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Appendix A 

.Derivation of the Orientation Matrix .a jj  

The orientation matrix 	for the trial and error com- 

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, 2is mentioned in Section II. The derivation 

of the components of this matrix relies heavily upon use of 

the dot and cross vector products. Since in many cases it 

is possible to deduce independently the 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 concepts of reciprocal space 

are available, and a few of them are listed in the biblio-

gráphy. 1,0293  

The reciprocal lattice vector a(h) = Eh12 (i = 1,3) 

where h 1  represents the ith Miller index and S j  represents 

the Ith reciprocal space base vector, may be dotted with the 

direct space monoclinic base vector set b 1  since the direct 



1.63 

space and the reciprocal space vector sets have the same ori-

gin.. The result of this is (1) 	 . 

cos c 	h1/Ia(h1)I II 	(1 = 1,3) 

The direction cosines, cos c, of a Bragg plane normal rela-

tive to the direct space vectOr basis set b 1  is a function 

Only of. h1 , the ith Miller index, and the length of b •and 

The length of c(h1 ) is a well-known property of re-

ciprOcal space, and 12.(h1)I = l/d(h) where d(hi)  is the per-

pendicular distance between the Bragg planes involved. 

It is convenient to normalize theb 1  such that 

= b/Ib 1 I. These 	are the unitary monoclinic base vec- 

tors mentioned in Section II. The vector a(h 1 ) may also be 

expressed In this vector basis, and a(h 1 ) = En1v 1  (i = 1,3). 

The components, n 1 , of ci(h 1 ) may be expressed in terms of 

direction cosines. This result follows If we dot (h 1 ) with 

..dsôl.ve;the. ?esültIng:set. of-

liear equations remembering that the 	are normalized dl- 

• rect space monoclinic base vectors. The n 1  are given in (2). 

n1  =[(cosc1 - cos s 3cos )/sin2 )Ic1(h1 )I 

"2 = [cosc2]a(h1 )I 	 (2) 

n3  = [(cosc3 - cosc1cos)/sln2]ja(h1)I 
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The expression for the n may be normalized with division by 

1(h1 ) I. The normal (h) to the Bragg plane h 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 

= EXivi (I = 1,3) can be defined. This vector can be 

dotted with a(h1 ) and the result set equal to zero. This 

will give us after e is normalized the expression (3) 

A 1  = 

x2 = 

A 3 -[(cos1  + cosc 2 )/cose 3 ]/1e1 1 

Iej ? (2+[cose 1+cosc 2 )/cosc 3 ] 2_2(cosc 1+cosc 2 )cos/cosc} l'2  

If cosc 3  = , the expression for A 1  becomes infinite. This 

difficulty is overcome by deriving analogous expressions for 

A 1  having different cosc In the denominators of the terms 

involved and branching the computer program to avoid divi-

sion by zero. 

