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Abstract .
y o // |

The crystal structures of 5-methoxytryptamine, melatonin,
and the p-bromobenzoate of 1;1'-bishomocubane have been solved
by x-ray diffréctioh methods, A computér program for fhe
trial and error solution of crystal structures is also de~
scribdd here,

The molecular structure of 1,1'-bishomocubane has been-s
solved to an R factor accuracy of'5.5% using 990 1ndependenti-
ﬁanual diffractometer data, of which 865 were non-zero.
Standard deviation on bond lengths is + ,02 2. The compound
crystallizes in space group P21/c with a = 6.379 + .001 ﬁ;

b

)

L}

26.07 + .005 &5 ¢ = 8,443 + ,002 R; B= 96.87 % ,01°;

1.54051 K; Z = 4, Density calculated on these cell
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'dimensioné is 1.575 g/ce3, and density measured by floata-
tion in ethylene bromide and ethylene chléride is 1.560>g/cc3.
The comﬁound is sensitive to x-rays, and decdmposes anisotro-
pically: AAddition of two extra carbonslinﬁo one of the cubané
cyclobﬁ@ane rings causes two of the remaihihg cyclobutane
rings tozﬁucker by 27° from a planar configuration while the
other twoiéycldbutane rings stay planar within the standard
deviatibns.of the determination. -

| The §fystal structure of 5-methoxytryptamine has beén
solved using a trial and error computer pfdgram which is

also oupiihed in thils thesis. The compound crystallizés in
the non-céntric monoclinic space group Pc, and

a = 6.110 :i .002 &; b =9.532 + .003 A; ¢ = 8.831 + .003 ¥;
/3- 98‘72:1 .01°; )-— 1.54051 R; Z = 2. The density calcu-
lated on the basis of these cell dimensions 1s 1.7242 g/ce3.
The'densiﬁy measured by floatatlion at room temperature in
ethyl acetate.and ethylene chloride is 1.245 g/cc3. The
structurérwas refined against thel759 independent ©-28 scan
automatic:diffraétometer data, of which 17 were zero to an

R factor of 2.5%. Standard deviations on bond lengths are
.003 K;_ Within the standard deviations of the determination,
the indble ring is not planar. Two carﬁons of the benzene
portion -are warped above the plane of the ring at an angle Qf
1.6°, ;Sﬁort bonds correlate with high m electron density as
qalcuiatéd by molecuiar orbital theory. One of the shortest

'N-H-N hydrogen bonds yet reported, 2.916 3, is formed between
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the priméry.amine nitrogen of the'aliphatic chain and the
nitrogen of the 1ndole ring, which donates its hydrogen for
the formation of this bond.

The crystal -and molecular structure of'melatonin has_
been solved using statlistical methods and automatic diffrac-.A
tometer 6-20 scan data. This compound erystalllzes into <‘
'space group P2y/c, with a = 7.707 + .002 &; b = 9.252 + .0021;
¢ = 17.007 + .004 &; B= 96.78 + .03°; A= .709261 R; Z = 4,
‘Density calculated on the basls of these cell constants 1s
1.276 g/cc3, and the denslity measured by floatation in ethyl-
ene chloride, ethylene bromide, and ethyl acetate is 1.272
g/cc3. The structure was refined to a 3;5% R value against’
the 1140 independent data, of which 808 were non-zero welight.
The indole ring'is not planar within the standard deviation
‘of the structure determinations. The carbons C(3) and C(lO)
of‘the pyrrole'ring are warped above the ring by 1;8°.

The findings of the X-ray work are entirely consistent

" wlth the dual conformation theory of serotonin.



Introduction

One 6f the most exact and thdrough.characﬁérizations'df‘
aAmoiécﬁlar structure possible results from Caréful anaiysié‘
of thé’way a single crystal diffracﬁs i-rays: Standard devi-
_ atfg;éxg}ié%fn.ﬁ§§ﬁ for one of the4compounds.stﬁdied in this
thesis. "hese highly accurate structures are the result of

imprbvedbtechniques; Diffraction dataare collectéd with the
help of a computer-controlled diffractometer; Many of.the
calculations are done by hilgh-speed computers such as the -
CDC-6600.

This thesis is concerned with the application of x—réy
crystallography to a preclse molecular'geometry determinétion
of séme‘substituted indqles,’and l;¥'-bishomocubane. The
thesis 1s 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 1s important 1h1
. the stddy of strained hydrocarbon fing'systems.

The logic and instructions for use of‘a computer program
designed to solve crystal structures by trilal and‘error is
-related in Seétion II. This program will work best for
molecules possessing a planar moiety with a knownAgeometfy.'

This computer program was usediee.Sleextheﬁ@gygtal structure

'f ‘of 5=-methoxytryptamine, The solution of thls crystal
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Strucfufe is reiated.in'Section III. Thetcrystal of a simi~
lar cdmbound, melatqnin,_Qr‘N—acetyl~5-methoxytryptamine 1s'
gliven in Sectiqn.IV, A Fortrén listing of the trial and
‘error computer program can be found in,Aﬁpendix A, and the
derivaﬁion of the orientation matrix for the program,maybalso
be found in Appendii A, |

The majJor part of this thesis is concerned with the mole—'
cular structure of substituted indole compounds, and thus
these éompounds will be described more completely here in
terms of their role in biochemical metaﬁolism.
| J:Sincelthé iselation of serotonin from clotted bloodl :
there.hés been a flufry of scilentific activity concerning,the
metabolism and fate of the indole alkyl amines. Approximate-
1y 500 papers were published last year which treated the in-
ternal metabolism of these interesting indoles. It would
bemimpOSSible, obviously, to do all these papers Justice in
a PhD, theéis. I do wish to outline ﬁere first the broad
outline»é of serotonin metabolism in the human brain, and then
Aconsider the possible implications of the molecular structures
of S-methoxytryptamine and melatonin.

'Tne essential amino acid tryptophane is hydroxylated in
thé human brain to S-hydroxytryptophane? This hydroxyla—
tion 1s followed by decarboxylation initiated by 5-hydroxy-
tryptophane decarboxylase, and serotonin 1s thus syntheslzed

in the human brain¢3 Serotonin 1s stored after synthesis
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iﬁ ﬁgranules"_morpholpgically similar té pindhed ner§eAénd-
ingsa# These "granules" are surroundedfby.mitochondria con-
taining mondamingmgxidase? | ThIS‘eﬁZyme will desfroy uﬁ-
 protected serotonin very quickly. The half-life of serotbnin'_
in the bréin 1s estimated with the use of monoamine oxidase

6 : 5 '
Monoamine .oxidase will

inhibitors to be 10 to 30 minutes.
oxldize serotonin to 5-hydroxyindoleacetic acild. This com-
pound is excreted in fhe urine, Schizophrenics excrete ani
excess of this compound. 7 Serotonin is concentrated in the
hypothalmus, mesencephalon, and pineal gland of the ﬁuman
brain. Concentratioh of serotonin in the brain has been.
correlated with many central and important bilologilcal éffecté.
Briefly, serotonin concentration of turnover rate 1s correla-
ted with regulation of body temperature, sleep, sexual acti-
vity, and hallucinogenic activity of indole alkyl amlnes
such as N,N-dlmethyltryptamine, and psiiocin, or U—hydfoxy-N,
’N-dimethyltryptamine. The structural similarity of these
compounds with 5—hydroiytryptamine, serbtonin, is obvious.8
It 1s impossible to enumerate nere all the pathways of bio=- .
1Qéical metabolism in which serotoninuhés beén implicated
even 1f 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 concernQ

ed with the metabolism of serotonin as follows: exactly how

1s serotonin stored in the brain unharmed by monoamine



oxidasé, and structﬁrally'hqw,does4serotonin interact with
the sefotbnin receptér sites to cause physiological and'phyf
sical changes. There are currently no sﬁécific ideas about
how serofénin is'bound or protected from monoamine oxidase;

. Serotonin has been shown to interact specifically with
both smooth'musqle and nerve tissue. Drugs which inhibilt
thefﬁérve interactions do not inhibit the smooth muscle inter;
: actioné, and vice versa. This fact caused.Gaddum to propose
the.duaiugonformation theory of serotonin interaction with
receptér‘sites.9 Kier analysed calculated possible conform-
ations of serotonin as a function of energy, using Hueckel
érbital.theory. His conclusion was that serotonin should
.have only one conformation in solu'cfl,on.l0

The crystal structure of 5-methQthryptamine is presented
in Section III, and the crystal structure of melatonin or
N~acetyl-5-methoxytryptamine 1s presented in Section IV of
this thésis. The x-ray work is completely consistent with
the duai conformation theory of Gaddum. Meiatonin cryétal-
lizeé into the.mihimum energy conformation calculated by
Kier.' On the other hand, 5-methoxytryptamine crystallizes
-into a much higher energy conformation. Further discussion
of serqtonin'metabblism rélatéd to molecular structure can

be found in the conclugsions of Sections III and IV,
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Section I

The X-ray Crystal Structure of 1,1'-Bishomocubaﬁe



A, Introduction

Since the original synthesis of the carbon cage com-
: 4 _ _ :

1 and the publication of its x-ray crystal

pound cubane;
structuré;2vthere has been much synthetic and analytical
work on.this serles of cage-type hydrocafbdhsl Cubane 1s an
octane whilch assumes the shape of a cube; Cubane and 1its
analogues are interesting model compounds in the stady of
strained saturated hydrocarbon rings.3

Although cubane 1ltself 1s crystalline at room temper-
ature, other members of this series are extrémely volatile
l1iquids, or near liqulds at room temperature; and derivatives
which form better crystals are studied in x-ray work. The
names for these compounds are variled, ibne possible namé for
the compound studied here is the p—bromébenzoate of'penta-
cyclo (4.4.0.02’5.03’8.0u’7) decan-9-ol;{j A schematic of
the cdmpound with this numbering system 15 shown beldw. It
1s more convenient for writing to abbreviate this complete
chemical name with the common name for the hydrocarbon_sug—
gested by Daubeny 1,1° -bishomocubane.s "This is the name

for the compound which will be used throughout this sectioﬁ.

Lo




B. Experimentdl

the —bromobenzoate derivative _of o
Crystals ofdl ‘'-bishomocubane were supplied by Profes-

sor W, G Dauben of the chemistry department here. The crys—

tals'were celorless rectangular plates that were largely
transp.a;éent to white visible light. They were soft, and
they cieaved easily and cleahly with a raéor blade. These
crystals are stable in alr and show no prononhead tendency
to absorb water. h

Preliminary oscillation and Weissenberg X-ray photo=

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

Laue symmetry‘and extincetions consistent with space group
P27/c¢. This crystal was mounted with:the fiber direction
nearly parallel to the b axis., All cpystals of 1,1'-bis-
homoecubane upon whioch mcasurcmenta were made were mounled on
.thih glass fibers wilth General Electric thber 1202 Clear _l
Industrial Glyptal Varnish. The & and ¢ axes were chosen
consistent with the extinctionszrules OkO, k = 2n; hOR, & &
2n. A truncated set of Weissenbefgs, k = 0-3, was taken on’
‘this crystal with unfiltered iron radiation. A complete set
of Welssenbergs was taken later on another crystal. The
crystal received a total ofA33 hours of_iron rad&atien at
10 ma and 30 kv, and was transferred to a General Electric

» XRD-S manual diffractometer equipped with a NaIl scintilla—’

| tion counter, a pulse height discriminator, a molybdenum

.-
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x-ray'tube,'and a quarter circle Eulerién cradle goniostat,
The molybdenum x-rays were filtered through a .0004 inch
zirconium filter mounted on the receiving slit of the scin-
tillation counter, and Bragg refiéction angles fér the resol-
ved Kdl and Kdz doublet were measured through a narrow slit
along the h00, 0kO, and 00& diffraction directions af a2 -
degree tube take-off angle. During the measurements, the
crystal.received 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
above way, though precise, were not very accurate. They are
listed here for later comparison, All dalculatiOus were
based on the high angle Ka, (.709261), and a = 6.378 + ,003;
b = 26,16 * ,013 ¢ = 8,480 ¢ ,004; B = 97.17; Z = 4. A
check of a few diffraction peaks showed that there was con-
siderable overlap of diffractlion 1intensities in the counter
window at a 4° take-off angle with no slit.

In order to eliminate overlapping of diffraction peaks,
longer wavelength copper radlation, which glves larger dif-
fraction angles for the same lattice spa¢1ngs was chosen as
more sultable for intensity measurement than molybdenumn. -

With the same diffractometer set—up'as before, exceﬁt

for a copper x-ray tube and a .0005 inch nickel filser, cell
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constants were determined on another, sﬁaller erystal (.26 x
.27 x .15 mm) which had less than one hour of 1 ma, 40, kv
'prelimihéry copper x-ray exposure, These cell constants
were: g = 6,379 ¢ .001; b = 26.070 * .005; ¢ = 8.443 tv.002; .
B = 96.87 ¢+ .01, A = 1.54051. As a funétion'of X~-ray expo-
'Sure,vthé b and ¢ axes increased 1n length and the B angle |
expanded,  Since thé crystal was mounted parallel to the b
axis, it ‘was possible to obtain ’accurate measurements of the
B angieﬁasﬁa funetion of x-ray exposure; The damage also
resuiﬁed in an anisotrppié reduction of a'few diffréction in-
tensities which were also measured in fhé'experiment. This
semi-quantitative estimate of damage 1sAsummar1zed in Table -

I-1.

Tabhle I-1

Estimate of U0kv Copper X-ray Radiation4Damage 1h 1,1'-Bis-

hbmocubéne. '
B (degrees)? Time (hours) ‘Anisotropic Damageb
| éma 20ma (Zo02/T00%) (I200/I700)
96.87 L - .88 ,85
96089 ' . 9 - ’ 078 .79
96.99 12 5 . .80 .80 :
97.06 - 13 ' o712 ) .

' @ Standard.devlation of '8 measurement * ,01l degree
bIhkl means total counts of reflection hkl measured in ten
seconds minus a ten-second background count measured one

degree lower in 26, .



Density calculated on the basis of the copper cell con-
stants listed above was 1.575,8/003. Density measured by
flotation in ethylene chloride and ethylene bromide was
1.560 g/ce3. '

"In order to reduée'damage, the equipmént Was modified
to minimize x-ray expeosure, A .0005 inch nickel filter was
carefully taped to the x-ray collimator such that the nafrow‘
orifice near the x-ray window on the beam side was eovered
with nickel foil, but no tape was in the path of the beam.

A fresh cryétal was mounted which looked suitable for inten-
sity measurements, The fiber direction was dlosest to the
c¥ axis,; and'alignment on the diffractometer was adjusted
until the c#* axis of the cfyétal was approximately parallel -
to the phl rotatlion axis of the instrument.

The chi = 90° absofption test showed a 12% variation of
intensity as a function of 360 degree rotation in phi for
the 002 reflection under data-taking cénditions of U° tube
take'off angle, and 20 ma, 50 kv x-rays.. The linear absofp-
tion coefficient, u, for copper x-rays and l,l'-bishomocubane
. was Nu;l em™}, and pt %n the longest direction was .596. The
dimensions of the crystal were (.10 x .10 x .036 mm), and no
absorption correction was made,

In the preliminary lihe-ups, the crystal received less
than one hour of 1 ma, and less than 30 minuteévof 20 ma

40 xv copper radiation. In order to reduce exposure time,
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all of the backgrounds were estimated from a curvé of 26 ver-
sus intensity, which was prepared for a number of different
valués of chi and phi. Diffraction intensifies were mea-

| sured-at a o take-off angle with a staﬁionary crystal,
statlonary couﬁter technique. The crystal recelved raflia-
tion only durling the 10 secoﬁds that eagh peak was ccunted,
Net inteﬁsities were obtalned by direct subtraction of es-
<t1mated_10 second backgrounds from the measured 10 second
-point-counts for each hkl. A complete sét of three dimen-
sional,intensity data was taken out to 85 degrees 1in 26

. (s1in O)A = ,43855) over a périod of 36 straight hours. The
Laue réflections hkl and hkl only were measured; thué, there
wagzone heasurHMGnt for each independent rcflection, A total
of 990'independent reflections were measured,.of which 38
were zero and S%Rgzzéintensities smallér than one standard
deviation of intensity.

Fqur diffraction standards measured at intervals of
about-Z.hours showed anisotropic decomposition of between 8
and 16 percent desplte the precautions taken to minimize
_damagé. Over the period of time 1nvoi#ed in the intensity
measurements, the b axis lncreased in length by approximate-~
lyAl_perbent. |

All calculations made on i,l'—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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.,IWritten by Dr. Allan Zalkin of this-laborétory. The data
processing programs sort, blend, correct for Lorentz and
polarization effects, and estimate standard deviations for
all input intensities such that a correcﬁed, Fo,‘observéd :
strueture factor is produced.~'The Least Squares program

minimizes the function
2 2
Zw(|kFo| - |Fe|)c/Zw|kFo|

where Fc is the calculated structure factor, Fo is the ob-
served structure factor from the corrected intensities, k is.

a linear scale factor, and w 1s a welghting factor. In the

early stages of refinement w

1. In the later stages of
refinement W o= [o(Fo)]-zr In the equations which follow,
Fo will be abbreviated with F. The quantity ¢2(F) is calcu-

lated from o(F). Thus, if I < o(I),
o(F) = [a(r2)]L/2
and if I > o(I)

F. - [F2 - g(F2)]L/2

o(F)

where

|1}

G(I) = [I + 2Ty + (AIp)2 + {(s)(1)}21%/2

and

g(F2) = (LP)=lo(I)
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In the equations above o(F), o(F2), o(I) are the standard
deviétibns of the quantities involved. The symbol F repre-
sents the observed structure factor; I represenfs observed
intensity; (LP) is the Lorentz-polarization correction; Iy
1s the ihtensity of the backgroﬁnd; ATy is the uncertainty
in tﬁe background; S 1s an estimate of the fraction of ob-
‘served 1ntensity suffering from systematic error.

For the final reflnemenls of 1,1'-<bishomoenhane, S was
set equal to .06; and w was set equal to zero for reflections
where I:= O or I < 0(I). The uncertainty in the background,
ATy, waé ten counts, except in the last refinements; where.
1t was twenty counts.

After each cycle, the Least Squares program produéed
the following criteria of fit between observed and calculated '

structure faators:
Ry = I(|kFo| - |Fe|)/L|kFo]|

where Ri 1a the conventional R ractor.'lThe yuantitlies in-
volved-Were defined earlier. The Ry feported throughout this
thesis does not include zero welght data unless otherwilse
specified. The weighted R factor, R,, 1s also produced by

the program.,
R, = {Iu( |kFo| - |Fe|)2/zw|kFo|2}1/2

A third criterion of fit 1s the standard-deviatlon-cf-
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- Observation unit weight, SD,
SD =[(Zu(|Fo| = |Fe})®/(n-pn/?

where n is the number of data and p 1s the number of para=-
meters, | |

_The Least Squgres program also produged esfimated stan-
dard deviations of bond distances and'angles. Thesé standard
deviations will=be reported throughout this thesis, and are

the larger of the two quantitiles

1/2

@)Y/ or (263)Y%m

ﬁﬁege,Ai is the difference between the ith measurement and
the average of n measurements, and o4 1is the error of the
value estimated from the accuracy of the atomlc coordinates.

The temperature factors used are of the form
exp(-B « (sin8/2)2)
1f isotropic, and

gxp( h Bll k 622 2B 2hk312 2k282 ZhZBl )

33 3 3

1f anisotropic. The thermal parameters B, where B is a'conf

' = ® @ ; '
,stan@, and By 4 where By, MBiJ/ai a% and a¥ is the length
of the ith reciprocal cell dimension, will be reported
throughout the text.

Atomic‘scattering factors used were those of Cromer
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and Mann§ for the non~Hydrogen atoms and those.of Stewart,
Davidson, and Simpscm'7 for the hydrogen atoms. The anoma- -
lous dispersion corrections for bromine, Af' = -,96 and

Af"'=.1.46 were those of Gromer.8 The Af! and Af'? used

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

Sihce.there was a heavy atom, bromine, in this deriva-
tive of 1,1'-bishomocubane, solution of the phase problem
for this case was rather stpaightforward. The symmetry-
.'equivglent positibns for the space group le/c; (X35,2),

(x,y,2), (x, 1/2 +y, 1/2'- z), (x, 1/2 - y, 1/2 + z) give
both a Harker plane, and a Harker line upcn vector intef—
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 screw axis inter-
.atomic,vectors fall in the plane u, 1/2, w. Since the bro-
mine atoms are so large compared wlth the rest of the scat-
tering material, bromine-bromine vectors were easy to locate
in thé Harker plane and Harker line. The bromine interac-
tions occurred in the Harker plane at u = 0, v = 50, w = .25.
The reiationship between the PattersonAcbordinates and the

: crysﬁal coordinates for the Harker_plane-at v = +1/2 is

u = -2x, w = 1/2 - 2z, The x coordinate of the brominé was,
thergfofe, zero, and the z coordinate was 1/8. 1In the Har-
ker line v = .32 for the bromine interaction peaks, and

since -2y + 1/2 = v, the y coordinate of the bromine was }09;
The bromine was‘at x =0, y= .09, z = ,125. The general _
positions (u,v,w) in the Patterson function for P2,/c result

from centrosymetrically related atoms such that u = 2x,
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»v = 2&; w = 2z, There were also large peaks in the Patter-
son function at (0, .18, 125), and thus the bromine positions
deduced from the Harker line and the Harker plane agreed
with the centrosymmetrically 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 1Y atoms were refined along with the
_bromineoatom for U4 cycles of full-matrix 1east'squares with
isotroplc temperature factors, and unit weights, except for
zero intensities which were given zero weight, the.refine—a
ment oonVerged to a conventional .R of:18:2%. ' The temperature
factors were all positive and B ranged from 2,765 to 4,85?

A2 for the atoms involved. The difficulty was due to erro-
»neouSIy indexed data. DBecause of confusion in the ohoioe of
left and right handed coordinate systems, all the hkt data
was really Hkk data, and all the Hkl‘data was really hkg
data. - |

| .When tﬁe error of;sign was correoted, the same structure
refined in the same way to a conVentional R factor of 9.6%.
Since the bromine had an x coordinate of zero; the Patterson
function was not sensitive to the indexing error, and since
the’Fourier had been properly phased, the correct structure
'appeared. As a check, a Fourler of Fobs'was again caleulated

phased on-the bromine positions. This Fourier gave the same
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structure as the Fourler based on 1ncorréct1y indexéd data.

A refinement of:this structure in the‘same way except |
for the use of é welghting scheme of thé form outlined in
I-B with S = .05 gave an R factor of 9.2% and a standard-of-
observation-unip-weight'3.534. With the same weighting
geheme, and the bromine plus the two oxygens given anisotro-.
pic temperature factors, the R factor was 7.4% ahd the stan-
dard deviation.was 2.935.

A least'squares refinement as above, exgcept all 20 atoms
given anisotropic temperature factors; gave R = 7,1% and a
standard deviation of 2,861, A difference Fourier was cal-
-6ulated using the phase relationships of the refined atomie
coordinapes 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 ﬁere idehtified

positions on the benzene ring
as hydrogens., HydrogenAwere calculated from known geometry.

A full-matrix least squares refinement with the weight-
ing scheme mentioned above gave after four cycles of refine—l
ment with the bromine and two oxygens anisotroptc, an R fac-
tor of 6.3% and a standard deviation of 2.438. Unfortunate-
1y,'the hydrogens refined to unreasonable positions, and.
the temperature factors on them ranged from -54.9 to 14.6.

‘ It was reasoned that the data was not good enough to
allow refinement of hydrogens. At this point the data were

carefully scrutinized for mismeasurements and mis-punched
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cards. The mis-punched cards were corrected, and the crystal
was putfback on the diffractometer_for‘femeasurement of in-
tensities that showed bad agreement of‘obéerved and calcu-
lated structure factors, It was found that the cpystal had.
decompdséd further after it had been taken off the x-ray
diffréctometer. Intensities were down byJaboutFSO% of thelr
orliginal wvalues., Nevertheless, the badly dgreelng data were
remeasured and scaled up to the rest of the data. Most of
the bad agreément was in the very weak,'or the very intense
data. The Fo for the weak data was systematidaily’high, due
probably to an underestimation of background. The Fo foriA
the intense daéa was systematically low due perhaps to
gounter paturation; Rcﬁcaaurement of tha decompuslng crys-
tal allowed correction of the most serious blunders dﬁe to
mis-set éngles, but could do little to improve the bad agree-
ment of the weak and intense data. '

When the data Qere corrected for these mistakes, a new
dafa tape was pfepared. The weighting scheme was changed
to welght dbwn the discrepanciles of thé‘weak and very in-
tense data. The constant S, which accbunts for systematic
errors in intense data, was raised to .06, and AIb, which
affects the welghting on the weak reflections, was incfeased
to .20. counts. o

A least-squares refinement with this weighting scheme

without hydrogens and with all the non-hydrogen atoms given
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anisotfopic temperature factors'gave,,after-ulcycles,'an R1 
‘factor of 6.5% and a standard deviation'of 21718. The wéigﬁt—“
ed R, R2, was 9.7%. o o
The rest of the refinements on 1,1’—bishomocubane-were
done with this data tape. A refinement with 3 anisotropic
atoms, bromine and the 2 oxygens, the l7:non-hydrogen aﬁoms
given varlable isotropic temperature factors, and the hydrp-
gens glven a constant isotropic temperature factof of 3 A2“;»
| | gave aftef»H cycles an R fac-
tor of 5.3% and a standard deviation of 1;971. The hydrogen
positions still did not refine well, Some of the distances
dropped to .44 A and others increased to 1.41 A, o
A refinement giving all‘non—hydrogen atoms anisotropilc
temperature factors, and all hydrogen atoms isotropic teméer-
ature factors which were allowed to vary, gave an R factor
after 2vcyclés of 4.9%, a standard deviation of 1.932,.and
a welghted R, R2, of'6.6%. The temperature factors on the
hydrogens were agaln somewhat amazing, ranging from -11 to -
+10. The hydrogens would not refine, and in the final re-
finement on 1l,1'-bishomocubane the hydrdgén positions or
temperature factors were not allowed to vary, buf structure
faotors were calculated based on théir probable positions.
The final refinement of 1l,l'-bishomocubane with ail
nbn-hydrogen atoms glven anisotropic temperature factors,

and the hydrogen atoms used only for the calculation of
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structure factors based on their‘probable positions with a
fixed'isotropic temperature factor of_3A2jgave an R factor
of 5.5% for 865 non-zero welght data, an-R_factor of 6.4% for.
all the-§90 independent reflections, a wé;ghted R of'7;9%,
and a sténdardldeviation of observationbunit weight 2.233.
On this final refinement no parameter shifted by more than
10% ofvips estimated standard deviation.‘iNQ peak on the
final'difference Fourler was larger than .44 electrons.
Examination éf individual agreement between observed
and calculated structure factors from this refinement showed
‘that fhe three most 1ntehse Fo were observed systematically '
too low, due most likely to counter saturation. Deletion
of the'002,lll,ll2 reflections from the least squares calcu-
latiohsifollowed by refinement exactly:as above gave a con-
ventionél‘R factor of 5.0%, an R factor .of 5.9% against'all_
the 887 data, a weighted R of 7.4%, and a standard deviation
of observation unit weight 2.07. Standard deviations of in-

dividual bond dlistances dropped by .001,
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D. Discussion of the Strudtﬁre
. Theufihal positiénal coordinates of the nonéhydrogéh_'z'
atoms are‘given in Table I-2, and their‘thermal parameters
are givén in Table i-3. The hydrogen positions on fhe ben-
zene ring were calculated from known gebmetry. Ali other
hydrogen positions were determined from less accurate diffusé :
‘peaks of,the difference Fourier. The hydrogen positions
would not refine in least squares, but thelr coordinates are
givén in Table I-4 and may be of use. Ali intramolecular
distances are shown in Figure I-]1 along with the atomic numb-
ering system used for the crystallography of the compound.
Least squares estlmated standard deviations on the bond dis-
tances ranged from ,0l11l to .021, and since these estimates
represent a minimum, the standard deviatioﬁ 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 1n the 1,1'-bis;
homocubane cage 1s 1.55 * .023. On the average a carbon-.
bon single bond length in this pecullar cage compound is
| about the same as the bond length in a free hydrocarbon
cahin;g This result 1is consistent with the published values
of C-C bond distances in cubane,® 1,555 + .003%, in homo-
‘cubane carboxylic acid,l0 1.56 + 038, and 6,6-ethylenedioxy-
heptachloropentacyclo(S.2.0.02’5,03’9.04’8)nonane-3-carboxylic
.acid,l; 1.553. The average of all the bonds in the benzene

ring is,l.343, a value which 1s not significantly different



Atomic Coordinates and their Standard 'Deviations (a) for

Table I=2 -

all Non-hydrogen Atoms in l41'-Bishomocubanes.

" ATOM
BR
0(1)
-.01(2)
c(1)
c(2)
C(3)
Cla)
- C(5)
Cte)
<
c(a)
C(9)
c(10)
C(11)
c(12)
C(13)
C(14)
€(15)
- C(L6)
A3%2)

(a) Standard deviations of the least significant digits

‘estimated by least squares are given in parentheses.