The A 1  = a11  (1 = 1,3) of the orientation matrix. We 

can define a third vector e = Eu I  v (i = 1,3) such that 

x 	= ~t2 	Solution of this vector equation, expres- 

sion of the answer in terms of the v, and normalization of 
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PROGRAM NORMA(INPUT90UTPUT,TAPE2INPUT,TAPE3OIJTPUT,TAPE4) 
DIMENSION HH(50) ,HK(50) ,HL(50),RDHKL(50),DHKL(50) 
DIMENSION COSA(50),COSB(53),COSC(50),A(50),B(50)9 , C(50) 
DIMENSION BAT(53),ANGA(50),ANG3(50.),ANGC(5Q) 
DIMENSION A1(5'J) ,A2(50),A3(50) ,SUM(5 0 ) 'BVFCI(SO) 
DIMENSION BSQ(50),B1(50),132(50) ,B3(50),R(50),S(50),1(50),C1(50) 
DIMENSION C2(5O) ,C3(50) 
1N2 
LOUT3 
NPUN=4 
READ(Ir19300) AA,BB,CC,ALPHA,BETA,GAMMA,NHKL 
WRITE(LOIJT9300) AA,BB,CC,ALPHA,BETA,GAMMA,NHKL 
READ( IN,310) (HH( I) ,F-IK( I) HL( I), I=1,NHKL) 
'WRITE(LOUT01 3 ) (HH( I) ,HK(I) ,HL( I) ,T=1'NHKL) 
P1=3.14159265. 
TWOPI2.*P! 
RADCON=P!/180. 
CONRAD=180./PI 
ASTAR1.0,(AA*SIN(RADCON*BETA)) 
BSTAR 1.0/BR 
CSTAR1.0,(CC*STN(RADCON*BETA)) 
BFTA5180.-BETA 
DO 10 t=l,NHKL 
BAI( I)=(HH( I )*ASIAR)**2+(HK( I )*BSTAR)**2+(HL(I )*CSTAR)**2 
1+2.0*HH(I)*HL(I)*ASTAR*CSTAR*C0S(BEIAS*RADC0N) 
RDHKL(I)=SQRI(BAT(I)) 
DHKL( I)=1.O/RDHKL( I) 
COSA(I)=(HH( I )*f)((  I))/AA 
COSB (I) = I HK (I) *DHKL ( I)) /RB 
COSC( I )=(HL( I )*DHKL( I) /CC 
A( I )=AcOSCOSA( )) 
BIT )=ACOSICOSB( I)) 
C(I )=ACOS(COSC( I)) 
ANGA(I)=A(T)*CONRAD 
ANGB(I)=B(T)*CONRAD 
ANGC (I) =C ( I ) *CONRAD 
CONTINUE 
WRTTE(LOLJT9400) 
WRIIE( LOUT , 41 3 ) (HH( I) ,HK( I) ,HL( I) ,DHKL( I) ,COSA( I) COSB( I) 
1COSC( I) 'ANGA( I) ,ANGB( I) ,ANGC( I) ,I=1NHKL) 
DO 20 J1NHKL 
A1(J)=(COSA(J)_COSC(J)*COS(BEIA*RADCON) )/(SIN(BETA*RADCON))**2. 
A2(J)COS.R(J) 
A3(J)(COSC(J)C0SA(J)*COS(BETA*RADCON) )/(SIN(BEIA*RADCON))**2. 
IF(COSC(J).EQ.0.) 12915 

12 SUM(J)=COSB(J)+C0SC(J 
BSQ(J)(SUM(J)/COSA(J))**2+1.+1.2.*(SUM(J)/C0SA(J))* 
1 COS(BFTA*RADCON) 
BVECT(J)=SORT(RSQ(J)) 
WRITE(LOUT9395) BVECT(J) 
131(J)=-(S'.)M(J)/COSA(J))/9VECT(J) 
82(J)1./9VECT(J) 
B3(J)1./9VFCI(J) 
GO TO 16 

15 SUM(J)=COSA(J)+COSR(J) 
BSQ(J)=1.+1.+( SUM(J) /COSC(J) }**2_2.*(SUM(J)/CO5c(J) )* 
1 COS(BETA*RADCON) 
BVECT(J)=SQRT(9S0(J) 
WRITE(LOUT9395) BVECT(J) 
B1(J)1.0/BVECT(J) 
B2(J)=1.0/BVECT(J) 
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B3(J)=_(SUM(J)/COSC(J))/BVECT(J) 
16 CONTINUE 

R(J)=A2(J)*B3(J)_A3(J)*B2(J) 
• 	S(J)=A3(J)*R1(J_A1(J)*83(J) .• •  

•T(J).=A1(j)*82(J)_A2(J)*81(J) 	 = 
C1(J)=(R(J)-T(J)*COS(BETA*RADCON) )/(SIN(BETA*RADCON)) 
C2(J)=S(J)*5rN(BETA*RADCON) 	 ; 
C3(J)=(T(J)-R(J)*COS(BETA*RADCON) )/(SIN(BETA*RADCON)) 