X
<9957(2)
<476(1)
277820
+338(2)
«464(2)
«343(2)
«139(2)
«115(2)
«132(2)
«515(2)
+469(2)
«273(2)
.310(2)
«439(2)
«578(2)
«T41(2)
«862(2)

-«821(2)

«665(2)
«537(2)

Y

«09402(5)

«3121(3)
«2561(3)
«3529(5)
<4014(4)
+4522(4)
«4564(4)
<4076 (4)
«3553(4)
«4240(4)
418114}
+4835(4)
<4282(4)

«2624(7)

«22371(5)
«2349(5)
«1978(7)
«1480(5)
«1352(4)
«172316)

z
-1308(2)
«2858(9)
«399(1)
«328(1)
«328(1)
«3511(1)
«231(1)
«122(1)

"«205(1)

«171(1)

«229(1) -
«04T(1)

«322{2)

«2TT(1)

«200(2)
«1561(1)
«192(1)

«271¢2)

24
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Table I-3

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

"in 3,1'-Bishomocubane. : : ‘ B . X

. ATOM Bl1 B22 B33 812 813 B23

BR : 5<34(9) Se4(1) 5.17(9) 1.22(6) «81(6) «19(6)
o(1) 4.0(4) 4.0(4) 4.6(4) «4(4) 1.2(3) «6(4)
0(2) . 8.1tT) 2.3(4) 6.0(5) «7(4) «5(5) «T(3)
c1) 4.507) - 4.T(T7) 4.2(17) -.1(7) l1.2(6) -.2(5)
c2) 3.5(6) 4.4(8) 3.8(7) ~1.3(6) -«8(5) «4(5)
ci3 8.119) 3.5(T) 4.2(7) -+8(7) 2.1 =le4(5)
Cl4) = 3.8(T) 3.9(7) 5.8(7) 1.0(5) 1.2(6) «2(6)
c(s) 2.9(6) 3.7(7) 5.3(7}) «9(5) «6(5) -l.4(6)
Cle) 4.5(7) 2.7(6) 5.0(7 =+5(5) «5(6) ~+9(5)
ct7) 2.8(6) - 3.8(7) 4.7(7) -+4(5) «6(5) -e2(5)
€{8) 5.6(8) 3.5(M 4.9(7) -2.2(6) l1.1{(6) -<3(6)
c(10) 4.5(7) 3.3(6) 4.9(1) «4(5} 1.816) -e5(5)
c(1l) 4.5(10) 9.3(13) 3.2(7) ~4.8(9) ~e2(6) 2.7(7)
c12) 3.6(8) 4.7(9) 4.9(7) 3.7(8) =506} =2.2(7)
c(13) 1.7¢6) 5.8(8) 7.0(9) -«316]) 2.5(6) «3(6)
Cl14) 2.1(7) 6.5(9) 5.5(7) -«31(7) 2.0(5) «4(7)
c(15) 2.216) 4.8(9) 3.8(7) . «3(5) . «615) 1.2(5)
C{l6) =~ 6.2(8) L.9(7) 6.1(8) 1.2(8) 2.3(T) «26). -
cam - 6.6(9) 3.1(7) 6.11(8) -1.2¢7) - 2.316) 2.0(6)

(a) Anisotropic thermal parametersgig, in units of A2, are given by B = uBéiféégf.-
_ . ! . 1=

where a¥ is the ith reciprocal cell length.

(b) Estimated standard deviations are given in parentheses following the parameter.



Table I-4 .

Atomic- Coordinates of the Hydrogen Atoms-ih 1,1'-Bishomo-

-cubane *

"53325 " x i .z
H(L) - L2670 .3520 .4330
H(2) .. .6100 | . 4050 . 4000
H(3) .3100 L4700 4400
HQW) 0 4700 2500
H(5) - .9630 4160 - . . .0960
H(6) . .0210 .3320 L1440
H(T) . .0Tk0 .3720 ~ .3060
H(8) .6400 4100 1200
He) 5540 0 .5100 2370
H(10) - .2300 .5100 0200
H(11) . 4100 .0800 " - . 4600
H(12) . 7868 | ‘ajul .1720
H(13) - <9949 ~.2056 .0940
H(14) ‘” 6242 .0976 2962

H(15) 23927 - .1658 3794

*Hydrogén coordinates are estimated from the difference
Fourler; except benzene hydrogen coordinates are calcu-

lated from known geometry.
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4 Flgure I-1
Atomic Numbering System and Bond Distances 1n 1,1'-Bishomdf

cubane.,



27

XBL 704-805



28

Table I-S
Intramolecular Angles (in degrees) and their Standard

Deviations (in parentheses) of 1,1'-Bishomocubane,

- Cyclohexane _ " " Cyclobutane
[C(l)—C(Z)—C(3)-0(4)-0(5)-0(6)J [0(2)—0(7)-0(8)?0(3)]

" Atoms L Angles " ‘Atoms | Angles

- C(1)=C(2)-C(3) 116.5(1.0) C(2)- C(7)-C(8) 90.4(.9)
c(2)-C(3)-C(l) 111,7( .9) C(T7)-C(8)=C(3) 86.8(.8)
C(3)-C(4)-c(5) 109.7(1.0) €(8)=C(3)~C(2) 89.3(.9)
C(4)-Cc(5)-C(6) . 117.6(1.0) Cc(3)-C(2)-C(7) 86.4(.8)
C(5)-Cc(6)-C(1) 109.9( .9) -
c(6)=C(1)~C(2) 112.0( .9)
Benzene Cyclobutane

[C(12)-C(13)=C(14)=C(15)-C(16)-C(1T) [C(4)=C(5)=-C(10)-C(9)]

Atoms Angles Atoms . Angles
C(12)~C(13)~-C(14) 119.7(1.6) C(4)-c(5)-c(10) 86.3(.8)
c(13)=C(14)=C(15) 120.0(1,6) C(5)-C(10)-C(9) 91.3(.8)
C(14)=Cc(15)~-C(16) 122,4(1,6) 0(10)-c(§ )=-C(4) 85.4(.8)
C(158)--C(16)=-C(17) 119.2(1.5) = C(9)=-C(4 C(S) 90.2(.8)
C(16)-C(17)-C(12) 118,2(1.6)
C(17)~C(12)=C(13) 120.5(1.6)
Cyclobutane Cyclobutane
(c(3)-C(8)-C(9)-C(4)] [Cc(7)-C(8)-C(9)-C(10)]
Atoms Angles “Atoms Angles
0(3)-0(8§—C(9) 91.8(1.0) Cc(7)-C(8)=C(9) 0 92.6(.9)
C(8)~=C(9)=-C(4) 89.7( .9) Cc(8)-C(9)-C(10). 89.7(.9)
C(9)=C(l)-C(3) 88.6( .9) c(9)-Cc(10)-C(7) 89.2(.8)
c(4)=c(3)-C(8) 89.9( .9) . c(l0)-Cc(7)-C(8) 88.5(.9)
Brdminé .g%§g8%§%
—————— ‘ " Atoms " 'Angles
~ Atoms - " Angles c(12)-c(11)-0(2) 127.3(1,2)
. Br(1)-C(15)-C(14) 120.4(.6) Cc(12)-C(11)-0(1) 118,8(1.2)
Br(1)-C(15)-C(16) 117.2(.6) C(11)-0(1)-c(1) 121.2(1.2)

0(1)-C(1)=C(2) 106.2(..8)
0(1)-C(1)=-C(6) 110.5( .7)
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 within the standard deviations from the established value =
for fhe'C-C déuble bond distance. All thé other bond disé-
tances agree within the standard deviations with the well-
estabiished values published in the International Tables.9

All the thermal parameters of l,l'ibiéhomocubane are 
givegmin.Tab{;ifAn QBEEQIZVthermal ellibsoid stereo repre- |
sentafipn of thermal motion is shown in Figure I-2.

The most interesting part of this §tructure is the an-
~gular COnfigurations of the carbons in tﬁe rings of the cage.:
Intramolecular angles for the hydrocarbon rings, and all the
aﬁomsAQf the structure are given along with their standard
deviations 1n Table I-5, Reference to the drawing of the
c¢ompound in Figure I-1 will be helpful in interpreﬁing Table
I-5.

The average of the four angles in'the cyclobutane rings
1s: (3-8-9-4) 90.0°, (7-8-9-10) 90.0°, (2-7-8-3) 88.2°, and
(4-5-10-9) 88.3°, The average anglés of the cyclobutane
rings in cubane are all 90° and the cyclobutane rings are

2 Least squares planes through cyclobutane rings

all planar.
(3-8-9-4) and (7-8-9-10) show these two rings to be planar
&1th1n the standard deviations of the Structure“determination.
Deviations of the atoms in the various rings of l,l'-biéhomo—.
cubane from least squares planes drawn through the rings are

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

butane ring (4-5-10-9) are significantly smaller than 90°,



29a

. Figure I-2

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

Deviétion of Atoms in Angstroms from Least Squares ?lahes.

Atoms c(7) c(8) ooy  c(10)
_ Distance ©.005 -.006 - .006  =-.005
atoms . co(3) o) - c® o)
Distance .00k ~.00k - -.00k .00k
Atoms c(2)  c(3)  C(W) c(5)
Distance - - -.000 .000 .000 .000
atoms - c(2) c(y  c(6) c(5)
Distance .007 -.004  ,004 ~.007
Atoms - - c(2) c(3) C(8) ' c(7)
Distance - .134 -.134 «135 - =.135
Atoms c(4) c(5) . ¢(9) - c(10)
‘Distance .133 ~-.136 ° =.133 .136

'tfi"
Y
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This constriction in the cyclobutane ring~résu1ts in a devia-
tion ffom'planarity and a puckered ring. The same is true
for angles 7-8-3 and 2-3-~7 in cyclobutane ring (2-7-8-3),
Cycldbuténe‘ring (2-7-8-3) 1is puckered such that the-dihedral
angle between planes through 7-8-3 ‘and 7-52-3; 1s 27.9°. Simi-
larly, the cyclobutane ring (5-lde9-4) is puckered, the car-
bon C(S) is pushed out of the plane, and the angle between
planes 4-9—10 and U4-5-10 is 27.2°, Within the standard devi-
ations of the structure determinatlon, these two rings are
puckered the same amount, , |

The cyclohexane ring in l,l'-bishomoéubane is flattened
comparéd to 1ts conflguration in an unconstrained cyclohexane
ring. The average for the six angles of the cyclohexané ring
is 112.9°, This avérage is significant;y larger than the
tetréheqral angle of the unconstrained ring. Most of the
cyclohexane ring distortion is about carbons C(5) and C(2).
The angle 4-5-6 1s 117.6° and the angle 1-2-3 is 116.5°.
Carbbnsf2-3-4£5 of the cyclohexane ring are coplanar as wc
see in Table I-6., Carbons 5-6-2-1 of the cyelohexane ring
are,alsé 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
ére Within 48,3° of a coplanar configuration.

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

lel with the planar portion of the cyclohexane ring 2-3-4-5,
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The diﬁédral angle between these two‘piahés is 4.6°. This
cyélobutéﬁe ring (7-8-9-10) is almost péfpendiculaf to the
planar éy¢lobutane riﬁg"(3—4-9—8)» and théfdihedral angle

_ betweéﬁ‘ﬁhé two planes is 86.1°, The biahar portion of thé
cycloﬁé#ane ring (2-3-4-5) 1is also neariy'perpendicular to
cyclogﬁEaﬁe ring (3-4-9-8) and the anglelis 89.5°,

A 3edimensionaivrepresentatioﬁ of ﬁﬁe intermolecular
packing in l,1l'-bishomocubane i; shown.iﬁ Figure I-3. The
closest intefmolecular approach not involwving hydrogens was -
3.53% between C(11) and C(13). Other ciose symmetry-related
approacﬁes between the moleéules of thé unit cell were
c(12);d(2) 3,564, C(9)-C(8) 3.60%, c(li)e0(2) 3.63%, and
c(3)-Br(1) 3.63%. a

A_list of observed and calculated'sﬁructure factors for

this compound is given in Table I-7.



Figure I-~3

Intermdledular Packing in 1,1'—Bishomocubane
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Table I-7
Observed and‘Calculated Structure Factors for 1,1'—Bishomo—

cubane.

34a




35

TMLS OF OMABVID AND CALOWATID STRSCTERS FROTORS X8 1,1' - KISNFOCWLNS

(o, 0, 0) » 48

w k8 #Ca

f.s O o
o 3 3 ®

3" 2 . N * .

F1Y -4 L4

1

—SgaSoaus

20 2 2
% 20 K,ie
n n -1
7 L]
19 Rote
LI 3

-

Su-wun

52 M

21 28 Retle
% L A2
*

1

T 3114 14

X8L704-758




36

E, Conclusion

‘The carbon-carbon distances in all the rings of the .
hydrdcérbon cage of 1,1'~bishomocubane are, on the average,
no different from the carbon-carbon single bond distance ex-
pected for the ﬁnconstrained rings. A similar result was
found for cubane, |

Alllthe oyclobutane rings in c¢ubane were planar and
mutually orthogonal., Addition of two extra atoms into one
of the cyclobutane rings causes two of the remainiﬁg four
cyclbbutane rings to pucker from a planar configuration by
about 27°. The other two cyclobutane rings remain planar
and mutually orthogonal. The consecutive atoms 2-3-4-5 of
the cyclohexane ring formed by this addition of two extra
atoms into a cuhane ring 1is planar and perpendicular LQ Lhe
éyclqbutane ring (3-4-8-9).

Cdnstraint within the cage causeslthe cyclohexane ring
to flatten. The average of all the angles in the cyclo-
hexane ring is 112.9°, The two planar portioﬁs of the cyclo-
hexaneAfing are folded toward each othér and the angle of

separation 1s 131.7°.
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4 Section II. ‘
A COMPUTER PROGRAM FOR THE SOLUTION OF CRYSTAL STRUCTURES

'CONTAINING.A PLANAR MOIETY WITH KNOWN GEOMETRY.
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A, Introduction

In this section there is outlined the use and iogic of
a cqmbﬁtér program which can solve the crystal ‘structure of
a predominantly planar molecule by trial}ahd error, The dé—
velopment of this program follows a path of logic which has
ifs basis in practical cr&stallography. A useful starting'
point for the structure determiﬁatidn of é planar molecule
by trialnand error can be the Jgktapositibn of the molecular '
plane with a'given Bragg réfléction plane., This Juxtaposi;
tion is a'useful starting point because a planar molecule
gives a Patterson function for which all the interatomic
vectofs within the molecule lie on a disk.l The orientation
of this disk in vector space 1s the same as the Bragg orien-
tatipn'df the planar molety of the molécule under considera-
tion.z‘ The orientation of the molééularlplane can be ex~ -
tracted from the Patterson function.,:For example, if the
disk emanates from the origin in véctor space at (0,0,0),
and rémains parallel with the a, ¢ plané, thé probable orien-
tation of the plahar molecule is colncident with tHe 010
diffraction plane. | |

The program 1s extremely useful if the orientation of
‘the molecular plane can be deduced, and if the number of

possible positlons of the molecules within the unit éell can
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be limited. in competition with dther methods, a trial and
errér program of this t&pe 1s most sucdessful for the solu-
tion of étruétures in non~centric space gfoups. Noh-heavy
atom problems in non-centric space groupsiqan be solved by
_direct méthods only.through excessive use of computer time,
. A trial and error program of the type outlined in this
section works best in exactly these caSés-because the number
of pardmeters is limlted.  Use of tﬁis program ic outlincd
in part B of this section, énd analysis of cases from the
‘literature‘for which one could expect it to work well is
given in part C.‘ Use of the prqéram to sclve the crystal
structure of 5-methoxytryptamine is given in Section IIT,
and a.Fortran listing along with the deriyaﬁ1on nf the ori-
entatioﬁ matrix 1s given in the Appendix. In its'present'
form thé program works for 3pace groupé in monoclinic or

higher symmetry.
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B, Use of the Program

The use of this program is quite simple. All'the neces-
sary work,invblved in setting ub the program for a specific
case,Aand‘a brief outline of the 1ogicvisAset forth heré.fo
aid those who wish to use it.