20 CONTINUE 
WRITE(LOUT9320) 
wRrTF(LOU.T9330.) (A1(J) ,A2(J),A3(J) ,J=1NHKL) 
WRTTE(LOtJT9140) 
WRITE(LOUT935'J) (B1(J),f32(J) B3(J)gC1(J)'C2(J),C3(J)'HH(J),HK(J1, 
IHL(J),J=1,NHKL) 
WRIIE(NPUN,500) (B1(J),B2(J),B3(J),C1(J)9C2(J),C3(J)91-JI-f(J),HK(J), 
1HL(J),J=1 9 NHKL) 
END FILE NPJN 
REWIND NPUN 
WRITE(LOtJT9475) NHKL 	 ..• 

300 FORMAT(6F10.5,15) 
310 FORMATt3F5.0) 
320 FORMAT(41HTHE COMPONENTS OF THE NORMAL FOLLOW BELOW) 
330 FORMAT(3F10.4) 	 • 
340 FORMAT(5X,2HR1,10X,2HB2,10x,2HB3,1Ox,2HC1,1ox,2Hc2,1Ox,2Hc3) 
350 FORMAT(6F10.491x,3F3.0) 
395 FORMAT(1F10.3) 
4JU FORMAT(4X9 1HH,3X,1HK,3X,1HL,3X,4HDHKL,5X,4HC054,5x,4HCQSB, 

1 5X,4HCOSC95X94HANGA95X94HANGB95X94HANGC) 
410 FORMAT(3F5.0,4F10.4,3F10.l) 
475 FORMAT(10HA TOTAL OF915923HCARDS HAVE BEEN PUNCHED) 
500 F0RMAT(6F10.5,1x9-3F3.0) 	 • 

STOP 	•• 	 • 

END 
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PROGRAM OMOO( INPUT,OUTPUT,TAPE2=INPUT,TAPE3=OUTPUT) 

C IN 	ITS PRESENT FORM THIS PROGRAM WORKS FOR.MONOCLINJC OR HIGHER 
SYMMETRY. 	THE PROGRAMMER MUST WRITE THE SIN AND COSINE FORMULAS 

C OF HIS SPACE GROUP FROM THE INTERNATIONAL TABLES AND INSERT THEM 
C IN SUBROUTINE FANG. 	IF MORE THAN 200 DATA OR 30 ATOMS ARE READ 	IN 
C THE PROGRAMMER MUST EXPAND THE DIMENSION STATEMENTS OF THOSE 
C VARIABLES. 
C CARD 	1(6F10,5921.5) 	A,B,C,ALPHA,BETA,GAMMA,NDATA,NATOM 
C AXIS LENGTHS 	IN ANGSTROMS AND ANGLES 	IN DEGREES. 	NDATA 	IS 	THE 
C NUMBER OF DATA READ 	IN, 	NATOM 	IS THE NUMBER OF ATOMS YOU READ 	IN C CARD 2. 	(5F10.39I10) 	XOR,YOR,ZOR,ANGMAX,DELANG,NCOS 
C XOR,YOR,ZOR ARE CRYSTAL COORDINATES OF CHOICE OF ORIGIN FOR AN 
C ATOM WITHIN YOUR MOLECULE. 	GRAPH THE MOLECULE TO SCALE ON A 
C CARTESIAN. AXIS SYSTEM. 	PLACE ONE OF YOUR ATOMS AT 	THE ORIGIN OF 
C THE CARTESIAN SET.. 	MAKE ANOTHER ATOM COINCIDE WITH 	SOME POINT 
C ON ONE OF THESE CARTESIAN AXES. 	. 	THESE TWO ATOMS DESCRIBE. 
C A VECTOR WHICH THE PROGRAM WILL USE TO ROTATE THE MOLECULE ABOUT 
C THE PLANE NORMAL. 	THE MOLECULE WILL ROTATE ABOUT THE PLANE NORMAL 
C FROM THE ANGLE WHICH YOU DEFINE WITH YOUR GRAPH AS ZERO TO A 
C MAXIMUM ANGLE ANGMAX 	IN STEPS OF DELANG DEGREES. 
C NCOS 	Is THE EXACT NUMBER OF.CARDS 4. 
C CARD 2A. 	(3F1 0 .3,3110) 	DELX,DELY,DELZ,NX,NY,NZ 
C THE MOLECULAR ORIGIN 	IS MOVED THROUGH THE CELL IN STEPS OF DELX, 
C DELY,DELZ, 	FOR 	NX,NY,NZ 	TIMES 
C CARDS 3. 	TAKE YOUR SCATTERING FACTOR TABLES AND AVERAGE THEM 
C TYPE 	THEM 	IN 	FORMAT(7(F4.29F6.3)) 	. 
C CARDS 4 CONTAIN 	INFORMATION THE PROGRAM NEEDS TO PRODUCE CRYSTAL 
C COORDINATES FOR YOUR ATOMS FROM YOUR GRAPHED GEOMETRY. 	THIS 
C INFORMATION 	ISPIJNCHED OUT BY PROGRAM NORMA IN THE PROPER FORMAT 
C AND MAY BE USED DIRECTLY. 	THERE ARE NCOS OF THESE CARDS. 
C CARDS 5. THERE ARE NDATA OF THESE. 	HAVE YOUR DATA TAPE PUNCHED 
C FROM THIS SELECT THE CARDS YOU NEED 
C CARDS 6. 	NATOM OF THEM. 	,THETA,FORMAT(2F10.4) 	R 	IS THE DISTANCE 
C IN ANGSTROMS FROM YOUR ORIGIN ATOM TO ANY ATOM WITHIN YOUR MOLE- 
C CULE, 	YOU GET THIS FROM YOUR GRAPH. 	THETA 	IS THE ANGLE THAT 
C THE NIH ATOM MAKES WITH THE ORIENTATION VECTOR WHICH YOU GRAPHED 
C COINCIDENT WITH ONE OF 	THE CARTESIAN AXES EARLIER. 