The first step is to look at your‘étructure and choose
one of your atoms as an origin. The atom should be rathér
centrally located; With this atom as origin, the part of
the sﬁructure having known geometry is graphed.onto polér
coordihafe paper. Then, choose another atom of the structure
-such that a vector drawn from the origin to this second atom
defines simﬁltaneously the positive abscissa of an orthogo-
ﬁal coordinate system and the zero angle of the polar coordi-
nate system., The positlion of the Nth atom of the structure
can now'be described by its distance in Angstroms from the
orlgin, T and the angle en between the posltive abscissa

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

two Variables, rn

and I for each atom of your structure
are input into the program on data card 6, An example of

' 3
this graph for 5-methoxytryptamine is shown in Figure II-l,_

The program transforms each vector R, first into an

orthonormal basis set &5 such that‘AEn = Zngﬂ (J = 1,2)

where vy = r, 6osf, and v, =r, siné .

n 2 n



Fiéure II-1
GraphigalAdetermination of rn and en for S5-methoxytryp-
tamine; ‘Aﬁproximate geometry of the ihdoie ring is

from the. -crystal structure of indole acetic acid.3

42
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The vector Bn is then represented as a linear combination of .

unitary monocl;nic base vectors such that Bn = Euigi (i=1,3)

v

and u, =->:giJ 3 (1 = 1,3; J = 1,2).
The components of Bn’ uy, in this system are further

transformed into crystallographic cobrdiﬁétes, Xy with di—
vision2by the cell dimensioﬁs; and x4y = u;/|b;|, where by is
the 1th direct space cell dimension. '

The occond step in the use of this program-is to deoide
with which Bragg diffraction plane your molecule is coineci-
dent. In general,'Bragg planes ecan be déscribed by the num-
bers hkl, which are related to the dlrection cosines of the
anglés'which the Bragg prlane normal makgs with the crystal
co-ofqinate axeé. The orientation matrix, A4 is-a function
of these directlon cosines, the angle B of the monoclinic
axis system, and the ccll dimensions of the crystal.

The orientation, hkl, of the molecular plane may be de-
duced from the Patterson function. Also, the orienfatinn,of
the molecular plane may correspond Lo a ﬁigh Ehkl coeffi- .
cient;u

‘The derivation of the orientation matrix, gij is g;vep

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

plication of this program to the triclinic case or alter

D
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this matrix in any way. The matrix a, . 1is produced on a

1
punched ¢ard in the proper format by program‘§g£m§.~'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 Bfagg plane orien-
tations simultaneously. A Fortran listing of program NEEEE
as well as the trial and error program Qggg i1s given in the
Appendix. The orientation matrices gij'for every case you
wish to try are loaded as cards 4 in the trial and error
program.

The observed structure factors, Fo, for your crystal afe
input as data cards 5. The format is in the program listing.
Thesé cards may be produced most easily,by having youf data
tape punched directly into cards by thé'computer. Selection
of dafa is the most ecritical factor 1ﬁ the trial and error .
approach., Any sélection of data should have a large nﬁmber
of loQ angle Fobs as part of the data set. Care must be
taken that all data 1s 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 déta should be present,

as the low angle structure factors are less sensitive to

the exact atomic positions of the atoms involved, and thﬁs
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glve more lee-way for error in the approximate pbsitions in
~the R factor test.u

Another possible means of selecting a sample oi the
cata fér the triasl and error'prograﬁ is to choose Fo
corresponding to high Enkl values.. One would expectjmore
structural information pertaining to thé_position of a molé—
cule piane in these numbers as high_EhEi values correlate
" with a.number ol atoms seattering in phéco.u

.Yét 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 other twe methods. At
present; hp to 200 data can be loaded on cards 5.

Beszides rn‘and 6n, which are estiméfed graphically; the
orientation matrix, 313’ which is pro@ucgd from crystal cell
dimenslons and a choice of the orientatibn numbers QE& by |
program NQEEQS and a choice of up to 200 observed structure’
factors, FO; the program requires the average scattering |
factor for your compound as a function"of sin6/A. The aver-
ége_sCattering factor is used in the calculation of calcu-.
lated.structure factors, IFCI; The form of the structure

Fuctor used by the program is

|F

Bl (pa )2 271/2
ol ="LotL(ZAL)T + (2BL)7]
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where Fc is fhe magnitude of the calculated structure factor,
% 1s the average scattering factor for the r aﬁoms of the
unit cell, g is an overall average isoﬁropic temperature
factor for the r atoms, and A, and B, areiperiodic fuhctions
of the position of the rth‘atom in the unit cell. The forms
of A-and B depends upon the space group'énd 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 grdups in the International

Tables for X-ray Crystallography, Volume I.” For P21/c,

B =0 and

Ar = lcos2m(h xr+lzr+(5%i)) cos21r(kyr —(E%l)).

Specifically £ = exp(-B - sin26/X2) wheré’B is a constant.
Unless otherwise indicated, the program will use a value of
B = 3A2 for the overall thermal parametér. The average

scattering factor is defined as6
£ =zxf /N
an

where fn 1s the scattering factor of the nth atom in the unit
cell and N 1s the total number of atoms. The calculated
structure factor |Fz| 1s produced for each of the observed
structure factors, ¥,, on data cards 5, énd a linear scale

factor k is.calculated such that
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k = L|F,| /IF,

Ali possible orientations of a planar molecule in a
crystallographic unit cell can be.produced by various com-
bihafibns of Bragg orientations set by the matrix aij’ iter-
ative choices of the positional parametérs (x,y,2) of one
atoms in the unit cell, and molecular rotations about the
Bragg pléne normal which passes throﬁgh the each chosen
molecular 01"_1,;4.1,11 (‘x,y.z). The' program has a nest of 5 Do
loopé which controls this iteration. TFor each trial orien-
tation ol tﬁe molecular plane, the program calculates atomic
coordinates for the input structure in the proper crystallo-
graphic'cell, calculates structure factors, scales the Fo to
the |F,|, and prints out the conventional R factor for the

orientation involved where

/L | kFo|

R = 2| [kFo| = |Fell

~For 11 atoms and 100 data in space group Pc, the pro«l
gramAwill produce crystallographic coordinates and print an
R factpf in .20 seconds of CDC-6600 time, This makes itipos—
sibie to try about 300 different structural possibilities in
‘about one minute of computer time,

The speed with which the programlruns 1s its main ad-
vantage. Olher advantages are: 1t uses lesshthan a 50,000
'word memory, thus allowing rapld 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 ﬁsed without opefator _
’intervehtion; and the speed with which it runs is almost 1r-
dependent of the number of atoms. The number of‘atomSIOCcufs
'only once in a DO loop 1nvolving two algebraié tefms'that are
CDC—6600 library subprograms.

Thé principles‘necessary for the use of this program have
now been outlined. Exact input information 1s 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 highef symmetry, and for molecules that have a mdiety
with a fixed, known geometry. Many organic compounds meet -
this criterion. For example, fused aromatic rihg sysféms
such as‘the indole sjstem, benzene rings, ligand groups |
attached to a central metal atom, steroids, terpenes, por-
‘phyrins, and even DNA base pairs,S3

In:gcnoral'the program reduces d kﬁpwn geometrical sys-
tem of 3N positional variables, where N is the number of
atoms, to 5 trial and error variables.“These 5 varlables
are: (x,y,2), three crystallographic coordinates needed tn
specify'phe positlon 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, fepresented by the matrix Qij’
and the rotation angle, omega, about an éxis perpendicular
"to the Bragg plane which goes through the origin (x,y,z).

The sucgess of any trial and error method depends on
how successful one 1s 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 fac¢tor test. This
-has the effect of dcorcasing the atomilec resovlullon 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 solutipn 1f the data are chosen carefully,

when all 5 independent trial and error variables must

"be blindly varied, the program uses an unreasonable amount

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

of the parameters cean be eliminated or the range of search

.over them reduced.

The crystal structure of N-methyl;4-phenyliéoxazblin-B—'
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 and

error{7 The compound.crystallizes in the monoclinic space

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

and Z = 8, a-= 13,716, b = 10.925, 8 = 91,51, The presence
of a strong 400 diffraction'spot led the authors to deduce
that the molecule was planar, that the planes of the mole-
cules were in the 400 planes, and thus were spaced 1/4 2a
apart. Furthermore, since the space group was centric, x
coordinates were deduced immediately at 1/8 and -1/8 for the
molecular planes. The trial and error program-cén be appli-
ed to a'molecule whenever the poslition of one atom in the
unit cell can be limited. For P2l/c in general (1/4)253
trials would be necessary to locate the position of one atom
within the unit cell 1f the other orientation parameters

were known. For thils case only (1/4)252 trials would be
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needed although it 1s not a polar space group. If the cen-
ter of gravity of the'5-membered'ring is taken as an origin
in the_ofthonormal coordinate system of the program, the
omega angle need be rotated only throughAlBO degrees - to find
the rbﬁgh riﬁg orientation. Because the ring is substituted,
thisléearCh would be unable to distinguish whether the true
orientation were omega or 180 degrees + omega. This'diffi-‘
culty'pould be cleared up immedlately bncé'the,pooition of
the éenter of gravity of the ring were known in the unit
ce11;  This strﬁcture could be solved. with this program in
(1/4)(252)(11) computer trials,: or 6 minutes of CDC-6600
computer time. | ‘ o

One rather common cése occurs where the bosition 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 ﬁhe trial parameters, (x,y,z) are eliminated. Further-
more, 1if the molecule 1s mostly planaf‘suchAﬁhat ﬁhe rough
orientation of the molecular plane is known, only 4.4 seéonds
of cbmpﬁter time would be needed to solve thg structure.
The computer program tests structures at the rate of.one'pér
.20 seconds, or 300 per minute.

There are many space group3 where the poaition of one

~of the étoms in the unit cell 1s limited by space group sym=

metry. There are silxty-seven polar space groups with

»
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monoelinic or higherLsymmetry.5~ ‘If a compound cry-
stallizes in one of these space groups, thé position of one
atom of the structure can be speciflied 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-ceﬁtric, polar space
groups, Programs which apply statistical methods to these
cases tend to use qulte a bit of computer time. |

For aAsingly polar space group the origin can be speci-
fied 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 = 1/2,
z=0toz=1/2, and y = 0 to.y = 1.0, all the independent
parts of the cell would be scanned. Oﬁly'(l/u) X (252)
frials would be needed to find the orlgin in the unit cell
of one of the atoms being tested. Another rathef common
case, the orthorhomhic space group Pna21; has equlvalent pb—
sitions (X,¥,z), [=X,-y,1/2+z), (1/2-x,1/2+y,1/2+z), |
(1/2+x,1/2-y,2z). The cell must be searched from x = C to
x =1l; fromy = 0 toy = 1/2; from z = 0 to z = 1/2,. _Only_
1/4 of the unit cell must be search to find the origin of one
of the atoms wlthin the molecule., This means again
(1/4) x (252) trials. If a predominantly planar molecule

erystallizes 1in one of these space groups, in general only
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1/4 to 1/2 of a unit cell contains all the independent parts
of the;structure in these polar space'gréups. Sometimes

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

but (1/4) 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 (l/u)(252)x
(22) and (1/2)(25%) 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 cannoﬁ‘be approximately de-
duced,.'These calculations again represent general upper
limiﬁsmfor any specific case whefe packing considerations
impose additional restrictions on where a molecule can be in
a unit cell. For example, the crystal and molecular struc-
ture of 1l: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 Fca2y a = 28.54,

b = 3.85, ¢ = 12.90, z = 4, There is no heavy atom. One;of
the planar napthalene residues could~hav¢ been graphed inﬁo
an orthonormal coordinatc system. Since the b axis 1s so0
short, we know that the molecule must be nearly in the x,y
plané. ’This orientation‘can be described by the normal td

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

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



Only 1/4 of the cell need be searched. If we choose an ori-
gin at‘the center. of the napthalene ring, we have to rotate
through 180° iﬁ the angle omega. The orlentation of this
substituted napthalene could have been found with sufficient
accuraéy to phase a Fourier with (252)(1/H)(11) trials.
This number of trials amounts to about 6 minutes of CDC-6600
computer time, |

Another polar space group case for which we ﬁould ex—
pect the program to be successful 1s (+)-(R)=N=Methyl-1- |
((naphthyl)ethyl)-(R)-0-methylmandelamide .’ This structure

does not have a heavy atom, and crystallizes 1in the non-

centric polar space group P21. It was solved originally by

successive application of the tangent formula,

Use of this trial and error program‘is edpeclally 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 1its geometry is known. With good data and a sharp
Patterson function,lit would be no problem to find the ap-

proximate Bragg orlentation of the napthalene ring. The

napthalene ring is graphed into an orthonormal set such that

its center of gravity 1s at the origin of the orthonormali

55
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system, only 180Adegreés of rotation in the angle omega
‘about the Bragg normal will be sufficient to include all
orientations of the napthalene ring for‘any fixed position
of‘this brigin in the unit cell. For the space group P21A
only 1/2.of the unit cell needs to be searched to include
all par€s~of the asymmetric unit. Since the space group 1s
polar, the z coordinate of the napthalene ring center of
gravity within the unit cell is arbitrary. Only (1/2)(252) x
(11) computer'trials, or about 12 minutes of computer'time‘
would be necessary to find the position of the nabthalene
ring. Fourlers could then be phased using thelocation of .
the napthalene ring to finish the structﬁre. |

In a doubly polar spacé group this program is useful
1ndeed..-qu these space groups only one crystéllographic
coordinate 1s needed to spécify the poéiti@n aof one ataom
within the unit cell. In these space groups the trial and
error approach.with this program is possible even 1f the
molecule involved is not planar. |

The 5-methoxytryptamine mqlecule'crystallizes in thef
doubly polar space group Pe. A description of the solution
of the structure using this program is‘given in Section ITII

of this thesis.
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D. Conclusion

The trial and error program'discussed in this section
can be a very powerful tool for the solution of crystal
struetures. Predominantly pianar 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
organic molecules,

This program will be most useful iﬁAgeneral for struc-
tures that crystallize in non-centrlc space groups. Direct'
methods or Patterson superposition function methods consume
a lot of computing time in these space groups. Triél and
error works best for these cases because the number of para—'
metérs can be limited by space group symmetry. |