COMMON/CELL/AA,BB,CC,ALPHA,BETA,GAMMA,NDATA,NATOM 
COMMON/SCATER/SLAM(21),FP3L(21) 	. 
COMMON/HKL/HH(200),HK(200),HL(200),FOBS(200) 
DIMENSION 	XEX(30),YEY(30),R(33) ,THETA(30),OMEGA(36) 
DIMENSION 	XU(30),YU(30),ZJ(30),yO(30) 
DIMENSION 	B1(5O) ,B2(50) 	B35O) 	CI(5O) ,C2(50) ,C3(50) 
DIMENSION 	NNN(50),MMM(50),LLL(50),xo(23),zo(20) 
IN=2 
LOU 1= 3 
READ(IN9300) AA,BB,CC,ALPHA,BETA,GAMMA,NDATA,NATOM 
READ(IN9330) XOR,YOR,ZOR,ANGMAX,DFLANG,NcOS 
READ(IN9295) 	DX,)Y,DZ,NX,NY,NZ 
READ(IN9320) (SLAM(K),FTBL(K),K=1921) 
READ(IN,310) (B1(L),B2(L)9B3(L) C1(L) ,C2(L),C3(L),NNN(L) ,MMM(L), 
1LLL(L),L19NCOS) 	 . 	 . 
READ(IN,340) (HH( I) HK( I) 'HL( I) ,FOBS( I) I=1NDATA) 
READ(IN9350) (R(N) ,THETA(N),N=1,NATOM) 	. 
WRITE(LOUT9300) AABB,CC,ALPHA,BETA,GAMMA,NDATA,NATOM 
WRITE( LOUT,330) XOR,YOR,ZOR,ANGMAX,DELANG,NCOS 
WRITE( LOUT295) DX,DY,DZ,NX,Ny,Nz 	. 
WRITF(L.OUT,3,0) (SLAM(K)9FTBL(K),K=1,21) 
WRITE(LOuT9313) (F31(L) .f32(L),f33(L) C1(L),C2(L),C3(L),NMN(L), 



1'(O 
1MMM(L),LLL(L),L=1,NCOS) 

WRITE(LOUT , 34 0 )(HH(I),HK(I),HL(I),FOBS(I),11,NDATA) 
4 R!TE(LOUT , 350) (R(N)9THFTA(N) , N=1,NATOi) 
P1=3.14159265 
TWOPT=2.0*PI 
RADCON=Pt/180, 
NANG=ANGMAX/DELANG 	 H 
XO( 1 )XOR 
YO(1)=YOR 
ZO(1)=ZOR 
OMEGA(1)0.0 
WRITE(LOUT9430) NNN(1),MMM(1),LLL(1) 
WRITE(LO(JT9440) 	XO(i) 
WRITE(LOUT9450) 	YO(1) 
WRITE(LOUT,460) 	ZO(l) 
DO 40 L=19NCOS 
DO 35 N=19NZ 
DO 30 I19NY 
DC) 25 M=l,NX 
DO 20 J=19NANG 
DO 10 K19NATOM 
XEX(K)=R(K)*COS((THETA(K)+OMEGA(J))*RADCON) 
YEY( K) =R(K ) *5  INI ( THETA( K) +OMEGA( J) ) *RDcQ 
XU(K)=(XEX(K)*B1(L)+YEy(K)*C].(L))+(X0(M)*AA) 
YU(K)=(XEX(K)*82(L)+YEy(K)*C2(L))+(y0(I)*8) 
ZU(K ) I XE.X (K ) *B3 (L ) +YEy(K) *C3( L) ) +( ZO(N )*CC) 

C 	XtJ,YU,Z1J ARE COORDINATES 	OF EACH ATOM REFFERRED TO MONOCLINIC 
C 	AXES WHICH ARE ONE ANGSTROM LONG 

10 CONTINUE 
WRITF(LOUT9410) OMEGA(J) 
CALL FANG(X(i,YU,ZU,i1) 
OMEGA(•J+1)=OMEGA(J)+DELANG 

20 CONTINUE 
XO(M+l)=XO(M)+DX 
WRITE(LOIJT9440) 	XO(M+1) 

75 CONTINUE 
YO(1+1)=YO(I)+DY 
WRITF(LOtJT9450) 	YO(I+1) 

30 CONTINUE 
ZO(N+1)=Z0(N)+DZ 
WRTTE(LO.JT9460) 	ZO(N-fi) 

35 CONTINUE 
WRITF(LQUT9430) 	NNN(L+1)'MMM(L+l),LLL(L+l) 

40 CONTINUE 
295 FORMAT(3F10,393110) 
30() FORMAT(6F10.5 9 215) 
310 FORMAT(6FIO.591X9313) 
320 FORMAT(7(F4,79F6.3)) 
330 FORMAT(5F10.39110) 
340 FORMAT(3F5.0,1F10.2) 
350 FORMAT(2F10.4) 
410 FORM.AT(8HOMEGA IS,1F1O.1) 
430 FORMAT(19HTH1s IS ORIENTATION9315) 
440 FORMAT(4HX IS91F592) 
450 FORMAT(4Hy IS,1F5,2) 
460 FORMAT(4HZ IS91F5.2) 
500 STOP 

END 
SUBROUTINE FANG(XU,y(J,ZLI,J) 
DIMENSION XU(J),YIJ(J),Zu(J) 
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DIMENSION 	X( 30) ,Y( 30) 	(30) 
COMMON/CELL/AA ,BB,CC ,ALPHA ,BETA,GAMMA ,NDATA,NATOM 
COMMON/SCATER/SL'AM(21),FTBL(21) 
COMMON /HKL/HH ( 200 ) .HK( 200) ,HL( 200) 	FOBS( 200) 
DrMENSIONSUM1(3 0 ),SUM2(3 0 ) , A(3 0 ) , R( 30 ) 
DIMENS ION 	FAI( 200) ,SINLSQ( 200) ,BAT ( 200) 
DIMENSION 	SUMFO(201)95UMFC(201),SFOBS(201),DELF(2 0 1) , SUMDELF(201) 
DIMENSION 	IEMP(200) ,SINL(200) ,SCAT(200) ,FCALC(200) 
DIMENSION 	SUMSFOB(201),ASUM(31)98SUM(31) 
P1=3.14159265 
TWOP!=2.*Pr 
RADCON=PI/180. 
ASTAR1.0/(AASIN(RADCON*BETA) 
RSTAR= 1.0/BR 
CSTAR=1.0/(CC*SIN(RADCON*BETA) 
BETAS=(180.0_BETA)*RADCON 	 = 