. Types of problems for which the program works bést were
discussed in II-C, and a description of its role in the
solution of the crystal structure of 5-methoxytryptémine is

given in Section III.
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A,. Introduction

The scientific interest in serotonin and its structural
ahalogues sincé'the original isolation ofvserotonin frbm
clotted blood,l‘has,been_almost.as wildespread as thé natural
occurrence of these compounds, Serotonin_may be found in such
diverse places as tomatoes, bananas, toéd skins, iizard eyes,
and hﬁman 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 présent study, 5-methoxyF
tryptamine, are enzymatically synthesized from tryptophane.
Serotonin and 5-methoxytryptamine have alsimilar chemical |
structure énd undergo many of the same reactions, such as
destruction of the unprotectéd amines by monoamilne okiéase. 
They are'butﬁ smooth musele contractors and vasoconstrictors.
They have been shown to inhibit nerve transmission in the
.adrenergic nervous system., Serotonin is,also implicated as
a chemical transmitter of nerve pulse through the serotonergid.
'nerves of the mesencaphalon., It has been impllied that sero- |
tonin ié‘important in the regulatioun ul body temperature.2’3
| The blologlcal activity of serotonin and S—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
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.againszlethal doses of x-ray and gamma radiations 1s not
understood.u The way 1in which these two substancesvabsorb
and tranémit high energy photons in solution may be differ-
ent., Serotonin does not quench the scinfillétion of dioxane
solutions of 2,5-diphenyloxazole exclited by Csl37, but 5-
methoxytryptamine does.5

Serotonin is implicated 1n basic behavioral phenomena
associated with thé brain. The tﬁrn-over rate of serotonin
is cofrelated with the hallucinogenic activity of LSD.6 Sup-
pression of serotonin synthesis with p;chlérophenylalanine
causes heightened sex drive, increased copulation; and
bizarre soclial activity in rats and rabbits.! Serotonin
may play a céntral role in the regulation of sleep.8

The scope of the real and alleged,biological functions
of serotonin and 5-methoxytryptamine is beyond the limifar
tions of this paper., Revliews of various aspects of the bio-
logical functions of serotonin and 5—methoxytrjptamine are
listed in the bibliography.g’lo’ll’12

The great blological importance of these moleculeé‘and
the preValence of indole ring compounds in so many péthways
of blochemical metabolism motivated this study of the exact
Xx-ray malecular structure of 5-methoxytryptamine. This exact
structure should aid quantum mechanical calculations of the

charge distribution on the substituted 1ndole ring, and give

clues to the structural nature of the enzyme-substrate inter-



actions of the indole alkyl amines.
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B.. Experimental

Crystals of 5-methoxytryptamine are commercially avail-
able from the Regis Chemical Company of Chicago. A sémple
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 1s independent of x-ray exposure and may»be due
to oxioation of the primary amine group. The color-change
correlates with crystalliné decomposition as measured by loss
of intensity of diffracted copper x—réys. Exposure to x-rays A
“hastens the color-change and decomposition, but tho diffrac-
tion standards showed variations of leos than one standard
devliation throughout a three-day perlod of data taking. After
three days the standards dropped steadily. Crystals stored
in a refrigerated dessicator with drierite remailned unaffect-
ed. |

Preliminary oscillation and Welssenberg ohotographsAOf
a large unmeasured colorless elongated olate of S-methoxy-
tryptamine showed space group extinctions and symmetry oon—
sistent with either monoclinic space group P2/c, Z=U4; or
Pc, Z=2, Density calculated from the rough film cell dimen-

sions was a reasonable value of about 1.20g/cc® for Z=2, and
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a space group assignment of Pc was made,

A small crystal (.22 x .18 x ,09mm) was glued onto the
tip of a thin glass fiber with General Electric 1202 Clear _'
Industrial Glyptal Varnish. The fiber direction was perpen-
dicular to the platé of the crystal, and.parallel to the
crystalline b axls., After one oscillation photograﬁh fd
-check optical alignment, the crystal waéfﬁransferred to a
Generalelectrib XRD=5 diffractometer equipped with a copper
x-ray tube, a Nal scintillation counter, éypulsé height dis;
criminator, and a quarter-circle Eulerian éradle'goniostat.
The 40kv, 20ma copper radiation was filtered through a .001"
nickel foll mounted on the recelving slit of the scintilla-
tion tube. The crystalline b axils and the glass fiber direc-
tion was parallel to the phl axls of the 1hstrument. The
xX-ray tube was set at a 2° take-off angle, and Bragg reflec-
tion angles for the resolved CuKe,, CuKa, doublet were mea-
sured through a narrow slit along the h00,0k0, and 002 dif-
tfraction directions, Krom these measurements precise cell :

-~ dimensions were calculated:

a

B

6,110 £+ .002; b = 9,532 + ,003; ¢ = 8.831 £+ ,003;

98.72 ¢ .01

With Z=2 these parameters gave a calculated density of
1.282g/cc®. The density measured at room temperature by
flotatlion 1in ethylene chloride and ethyl acetate was l.245g/cc3,

which agrees closely with the calcuiated value of 1,2U42g/cc?,
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With the crystal and instrumentation described above,

a stationary érystal, stationary cqunter technique and ten
second point counts were used to obtain raw intensity data,
Backgrounds were estimated from curves of counts/lOsec.versus‘
two théta angle for vérious combinations of filxed values of
the instrument angles chl and phi. Net intensities were ob-
talned by direct subtraction of these baékéround values from
the meaSured peak~height values for each reflection. All in-
dependent intensities within the cbpper sphere.of.refiection
were measured 1n shells out to a maximum two theta angle of
120 degrees (sin6/x = .5617). There were 759 independent
.intensities of which 17 were too weék to be measured. When
it became evident that these data were'éuffering from some
sort of systematlc error, elther due to counter saturation

or extinctién, another set of diffractometer data was taken
on another crystal,

The second crystal was longer and mofe narrow than the
first (.34 x .10 x .032mm), and thus was almost needle-shaped.
The crystal 1s shown in Fig, III-l;.The Crystal.was mounted
on a thin glass fiber with epoxy resins (Carter's genéral
purpose epoxy; batch 230; Carter's 1nk company, Cambridge, -
Mass.). The needle-like crystal was aligned with the needle
axis, the ¢ axis, within 30 degrees of the fiber axis. With(
no preliminary photographs the crystal was placed on a Pickér
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 feflections to set the orientation matrix of the
PDP-8I computerAwhich controlled the diffractometer.

The diffractometer was equipped with a cobper tube, a
fuli-circle gonlostat, a Nal scintillation counter, a pulsé
‘heilght énalyzer, and a graphite monochromator; The Picker
diffractometer was controlled throughran FASC-1 interface by
a PDP-81 computer. All computer programs for the PDP-8I were
furnished by the Picker Gorporation. Copper x-rays geﬁerated
at 30kv and lbma were monochroumatlzed to Ka radiation by a |
graphite monochromator set at 26.33 degrees, corresponding
to the 0002 reflection of graphlte., No fllters were used,
but attenuators were automatically engaged for all reflections
over 10,000 counts.,’

The computer was programmed for 8~20 scans of the diffrac-
tion peaks. The peaks were sharp at boﬁh é and 3 degree tube
take off angles, and from observatlion of some broad low .angle
peaks, the maximum scan width, s, was détermined to be 1.80
degrees. The 0~26 scans were done in the followling way:

The 28 position of each peak was calculated for CuKa, radia-
tion, The diffractometer was then set at a value 26-s/2, and
écanning was begun at the rate of 1 degree per minute thrbugh
the peak until a value of A26+s was reached, where A28 is -
the calculated separation of Ka; and Ka, for each reflection.
Dispersion corrections on the x-rays were made before the

calculation of the 28 peak settings. For copper radiation,
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dA/\ = ,002487. Background wés measured with offset in ée =
«70 degrees above and below the terminal péints of the 2¢
peak scan, with counting times of 10 seponds in each position.
The equi&aient reflections hk&,hk¥; Hkl,hkiywere measured
thrpughout"the k hemisphere of reciprocal space in planes
of constant h from h to h out to 124,5 dégrees in 26(sind8/A=,574).
The 106 and Tob reflections were chosen és standards, and were
measured at intervals of 50 reflections.' The time for each
reflection averaged over the complete data set was 2.67 min-
utes, |

The intensities and their standard deviations weré calcu-~

0

lated with the following formulas from the total counts mea-

sured on the Picker machine.
[e]
I=c=~-t,(B, +B,); 02(I) = ¢ + tcz(B, + B,)

ZtB Eth

where ¢

ié the total count during the scan erNa time tc’ B, and B,

are the two background couhts, each taken for timé tB.

Observed structure factors, F's; were calculated from these
intensitiles after they were corrected for Lorentz and bolari-
zation effects. A total of’ 1604 data were measured, of which
1594 correspénded to the equivalent Frledel pairs (Fﬁkz = Fhkt).
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 equlvalent reflections had been averaged. Thé

standard deviation of each equivalent measurement from  the
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average Fobs was estimated as:

o(F) = [o*(F), + p?F2/4]

where G(F)Av was taken as the greater of the two values

1z kizoz(li))l/z “and 1

2 .
=3 —_— 1/2 e
" JE n-1(E84) 7%

where n{is the number of equivalent rerflections averaged, I
is the intensity of the i'h reflection which was muit;plied
.by correcting factor (1nclﬁdiné absorption and Lorentz and
- polariiation factors) ky, Lo be reduced ihto.Fiz;-and Ay is
the difference between F, and the averége-F of the set, The

i

term szi/H was included to reduce the weight given to lafge
- intensity reflections, whiéh are more liable to suffer from
systematic errors. This has an effect similar to that of
iucluding-a térm (pI)?*, where p ig a smali fraction (,05.1in"
this casé), in the value of 02(I). The i;near absorption co-
efficient, U, of 5-methoxytryptamine for copper radiation
waS.6.béCm“, and ut rfor the largest dimension of the crysthl
was .22; No correction for absorption was made.

‘ Refinements were made using a full;métrix least squares
program, which minimizes I w(|F | - |Fcl)2/w|Fo|?, whereIFol
‘and |F | are the magnitudes of the observed and calculated

structure factors, respectively, and w = [o(F)]™2,
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All calculations were made on the CDC-6600 computer.

The Fortran computer programs used- were: -

1.

Paper - for reduction of the total c&unts 6n paper tape
to intensity data on cards.

gg;g - for findlng possible bad 1ntensity meaéurements
before averaging equivalent reflectilons, |
Incor - for Lorentz and polarizatidn-cdffections.
¥ort - for blending and sorting equivalent reflections.
Fordag_— for Fourler 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,

Addigional programs used were:

8.

10.

11,

12.

- 13.

LSPLAN - from the University of Pittsburgh. This program
calculates best fit planes through choseﬁ input points.:
Wilson - written by H., S, and M., L. Maddox for calcuiation
of E's and an average temperature facﬁér.

Ortep - a drawing program written by Cafrol Johnson;13
Norma - a program which positions an brthonormal coordi-
nate system 1in a crystal cell,

Omoo - a trial and error program'for solution of crystélz‘A
structures which have a molety with a known rigid geomefry,
iase ; a progran wﬂich calculates coefficlents for a Sharp—

ened Patterson function.
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The lasﬁ three programs were written by ﬁhe author of this

thesis. |
TﬁéAsource of the.atomic.scattéring faétorS'used'was

‘given in Section I-B, The anomalous dispersion corrections

Af' and Af" for this light atom structure were zero,




Figure III-1
Photograph of the 5-methoxytryptamine crystal on which
final Intensity data were measured. The g* axis of the
crystal is nearly perpendicular to the page in this
projection. The dimensions of the c¢rystal are

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

The érystal structure of S5-methoxytryptamine was solved
by computer trial and error. The loglc of the program 1is
set forth in Section II, and will not be dealt with here.
In general, six parameters must be speclified to place
a knoﬁﬁ, rigid planar molecule in a unique position within
a crystallograpnic cell. Three translational coordinates
"~ of any atom and in addition three angular coordinates‘are
needed.to specify position of the 5-methoxytryptamine molecule
Qithin the unit cell. Since the molecule 1is planar, the angu-
lar orientation can be fixed with thé assignment of a Bragg-
plane, and a rotation angle of the molecular plane about the
Bragg plane normal, As described in Section II, use 6f.this
program involves graphlnhg known geometry into an orthonormal
coordinate system. The approximate geometfy of the-indble
ring was known from the structure determination of indole
acetic acid. This graph, Figure IIIQa indicates clearly the
numbering system used for the indole ring, the choice of o
intramolecular origin, and the definition of the angle_omega.
AThe'ﬁumbering system used for all the.atoms willlbéAgiven
later, ‘
The 33 positional parametefs of tﬁe atoms within the
indole ring and its immediate substituents can be reduced tp”
three trial and.error parameters: the y coordinate of c(l),. -

the Bragg plane in which the molecule lies (this will be ab-
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Figure III-2

Definitiovn of the rotation angle omegé ugsed in the trial.
and error program, Counterclockwise motion of the C(M)-C(3)
vector about- the perpendicular to the plané through C(4) is

defined-as the dilrection of positive increasing angle omega.
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breviated with hkl), and the rotation anéie, omega, of the
C(4)~-C(3) vector about the Bragg plane normal.

The first attempts to solve this structure were made
using the manual diffractometer data set collected as out—'
lined in_III-B. A Pattefson function was calculated using
all the Lorentz and polarization corrected intensities whicﬁ
were thus reduced to (Fobs)?.

The Patterson function contained very few discrete
peaks, and wés 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 indiéate the position of
the ring to be nearly parallel with the -121 diffraction
plane, .This assignment was consistentAwith the fact that
the Lorentz and.polarization corrected structure factor fbr.
the =121 plane was the fourth largest prgSent in the data
set. 'A close examination of the films revealed pseudo;A—
centering. Since there were glide planes at y = 0 and y"=
1/2; this pseudo-A-centering meant that most of the'x-ray
scattering material was centered around y’= 1/4, An attempt
to ealenlate E values at this polnt was thwarted by'a nega-
tive temperature factor in the Wiison plot. At the time the
first experiments with thls structure were done, it was rnot

clear what this fact meant.
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The.first use of this trial and'error.program was undef-
taken with the knowledge that the plane of the molecule was
approximafely T21, that tﬂe center of the‘i-ray scattering
material was near y = ,25, and that the y coordinate'of c(w)
should be larger than ;10 in order to aﬁoid collislions of
the symmetry related molecules, Fifty observed structure
factors were selected frém the data sgﬁ, including about 25
of the most intense. Structure factors calculated from the
33 atomic positional coordinaﬁés’at each orientation df'the
mulecular plane were compared wlth the observed structure
factors. An R factor was computed at eéch orientation after
a 11negrAscale factor was applied to the'Fobs. (A detailed
description of how the R factor was calenlated, and thé me-
thod of caleculating structure factors’ié given in Section -
II.)

With a plane orientation of 121, Lhe cell was swept in
increments of .02 in y, and 10° in omegé fromy =0 to y =
.50 and from omega = 0° to omega = 360°, The x and z coor-
dinates of C(4) were fixed at .60 and .30'respective1y.

More of éhe cell was swept than was necessary in thié first
use of the program.' Two minutes-of computing time was used;
Several minima were found near yl= 0. These were rejected
bccause 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 best possibility. The trial parameters of this minimum
are listed in Table III-1l, The positional parameterélfor the
-atoms corresponding to this minimum at y = ,30 and omega =
150° wefelused as input for four cycles of least squares re-
finement against all the 812 manual data, using isotropic
tempefature factors for the 11 atoms. All the parameters
were ailowed to vary except the x and-z_coordinates of C(4).
The results were not spectacular, The R. factor was 62% and
all the temperature factors were negative.

Evidently the 121 orientation was wrdﬁg, and a list of
possibilities was in order: (1) The 121 orientation ga&e a
totally false R factor minimum and the true plane orienta- .
tion was quite unrelated to y = .30, omega = 150°, hkl = 121,
(2) Thé 121 orientation was approximately correct, and could
be adjusted slightly to obtain the right‘answer. (3) The
diffractometer data were suffering from systematic errors of
measurement. (4) The computer program had a systematiq error
in it.

The computer program was thoroughly de-buggéd, and the
data set'waé compared with visually estimated intensities
from é‘set of Welssenberg 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“



‘Values of the Trial and Error Parameters HKL, Y (fractions

Table III-1

78

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

R (%) Minima less than Sixty Per Cent.

The séarch included 70 plane normal poSsibilities, hkl's.

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

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

also listed,

HKL

-121.
-383
-473
=375
-291
471
291
-292
382
~193
-U4g5
-366
~456
-276
=167
-357
=290

» 30
W12
«32
.28
.32
.16
.20
.24

12 -

.32
.32
.28
.28
.24
.32
.28
.12

Omega

150
140
120
140
120
140
140

140
Lo
120
140
120
80
80
140
20

47,8

48,6
49.8
48,0
57.2
5543
58.1
54,1

55.3

57.9
>l.3
51.4
56.2
58.8
59.9
59.1

55.9

A

54
61
50
61
71
kg
71
72
61
81
51
61
51
72

61
71

B

b2
34

by
20
Ly
22

22 .

35

" 21

53
52

45
52
59
20
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over a hemisphere of the reciprocal lattice were generated.
These'planes corresponded to all the Brégg,reflection planes
in a thih shell‘of the reclprocal lattiée for 100° < 26 < 104°
and 49685 < (sin6/A) < .51110, The cell was searched for
all vaiues of the parameters 0 <y < 1/2 -and 0° < omega < 180°
with Ay = .04 and Aw = 20° for éach of the 70 hkl's. Because
of the glide symmetry, this search included pldne normal‘pos—
sibllities ranging over a complete sphere, and within limi-
tatlons of grid size, all possible valueé of y and omega.

The values ofltrial parameters corresponaing to the 16 cases
with R < 60% are listed in Table III-1. For clarification,
the angles which each plane normal makes with the coordinate
axes are also listed in Table IIi-i, and an heuristic map of
the search 1s shown in Figure IIi-3. This systematic search
of the éntire reciprocal lattice for the best-fit plane nor-
mal orientation vectors showed, besides the T21, only three
possibilities with R g 50%. Two of these vectors were within
6 degrees of the 121 vector, and the third was within 14 de-
grees of the 121 possibility. From these results 1t was
concluded that the plane orientatlion normal had to be near
T21. Also, it was noticed that most of the y values were iﬁ
the range .20 £y £ .32, and this fact seemed to substanti-.
ate ﬁhe earlier reasoning that the y coordinate of C(l4) must
not be near either y = 0 or y = 1/2.

3ince the approximate orilentation seemed to be 121,
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Figure III-3
Map of'the Trial and Errbr Search in S;Methqutryptamine.
The circles represent termination‘pbints of pléneanormali
yectors‘pfojécted onto the ac plane. Terminal points of
plané‘normal orientation vectors which gave an R factor
of less_ﬁhan 50% are circled twice. The éorrect orien- -

Ltallon veétor 1s circled three times,
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: — systematic
125 plane orientations near the 121 were generated by, /vari-
ation  of the hkl 5 10 5. .The integers hkl are proportional
to the direction cosines of the hkl plané'normal,vand an hkl
of 5 10 5 describes the same plane as hkl = 121. At this
time it $eemed reasonable to limit the Search to the y and
omega valﬁes that had led to the lowest R with QK; = 121,
About 20 seconds of computing time.was hsea to calculate R
factors for the 125 hkl's at y = .30 and omega = 150°.
Fortyféiéht’of these_hkl's correlated with R factors of'less‘
than 53%, and of these, eight showed a minimum of 48%.: In
order to distingulish between these eight possibilities, soméA
of the initense low angle Fobs were removed from the data
deck of the trial and error program and-high angle Fabs wefe
added. The total numbef of Fobs used in the R factor calcu-
lation.still remained 50, The elght possibilities resulting
from‘this search are listed in Table III—2. The R factor re-
ported there refers to calculations made with some of the
intense low angle Fobs removed from the deck.

The coordinates of the 11 atoms for each of the four
most promising orientations were reflned with full matrix
least squares against 176 low angle data. Isotroplc temper-
ature factors were applied to all the atoms in 8 cycles of
refinement., ‘lhe inbut geometry was wilildly distorted in
every case, The T95 orientation gave the lowest convention-

al R value in the least squares, R = 36%.



Table III-2
Trial Parameters Near the T21 Orientation,
The y parameter 1s fixed at .30 (fraction of the b transla-=

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

are the. angles each hkl vector makes with the coordinate axes

a, b, c. |

HKL R(%) A B o
5105 52.2 54 42 66
5106 52,2 56 43 61
85 ' 52.5 56 43 60
T86 51.9 58 46 56
Tl 49,5 57 38 68
T95 47.4 59 SRR 10 63
363 53,2 55 Ly 66

364 - 52.3 57 L4y .59
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Further refinements tested thoroughly‘fhe ﬁ@s possibi-
lity. This orientation was refined agailn with constrained
geometry égainst 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 cycies,
negative temperature factors for all.the-étoms. The T95
orientation was refined agaln in the same way against about
500 high angle data, and all the femperature factors remain-
ed positive, Refihement of the same geometry for six cycles
of least équares against 500 high angle data allowing.all
parametefs to vary except the x and z coordinates of C(4)
gave an I} = 36%,'and the géometry, though distorted by re-
finement, wAasx much more reasonablc, Rcfinement agalnsl all
the data allowing all positional parameters except those |
fixed py symmetry and all the isotropic témperature~factors
to vary for six c&cles gave R = U463, These results, combin-
ed with*the knowledge of the negative o?efall isotropic tem-
perature factor calculated from the Wilson plot, led to a
suspiclion of the low ahgle data. It was felt that they were
systematically low due either tb counter saturation or ex-
tinetlion, It was realized that there was little chance of
success with this method unless the data chosen for trial
'and‘error could be relled upon as representative. A complete
set of new diffractometer data was taken as outlined in III-B.

Against the‘new data set the T95 orientation gave an R



value in least squares agalnst all the data of 43%. In this
refinement all parameters were varied'exéépt those fixed by
symmetry.. As before, 1sotropic temperatures were used for
six cycles of refihement. The 50 structure factors'chosen
for triél and error had led to a false structure. Somewhat
surprisihgly, the Wlilson plot stlll gave a negative tempera-
ture factor B = -2;123 Xz, and again it-waS-impossible to
calcuiate rellable Ehkl values. |

The problem was now clearly defined:. A data set for
trial and error had to be chosen that wés free of systematic
errors and that was representative of the total data set.
The foiibwing experiment was performed in order to decide
more ‘qluantita'tively what effect the data sample had on the
R factor‘in the trial and error'prbgram: First, the coeffi-
cients Phkl = Fhkl/[Phkl x exp(-B x sin?6/A%)] were calcula-
ted fo: all structure factors Fhkl in ﬁhe: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 382, The hkl's corresponding to the largést of
fhéselqoefficients Phkl were used as plané orientation pos-
sibllities in this experiment to test the data sampling pro-
cedure. The results are summarized in Table III-=3,., It was
evident that the structure selected by the R factor probe
was a function of the data sample. The new automatic dif-

fractometer data, (la), gave the same minima as the old
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Table III=~3

Values of Y (expressed as fractions of the translational direction b),
Cmega (degfees}, and R (%) as a Function of Data Choice for Plane Orientations

(HKL) with Large Phkl Coefficlents,

Phkl

, . 9.17 — 9.23 11.3
HKL 251 - 95 372 . 106
Data|R £ -
Szta Tangeyo Ay |Aw v w R y w R y Wl R y w R

(1) 0<y<.50 .0l j15 .121120(48,.8 LJ121135(48.4 .121135147.6 .24 0173.9

(la) 0<y<.50 LCh 115 Ji24120\47.7 ! ,12|135(46.7 .121135{46.9 .24 0173.7

(2) | o<y<.50[.04 |15 | .36[120[36.8 | .12[105[39.2 | .20] o0[35.2 [ 0 | 30[53.9

(3) |.20<y<.30{.02 |10 [ .Lo| oO[ko.6 | .1z|x35[k2.2 [ .26] 10[40.6 [ === —=[-—--

(1) |.20<y<.30].025[15 | .25| 0|39.3 | .27| 30|42.2 | .25] 15]35.2 | —==] —=|-——-

Data Sets (1) and (la) refer to the same set of 50 low angle, intense Fhkl. Data 8et
(1) was measured manually, and Data fet (la) was measured on the Picker Automatic
Diffractometer. Data Bets (2), (3), and (4) were all measured on the Picker machine,
Data Set (2) refers to 50 Fhkl chossr at random from the data deck of 807 cards.

Data 8et (3) refers to 50 low angle Fhkl of medium to medium-strong intensity, and
Data Set (4) refers to 100 Fhkl produced by the addition to Data Set (3) of 56 Fhkl
taken from the data deck at random. The ¥95 orientation is included for comparison,
Omega is in the range 0 < w < 180°. :
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manual data (1) for the same set of Sd low angle intense
data, . Fifty structure factors chosen at random from the new
data déck of 807 cards, Data Set (2), gave a different set
of R féctor minima for the four plane normal orientations
tested. :Fifty low angle data of medium to medium-strong in-
tensities, 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-S-methoxytryptamine ring
to be chosen by trial and error. It was noticed that the
372 plane orientation, however, consistently gave 16wer R
values than the other possibilities, it was also noticed
that the y coordinate of the minimum in Data Set (3) allow-
ed for maximum spacing of the molecﬁles away from the glide
planes ét y=0and y = 1/2. The atomic coordinatés corres-—
ponding:fo the trial parameters hkl = §72,‘y = .26, omega =
10° were refined in the full-matrix least squares program
wilth isotropic temperature factors againét all the data in
eight cyéles to an R factor of 33%.

"After the 33% R factor‘had been calculated for the §72
orientation at y = .26, omega = 10°, the course of the work
was split into two parts. The grid size for the ﬁrial and
error program was reduced to Ay = .01, Aw = 1° and the orien-
tations around hkl = 372, vy = .26, and omega = 10° were exa-.
mined more ciosely. Data Set (4) was used in this probe. -

The minimum from this search was at y = .25, omega = 7°,

87
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Positionalparameters'from this orientation gave an R factor
of 28% in least squares. (The details of these final refine-
ments of 5-methoxytfyptam1ne are given in Table III-4 and
will not be elaborated in tﬁe text. The R factor mentioned
in the'fext is the conventional R factor, R,.) At the same
time, seventeen possibilities of hkl witﬁ plane normal direc-
tion'qosines similar to those of 372 wefe‘used to orient the
molecular plané tor trial and error. The search range'
.20 < yAé .30, 0 £ w < 180° was used with a grid size Ay =
.025;_Aw = 15%, Another minimum was found with hkl = %92,
y = .25, omega = 15°, |

As can be seen in Table III-4, 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 po-
sition“of the ring was 4°. The angle between the T92 and
the final refined position was less than 1°, The fact that
another plane orientation refined to the same structure as
the 372 was added confirmation of the structure, The phases
from the 28% least squares refinement of the 372 orientation
were used to calculate a Fourier, The peaks in this Fourier
ranged from 0 to 13.22., The 11 largest peaks ranged from
8.98 to 13.22 and corresponded to the atoms used to calcu-

late the phase information., The three largest peaks besildes



e
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Table III-4

Schedule of Fuil Matrix Least Squares Refinements for 5—methoxytryptam1ne.

"dnL;,' No. Type of 'FSD Pl(7) R2(7). R3(A)- ,:SD k' x-107 5 No.
. Atoms Temp. ‘ S s ,'_ PO - Cyecles
Factor '
372 11 I .05 27.8 32.8 29.7 8.98 0 8
g2 11 I .05 27.8 32.38 29.7 §.98 0 8
372 14 I .05 8.67 10.9 9.14 3.008 0 6
372 14 A .05 6.37 8.0 6.86 2.327 0 b
372 28 I .05 6.19 7.1 6.65 2.054 0 4
372 28 A .05 3.32 3.5 3.64 1.081 0 by
372 28 A .05 3.06 3.3 3.38 1.004 .08 4
372 28 A .04 2.51 2.8 2.84 .988 . 30 4
372 28 A .03 2.51 2.6 2.84 1.115 .30 4y

HKL refers to the orientation of the molecular plane chosen for refinement.
lio. Atoms includes the number of hydrogens when applicable.
Type of tempersture factor, either isotropic (I) or anisotropic (A), refers to non-

nydrogen atoms since all hydrogens were refined l1sotropically. The form of these

. temperature factors is given in III-C,

F3D is the proportion of the intensity to be used as a weivhtlng factor 1n least

" squares, and is explained in III-C.

21 is the conventional R factor e>cluding 61 zero welﬂht data, R2 1s the welghted
iwc or, and R3 is the conventional R factor includling zero welvht data, Dutd for
these refirements were obtained with a Picker autcmatic diffractometer. There were
2 total of 807 independent data, of which 61 were given zero weight in the calcula-
tion of R1.

SD is the standard deviation of observation unit weight for each refinement.

k' is the extinction correction applied.
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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 assoclated with peak helght refer to the numbef
of electrons. Thils total of 14 non-hydrogen atoms refined
isotropically to 8.7%, and anisotropically to 6.3%.

A difference Fourier was calculatéd;'phased on the an--
isotropically refined positions of these 14 atoms. As anﬂ‘
aid invﬁhe search for hydrogens in S;methoxytfyptamine, the
postﬁlated geometry of the ring hydrogens was graphed into
an ofthonormal 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-
1bgraphic.unit cell, On ﬁhe difference Fourier, peaks rang-
ed from zerb to .36 electrons. The calculated 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.Aand nitrogen atoms expected for hydrogen afoms.