C THIS LOOP CALCULATES 	ISOTROPIC TEMP FACTOR 
DO 	5 	1=1,NDATA 
BAT(T)(HH(I)*ASTAR)**2+(HK(1)*BSTAR)**2+(HL(I)*CSTA)**2 
1+2.0*HH(I)*HL(I)*ASTAR*CSTAR*COS(BETAS) 
SINL.SQ(I)=BAT(I)/4.0 
TEMP(1)FXP(_3.0*STNLSQ(1)) 
SINL(I)SORT(SINLSQ(I)) 

5 CONTINUE 
.1=1 

6 CONTINUE 
DO 	10 K=121 
KK=K 

3 IF(SLAM(K+.1).GT.SINL(I)) 	GO 	TO 	12 
10 CONTINUE 
12 SCAT(I)FTBL(KK)+(FTBL(KK+1)_FTBL(KK ) )*((SINL(I)_SLAM(KK))/ 
1(SLAM(KK+l)—SLAM(KK) 
1=1+1 
IF(I—NDATA) 	696914 

C SCAT 	IS SCATTERING FACTOR AND TEMP 	IS 	ISOTROPIC TEMP FACTOR 
14 CONTINIJE 

C TEMP IS AN AVERAGE 	ISOTROPIC TEMPERATURE FACTOR FOR ALL ATOMS 
DO 	20 	I=1,NDeTA 
DO 	15 J=19NATOM 
X(J)=XU(J)/AA 
Y(J)=YU(J)/RB 
Z(J)=ZU(J)/CC 
SUM1(J)=HH(I)*X(J)+HL(I)*Z(J)+(HK(I)+HL(I))/40 
SUM2(J)=HK(I)*Y(J)—(HK(I)+HL(T))/4. 
A(J) 	4.*COS(TWOpI*5UM1(J) )*COS(TWOPI*SUM2(J) 
B(J)0.() 
ASLIM(1)0.O 
BStJM(1)0.0 
AStJM(J+1)A(J)+AStJM(J) 
BSUM(J+1)=B(J)+BSUM(J) 

15 CONTINUE 
SUMA=ASUM(J+1) 
SUMB=BSUM(J+1) 

C THIS 	IS THE UNITARY PART OF THE STRUCTURE FACTOR FOR NATOM 
FAT(t) 	= SQRT(SUMA**2 + SUMB**2) 

C SCAT 	IS THE AVERAGE SCATTERING FACTOR FOR NATOM 
C TEMP 	IS THE AVERAGE 	ISOTROPIC TEMPERATURE FACTOR FOR NATOM 

FCALC(I)= 	FAT(r)*SCAT(I)*TEMP(I) 
20 CONTINUE 



1)0 25 119Nr)ATA 
S(iMF0(1)0.0 

• 	SUMFC(1)=0..0 
SUMFO( 1+1) =FO3S( I) +SUMFO( I) 
SIJMFC(I+1)FCALC.(!)+SUMFC(I) 
IF(I-NDAT4) 25930930 

25 CONTTNUE 
• 0 CONST=SUMFC(T+1)/SUMFO(1+1) 

WRITF(19150) CONST 
1)0 40 L19NDATA 
SFOBS(L)=(ONST*FOBS(L) 
DELF(L)=ABS(SFOBS(L)-FCALC(L)) 
SIJMDLP(1)=0.0 
SU'1SF09( 1)0.0 
SIJMDELF(L+1)=DELF(L)+SUM0ELF(L) 
SUMSFOB(L-4-1)=SFOBS(L)+SUMSFOB(L) 
IF(L-NDATA) 40950950 

40 CONTINUE 
50 R1=SUMDELF(L+1)/SIJMSFOB(L+1) 

WRTTE(3370) Ri • 
WRITE(39400) 	(X(J),Y(J),Z(J),J=i,NATOM) 

350 FORMAT(28HTHE SCALE FACTOR FOR FOBS ISlF10.5) 
370 FORMAT(I5HTHE R FACTOR ISiF10.5) 

. 400 FORMAT(3F10.2) 	. 
RETURN 
END 	 .• 
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This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any persàn acting on 
behalf of the Commission: 

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 
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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