These peaks were all in the range .19 to .36 electrons. The
hydrogen attached to the ring nitrogen had a peak height on
thc diffcrence map of .16 electrons. These 14 hiydrogens .
were added to the 14 other atoms and the structure was re-

fined isotropically to an R factor of 6.19%. When the non-
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hydrogen atoms were refined anisotropicélly and the hydrogens

isotropically, an R factor of 3.32% resulted. A close exami-

nation of observed and calculated 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 extinotion correction was applied,

using the relation Fe¢ = kFobs(l + k'Iobs). The least squares

program  scales the data in exactly this way. In this equa-
" tion Fc is the calculated structure factor for each hkl,

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

servéd‘intensity{ The constant k 1s the linear scale factor

for Fobs, and k' is the proportion of Iobs that must be
added to Fobs to correct for extinction. A graph of
(Fc/kFobs) versus -Iobs was prepared, and the best visually
estimatedlstraight line was drawn through the resulting
points, The 8lope df this line k' was an estimate‘ofithe
magnitude of the extinctlon effect. From this graph kf =
8.3 x 1077, This value was too large and resulted in over-
correction of the Fobs for extinction as Fobs now systema- -
tically exceeded Fc¢ for the intense reflections. A refine—
ment was then done with k' = 8.3 x 107%, This value of k'
resulted in an R factor of 3.06%, but it was hotilérge:

enough to remove the systematlc discrepanclies, An extinc-

tion correction, k', of 3.0 x 10”7 randomized the systematic
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_error in the intense Fobs without overcorrecting. The least

" squares welghting factor P, described in III-B; partially ac-

counts for systematic effects such as absorption and extinc-
tion;"When a proper extinction correction was applied to
the observed data, the fraction P=,05 proved t6 be too large.

The/gg%a were over—weighted and the standard deviation of ob-

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

dingly réduced to .03 ﬁo avuld uver-&eighting the data. for.
systematic errors. |

. The fiﬁal exllinction correction with k' = 3,0 x 10-7
lowered fhe.R factor from the value uncorrected for extinc-

tion of

3.32% to a low of 2.51%. The 1east-squéres-estimated
stahdard deviatlon'of bond lenght on (- distances dropped
from ;OOM to .003. In this final refinement no parameter
shifted by mor;e than 3% of 1ts estimated standard deviation.

Final discrepancy factors are: Rl = 2.51% for 746 non-zero-

welght 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/Fc| or wl/2|AF| 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

‘Thé atohic coordinates of»all the non-hydrogeh atoms are
given in Table III-5, and the thermal parameters of these
atoms épe given in Table III-6. The atomic coofdinates of
the hydrsgen atoms along with their thermal parameters are
given 1n Table III-7. The atomicbnumbering system and bond
distanées are in Fig,III-U4, The observéd an calculated struc-
ture factors for 5-methoxytryptamine aré.given in Table I11-8.
VFirst, the intramolecular aspects of thé'Structure will be
discuéséd. After this, the packing arrangements 6f the mole-
cules will be described.

.Thélmost predominate feature of the S—methdxytryptamine
struétuﬁe is the i1ndole ring. Least sQuares planes were cal-
culatéd through the indole, the benzene,.and the pyrrole
rings separately. Distances of atoms:from thése least
squares planes are shown in Table IIT-§, Atoms given zero
welght in the least squares are indicated with pafenthesis.

A least squares plane through the indole ring giving all

nine atoms of the ring full weight in least squares'show it
to be planar to within .02%. The first member of the side
chain, ©(2), 1s .035% above this plane, and the oxygen, 0(1),
substituent at C(6) 1is —.023 below .this plane. The indole .

14

rings'in glycyl-f~tryptophan, L-tryptophan hydrobromide;l5



Atomic Coordinates and their Standard Deviations (a) for

Table III-5

all Non-hydrogen Atoms in 5—Methoxytryptamine;‘

ATOM
cl1)
c(2)

C(3)
Cla)
cts)
Cl6)

LT
ct8)
Ct9)
C(10)
cill)
N(1)
Ni2)
0(1)

(a) Standard deviations of the least significant digits -

estimated by least squares are given 1in parentheses;

X
.3467(0)
<5789(7)
.68391(6)
.608816)
< 426506)
<4050(6)
.5609(6)
<7384 (7)
.760616)
<8715(6)
<0721(7)
+3332(6)
.9196(6)
<235016)

Y

.3571(3) -
.2923(3)

.3048(2)
«2435(2)
<1572(2)
.1152(3)
«1535(3)
.2375(3)
.283412)
+3782(3)
.0109(3)
<4970(3)
«36661(3)
.0321(2)

z
<9726 (0)
«0040(5)
.1689(4)
«3008(4)

.3189(4)
C4b4T(4)

«5922(4)
«5T65(5)
«42911(4)

- 2241 1(4)

«8763(5)
«5195(5)
«3801(4)

~«4990(4)
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Table III-6
Table of Anisotropic Temperature Parameters (a) and their Standard Deviations (b)

- in 5-Methoxytryptamine.

e
ct
o]
3
(s
|
H
to
n
.
-
R
to
=
ro
o
-
w
o
no
\W§]

C(1) 3.5(1) 4,0(1) 2.8(1) -.3(1) -, 06(9) L6(1

Cc(2) 3.9(1) 4,1(1) 2.9(1) L1(1) .79(9) .1213
C(;) 2.9(1) 3.2(1) 2.9(1) A43(9) .60(9) .15(9)
C(ﬂ)‘ 2.4(1) 2.51(9) 2.7(1) .31(8) .21(8) .02(8)
C(5) 2.7(1) 2.7(1) 2,5(1) .18(8) -.07(9) -.17(8)
C(6) -3.3(1) 3.0(1) 3.0(1) .00(9) L40(9) .16(9)
C(7) b,2(1) h,o0(1) 2.5(1) 1(1) L1(1) .35(9)
C(8) 3.7(1) 3.7(1) 2.7(1) .0(1) -.51(9) -.2(1)
C(9) 2.5(1) 2.7(1) 3.2(1) .25(9) 17(9) ~-.24(9)
C(10) 2.9(1) 3.8(1) . 4,0(1) .2(1) .87(9) JU(1)
Cc(11) 3.8(1) 4,0(1) b,2(1) L7(1) 6(1) -.2(1)
N(1) 2.9(1) 3.7(1) 6.0(2) -.12(9) - -.2(1) ~-1.0(1)
N(2) 2.67(9) 4,0(1) 4,0(1) -.27(9) .13(8) -.11(9)
0(1) 4,14(9) 4,88(9) 3.09(3) -1,19(8) .31(6) .89(7)

(a) Anisotropic thermal parametefs; B; in units of AZ, are'given'by B =‘Uﬁii/g§g§,

Where éi is the iﬁh réciprocal cell length.

(h) Estimated standard deviations are given in parenthesés following the parameter.
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Final Positional Parameters and Isotropic Thermal

.Table III-7

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

5-Methoxytryptamine for all the Hydrogen-Atqms.

ATOM

HL)
H{2)
H(3)
H{4)
H(5)
H(6)
H{T) -
H(8)
H(9)
H{10)
H{ll)}
H(12)
H(13)
H(l4)

e e e e e i

(a) The isotropic temperature faotor hac thc form

X

<3941 7)
2411(7)
L248(4)
«292(5)
<563(4)

L .673(6)
-318(4)

«532(5)
-845(5)
«046(6)
«9721(6)

«969(5) -

«0061(5)
«131(5)

c

X

«501(4)
«449(4)
.300(2)
«354(3)
.189(3)
«3391(3)
<126(3)
.119(3)
2621 4)
415(4)
«433(3)
.072(3)
«067(%)
.0681(3)

T=exp(-B(sinQ/A)2).

Z

«6301(6)
«4551(5)
«027(3)
«8621(4)
«977(3)

"+938(4)

«229(3)
«692(3)
«66314)
e 434 14)
+160(4)
«929(3)
«32014)

.792(4)

B

9.,0(12)
7.7(12)
3.1(5)
4,0(6)
3.6(6)
5.6(8)
2.615)
4.3(6)
S.41(7)
5.9(8)
5.2(7)
4.3(6)
5.4 (8)
4.8(6)

(b) Standard deviations of the least significant digits

estimated by least squares are given in parentheses,
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Table III-8

Observed and Calculated Structure Factors

for 5—methoxytryp£amine.
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Figure III-4

-Atomic Numbering System and Bond Distances
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Table III-9

Distance (ﬁ) 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) C(10) €(9) C(h)
Indole Plane ~-,012 .015 .003 -,010 -,005
Benzene Plane (-.009) (.030) (.016) -.008  .00d4
Pyrrole Plane =,002 .003 -.001 .00k -.004
Atoms c(5)  c6) o) (8 o2 o)
Indole Plane -.004 -.oio .012 .010 (.035) (~.020)

Benzene Plane = ,005 -,010 .006 .003 (.060) (-.021)

 Pyrrole Plane (-.004) (.002) (.040) (.036) (.007) (=.006)
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and inddle acetic acidl6 were all reported as planar to with-
in the accuracy of the structure determinations. In the
most adcurate of these studies, that of indole acetic acid,
the R factor was 18.2%, and the least-squares-estimated
standard deviation of bond lengths was .015 to .022 K. The
least-squares-estimated standard deviation of bond length ‘
in S5-methoxytryptamine is .003 A for C-C distances and .004
ﬁ‘for~C—N distances. Within the accuraCylof these standard
deviations, the indole ring is nOt-planéf; According to |
Cruikshaﬁk, the criterion for significant difference betweeﬁl
two measurements 1s that they be separated by at least three
standard deviations.l’ As we can see in Table ITI-g, N(2),
c(3), and'C(ﬁ) are 4l1 more khan 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
withiﬁ 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 welght only
to the five members of the pyrrole ring N(2), C(10), C(3),
C(4), and C(9) show the pyrrole portion of the indole ring
to be planar within two standard deviations. The dihedrai
angle between the benzene ring and the pyrrole ring is ébqut

one degree, All the atoms of the indole ring and the two
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substituents'O(l), at carbon C(6); and C(Z), at carbon C(3),
lie within .008 3, or two standard deviations,vof the pyrrole
ring plane. The exceptions to this are the carbons C(7) and
C(8) of the benzene portion of the 1nd§1e ring which depart
from the pyrrole ring plane by about ,040 K, or ten standard
deviations, and thus are significantly above the plane.

These results can best be summarized with the following:
The indole ring and its immediate substituents lie in a
common plane except for carbons C(7) and C(8) which lie sig--
nificantly above the plane. A least squares plane through
the two non-planar atoms and thelr immedlate 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.l8 The
substituted naphthalene ring is not planar within the accu-
racy of the structure de’cerminza.tion.l.9

No explanation for the deviation of C(7) and C(8) from
the indole plane is obvious from considerations of packing
or conformation. The closest approach of atoms outside the
molecule to C(7) and C(8) 1s in every case greater than 3 a.

The nitrogen, N(1), in the side chain of the same molecule is
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closest and is within 3.576 and 3.482 R of these atoms re-
spectively. |

Thé anisotrople thermal paraméters for 5-méthoxytrypta-
mine are reasonable, and are sef-forth in Table III-6, The
anisotropic thermal motion of 54methoxytryptamine is also
.éhown in a stereoscopic illustration, Figurg ITI-5. Aé we
‘see 1in thiS‘diagram, the nitrogen N(2). of the ring has the
largest,amount of anisotropic thermal motion;

The carbons C(7) and C(8) certainly db not deviate
enough from the plane to destroy the 1ndéle m electron re-
sonance:system. We would expect all the~b9nds in the indole
ring to be signiflicantly lengthened if this were true, The
average of all bonds in the benzene bortion of the indole
ring in S—methoxytryptamineyis 1.395 + .003 A. All intra-
molecular distances in 5-methoxytryptamine are given in
Table IIT-10, The most acéurate bond distance for the
carbon-carbon double bond in benzene is 1.397 + .001 z.20
The average bond length for the benzene pbftion of 5-methoxy-
tryptamine 1s equal to this most accurate value within the
standard devia@ion. ,

The C(5)~C(6) and C(7)~C(8) bonds are‘sik standard devi-

ations shorter than the benzene average, and the C(4)-C(9)
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Figure III-5

Anisotroplic Thermal Motion in 5<Methoxytryptamine.



- S0%

XBL 704-836



106

Table III-10

Intramolecular Distances (in K) and thelr Standard Deviations

(a) in 5-Methoxytryptamine.

- Atoms

Distance Atoms Distance
N(1)-H(1) .99(5) o(7T)=C(8)  1.372(W)
N(1)-K(2) .92(5) C(8)-H(9) .96(3)
N(1)-C(1) 1.457(4) c(8)~c(9) 1.398(3)
C(1)-H(3) .99(3), C(9)=C(4) 1.404(3)
o(1)-H(k) .99(3) 0(9)-N(2) 1.374(3)
c(1)-C(2) 1.534(4) N(2)-H(10) 96(4)
0(2)-H(5) 1.02(3) N(2)-C(10)  1.368(4)
C(2)-H(6)  .98(k) ¢(10)-C(3)  1.360(4)
C(2)-C(3) 1.504(3) 0(10)-H(11) 1.04(3)
T 6(3)-0(4) 1.439(3) 0(1)-C(b) 1,376(3)
C(4)~-C(5) 1.413(3) 0(1)-C(11) 1.416(3)
C(5)=-H(7) 1.00(2) C(11)-H(12)  1.02(3)
C(5)-C(6) 1.374(3) C(11)-H(13) = .95(3)
c(6)-Cc(T7) 1,408(L) C(11)-H(14)  1.03(3) -
C(7)-H(8) .98(3) |

(a) Standard deviations have been estimated by the method

of least squares and are indicated in parentheses.
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bond is six standard devliations larger than the average., All
the othér‘bonds ol thé benzene portion of the indole ring
are equivaleht within six standérd deviations., The bond
avérage for the 1ndole ring of 1.393 + .063K is not signifi-
cantly.different from that found for indole acetic acid, 6
z-tryptophéne hydrobroﬁide,15 and glycyl—l—tfyptophane.lu

In the pyrrole portion of the indole ring in S-métﬁoxy-
tryptamine, the C-N distances C(9)=-N(2) = 1.374(3), C(10)-
N(2) = 1.368(3) are equivalent, They are shorter than the
average for the pyrfole ring by six standard deViations.
The C(2)=-C(10) bond is also shorter than the avérage by six
standard deviations, while the C(3)-C(4) bond 1s larger by
12 standard deviations. The average for the pyfrole ring 1is
1.391 = .003 K, and the value agrees within the standard de-
viations with other X=ray work.lu’ls’l6

There was disagréement 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 K in glycyl-f-tryptophane was found
to bé significantly shorter than the corresponding bond in
f=tryptophane hydrobromide, and 2-tryptophane hydrochloride
(1.43 + ,02 K).Zl The length of this bond in 5—methoxytryp;
tamine is 1.374 * .003 X. This is near the average (1.37 *
.02 K) obtained by averaging the results of the disagreeing

workers, Pauling believed the C-N'distances in pyrrole were

" equivalent, and calculated a value of 1,42 * ,02 R for them,
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based on electron diffraction data.22 The angular geométry
of the indole ring in S—methoxytryptamine 1s not significant—
lyAdifferent from the results found in the‘structure deter-
minations mentioned above., All intrémolecular angles not
involving hydrogen in S—methoxytryptamiﬁe are shown in Table
III-li; |

The C(5)=C(6), C(T)-C(8), N(2)~-C(9), N(2)—C(10),‘and
0(3);¢(10) bonds of the indole Ping.in'S-méthoxytryptamine
are all Sii deviations or more shorter than the average for
the ring. If this bond-shortening effect 1is dué tb a .concen-
tration of n.electrohs, we should expect molecular orbital
calculations to give high electron densities in the‘regions
near thesc bondo. The frontier eleubfuu density, whic¢h cor-
relates}with 7 electron density, has been calculated for S
methoxytryptamine and tryptamine with:the approximations of
Hueckel molecular orbitalvtheory.23 The concentratioﬁ of w
electron density, listed in decreasing order, is C(10) > C(3)
> C(5) > Cc(7) > N(2) > C(8). These regilons ofbhigh elecfron
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(10) and N(2)-C(10); each bond is 1,368 + .00k A,
These regions correspond to the highest m electron concen-
tration as calculated by the Hueckel method. The X-ray work

and the molecular orbital calculations for 5-methoxytrypta—_



Table III-11

Intramolecular Angles (in degrees) and their Standard Deviations (a)

for all Non-hydrogen Atoms in 5-Methoxytryptamine.

Atoms

N(1)-C(1)=C(2)
C(1)-C(2)~-C(3)
C(2)=C(3)-C(4)
C(2)-C(3)-Cc(10)
€e(4)-c(3)-Cc(10)
C(3)=-C(4)-C(5)
C(3)-C(4)-C(9)
C(9)-C(4)-C(5)
C(4)=-C(5)-C(6)
C(5)=C(6)-C(T)

Angles

115,04(.25)
112.98(,.23)
127.57(.25)
126.63(.27)
105.86(.21)
132.98(.21)
106, 89(.20)
120;13(.21)
117.70(.21)

121.65(.23)

Atoms

C(5)-C(6)=0(1)
C(7)-C(6)-0(1)
¢(6)-C(T)-C(8).
C(T)-C(8)~C(9)
C(8)-C(9)=C(4)
C(8)-C(9)-N(2)
C(4)=C(9)-N(2)
C(9)-N(2)-C(10)
N(2)-C(10)-C(3)

C(6)-0(1)-C(11)

’ Aggles

123.84(.20)
114,51(.25)
121,31(.25)
117.79(.24)
121.40(.22)
130.29(.24)
108.30(.20)

108,04(.22)

110.97(.22)

117.70(.21)

(a) Standard deviatibns of the least significant digits estimated by least

" squares are given in parentheses,

60T
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mine seem to agree in this respect. The average bond
length fbr the 5 ring hydrogens is .99 K. .The difference
between this average bond length and thé most accurate ben-
zene C-H distance, 1,084 + .005 2,20 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'III-lo. ‘The standard deviations on nydro-'
gen bond -lengths range from ,02 ﬁ‘on the best determined
ring hydrogens,‘to .05 K on the primary»amine hydrogens of
N(l). All thermal parameters on the hydrogens are reasanahle,
and have been set forth earlier in Table III-7. The ring
hydrogens do not significantly depart frpm the plane of the
indolé ring. The hydrogens H(8) and H(9) of the puckered
portion of the ring bend upward with thé two carbons, but
the effect 1s not significant within the hydrogen standard
deviations on bond lengths. The angular geometry of the ring
hydrogens is consistent with other accurate work ahd 1s shown .
in Table III-12., Interestingly enough, the average length
of the ofher nine hydrogens was also .99 a.

in the ether side chain at C(6), rotation of thc methyl
group about the carbon-oxygen single bond may be hindered by

C(5). The C(11)-C(5) distance is 2.797 &, and the H(7)-H(13)
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distance is 2.252 K The ether side chain bends down below
the indole ring and points in the general direction of c(5).
The methyl carbon C(11) is 1.04 R velow the ‘indole ring, and
the ether side chain makes an angle of 19,8 degrees with the
indole plane. The internal geémetry of this side chain 1is
about.what one would expect, based on reported values., The
C(6)-0(1) bond (1.376 + .003 &), and the C(11)-0(1) bond
(1.416'i .003 %) are consistent with values found in the Inter-
natidﬁal Tables; 1.36 + .01 K for shofténed oxygen-carbon dis-
tance due to the 1nflﬁence of an aromatic ring,'and 1.43 +
.01 R for aliphatic ca.rbon-oxygen.distance.ml

The C(6)-0(1)=-C(11l) bond angle in 5-methoxytryptamine is
117.7,degrees. This compares well with the angles in 1,4-
dimethoxy benzene (121°) within the standard deviations of
the detefminations.25

The side chain at C(3) in 5-methoxytryptamine may be
thought of as a substituted ethaneg Possiblé'conformations'
for ethane, or better, n-butane, are shown in Figure III-6.
The indole ring may be in the extreme case elther cis- or
trans- to N(1) of the side chain., The rotation angle about
the ethane bond for the substituents 1s 0° for the cis- and
180° for the trans- position, The coﬁformation of n-butane -
may be elther eclipsed, with end-on projection of the C-C
bond showlng only three substituents, or staggered, with all

six substituents visible,
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Table III-i2

"Intramole ular Angles (in degrees) and their Standard Deviations (a) for all

Bonds Invalv*ng "Hydrogen in 5- Pethoxytryptamine.

Atoms égg;gg Atoms égglgg
C(1)-N(1)=-H(1) 102,6(2.3) C(6)-C(7)~H(8) 116.0(1.6)
C(1)=-N(1)-H(2) 104,1(2,3) C(8)-C(7)-H(8) 122.,7(1.6) -
H(1)-N(1)-H(2) 118.6(5.0) C(7)-C(8)~H(9) 121.3(1.9)
C(2)-C(1)-H(3) 107.9(1.4) C(9)-C(8)-H(9) 120.9(1.9)
C(2)-C(1)-H(L) 109.4(1.7) C(9)=N(2)-H(10) 132.4(1.8)
N(1)=-C(1)-H(3) 108.8(1.3) C(10)~N(2)-H(10) 119.6(1.8)
N(1)-C(1)-H(%) 106.8(1.5) C(3)~C(10)-H(11) 126.5(1.8)
E(3)-C(1)-H(4) 108.8(3.0) N(2)-C(10)-H(11) 122.5(1.8)
C(1)-C(2)-H(5) 107.1(1.5) 0(1)-C(11)-H(12) 103.4(1.5)
C(1)-C(2)=H(6) 108.8(1.8) 0(1)-C(11)~-H(13) 111.8(1.7)
C(3)-C(2)-H(5) 108.5(1.4) 0(1)~C(11)-H(14) 115.0(1.8)
C(3)-C(2)-H(6) 109.6(1.8) H(12)-C{11)~H(13) 116.2(3.3)
H(5)-C(2)-H(6) 109.9(2.9) "H(12)-C{11)-H(14) 109.2(3.4)
C(U4)-C(5)=H(T) 121.5(1.4) H(13)-C{11)-H(14) = 101.7(3.2)
C(6)-C(5)-H(T) 120.8(1.4) .

(a) Standard. deviations of the least significant digits estimated by least

squares are given in parentheses,

| 221
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The conformation enefgiesAof'n—butané‘were calculated
by Hoffman using extended Hueckel moiecular orbital theory.26
Thié energy curve 1is also shown' in Figure III-6., The minimum
is for. the trans- isomer. The maximum ié for the cis- isomer.
The energy separation 1s 1.2 e?\qr 27.7 kcal/mole. Notice
that there is also a minimum with a 5éuche, staggered .conform-
ation at a rotation angle of about 60 degrees., The energy
separation bétween this conformer ahd'the:§g§§§f minimum is
.26 ev or about 5.99 kcal/mole.

Thé rotation angle between the fefminal nitrogen N(1)
of‘the side chain and carboﬁ C(3) of the indole ring in 5-
methoxytryptamine 1s 68.3 degrees. The conformation is
thus:stéggered with a gauche orientation, The conformation of
5-methoxytryptamine in the solid state falls into a higher
energy minimum than the preferred ££§g§r arrangement calcu-
lated for the 1salated molecule.

Kier has made a simllar extended Hueckel molecular orbi-
tal conformational analysis of serotonin.2! He found the
lowest energies assocliated with the Ezggg}'configuration
of the terminal nitrogen N(1) and the cérbon c(3). ' The con-
figuration in 5-methoxytryptamine, Aas mentioned earlier,
is a gauche, staggered arrangement with the‘rotation angle
between N(1) and C(3) about the ethane bond of 68,3 degrees.
This conformation corresponds to an energy of about .3 ev
or 6.9 kcal/mole higher than the most stable, trans-

conformation, This estimate of the energy separation
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Figure III-6
Conformation Energles for the n-Butane, and Conformation

Energy bf the Primary Amine Side Chain ian—Methoxytryptamine.
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between the most stable conformation and that found in 5-
methokyfryptamine is 1.0 kcal/mole higher than the analysis
based on n-butane,

As mentioned above, the energy caiculations were made-
using.extended Hueckel mqlecular orbital theory. This theory
works beét for aromatic systems, but i$ on1y sémi—qﬁantita-
tive”for_aliphatic systems. For aliphatic systems, energy
barriefs.are always estimated too high. The estimates are
best for compounds such as ethane, where very few terms, due
to steric repulsion, are added to the energy calculation.
The ehergy gap between the eclipsed and staggered positions
of ethane is calculated to be 4.0 kéal/mole, and is actually
observed to be 25 to 33 per cent less.- This over-estimation
of energy sepafations tends to increase with the complexity
of the molecule until.qﬁalitative as well as quantitative-
errors occur with the branched pentanes.26

Kier also calculated the probable rotétion anglé 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 thelside chain is parallel to the plane of
the indole ring and pointing generally toward.the benzene
ring. When ¢ = 0, serotonin has the highest calculated con-
formational energy. When ¢ = 90°, with the terminal nitro-
gen in the &rans- staggered position, serotonin has the lowest

conformational energy. The energy separation between ¢ = 0



and ¢ = 90° is 1.5 ev or 34,6 kcal/mole when the terminal
nitrogen N(1) is in the lowest energy;ﬁ{ﬂgE? conformation.

The'angle ¢ in 5-methoxytryptamine is;35.8 degrees;
The ethane bond points in the general direction of the ben;
zenelring'and is rotated 35.8 degrees below the indole plane.
This bond conformation corresponds to'an'energy abouﬁ w3 ev ..
or 6.92 kcal/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 most favorable.cése, |
that of ethane. | |

If we assume that the conformation energiles involved
are independent and add1t1ve,g5=methoxytﬁypfaminc njoumes a
conformation in the solid state about.13.8 kcal/molevhighef
than tho moot atable confurmatlon. If we use the more rea-
sonable value for the conformation energy, that based on
n-butane, the energy separatlon is 12.8 kcal/mole. We can
compare this to the highest conformation energy thaﬁ 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—méthoxytryptamine is
20 perceﬁt of the highest conformatlion energy possible ac-
cording to extended Hueckel molecular orbital theory. Sinéé
the energies for ethane were calculated 25 to 33 percent

high, and the percentage error tends to increase in an upward
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direction with the number of steric repulsions, we should
probably reduce the conformationél separation energy of 12.8
kcal/m@le calculated for serotonin by more than 33 percent.

The 5-methoxytryptamine molecuie méves 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 gg'plane, and the
distance between translation equivalentiindole rings is
3.50 X."The nitrogen side chain bends.below the plane of
the riﬁg, with the conformations menﬁioned earlier, toward
the ac plane, Hydrogen bonds are formed with the nitrogen
N(2) of‘the gllde-related molecule translated one unit cell
distance along a, (1 + x, -y, 1/2 + z). The hydrogen on the
ring nitrogen N(2) is donated to the primary amine nitroéen |
N(1) on'the side chain., The intermolecular distance between
N(1) and N(2) is 2.916 * ,003 X, and is the closest inter-
molecular approach in the crystal structure of 5-methoxytryp-
tamine. The angular environment about the hydrogen-bonded
atom N(l) is given in Table III-13, aﬁd Figure III-T7.’

‘In crystalline ammonia, the N-H-N distance is 3.38 a.
The énergy ofvthe 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
distahce in 5-methoxytryptamine is one of the shortest yet
reported for this kind of bond. This distance of 2,916 ﬁ_is

shorter than the N—H—Nigpnd in Adenine-HC1l, 2.99 %; ammonium

b8
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Pigure ITI-7

Hydrogen Bonding in 5-Methoxytryptamlrne,
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Table III-13

Angles (in degrees) and Standard Deviations (a) about

the Hydrogen—bonded Atom N(1),

The Hydrogen H(10) is donated by the Nitrdgeh'N(2) in
the symmetfy—related molecule one unit cell away. Other

atoms are in the same molecule as N(1).

H(1)-N(1)-H(2) 118.6(5}0)
H(10)=-N(1)=H(1) ;22.2(u;05
H(10)~N(1)-H(2) 93.9(4.6).
C(1)-N(1)-H(10) ‘ 111,6(1.1)
C(1)-N(1)-H(1) : 102.6(2,3)
C(1)=N(1)~H(2) 104.1(2.3)

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

(a) Teast squarés estimations of the least significant

digits are.given in parentheses.
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azlde and dicyandiamide, 2.94 3.28 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 streogth'of the N-H-N bond
in s—methoxytryptamine. For comparison, the 0O-H-0 hydrogenv
‘bond,lin ice, 1s 5.0 kcal/mole, ano the 0-H-0 bond 1n acetic
acid is 7.6 keal/mole,29 |

From these considerations, we‘cannsay that up to 30 per
cent of'the excess conformatiohal energy’in 5-methoxytrypta-'
mine can be accounted for by the formation of hydrogen bonds.
Hueckel molecular orbital theory, then, overestimates the
confdrmational energy separations in 5-methoxytryptamine by
a value of between 33 and 70 perceht.

The super-struclure of 5-methoxytry§tamine can be de=-
scribed as pleated sheets stacked along the a direction, held
togetﬁer'by N~-H-N hydrogen bonding between tlhie sheets. Dis-
tance between equivalent planes 1s 3.50 K. The nitrogen N(1)
is 3.30~K below the plane of the ring to'which it is attached,
and is within 2.916 % of N(2) 1in 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 III-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 packing is shown in
Figure III-6, The vlew 1s down the a axis. The direction

of the glide plane 1s along c.
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Figure III-8

Intermolecular Packing in 5-Methdxytryptamine.






The closest 1ntermolecular approach in 5-methoxytrypta-

mine is between C(5)-0(1), 3.“05-&.' The oxygen is.in the
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glide-related moléculé at (x, -y, 1/2 + z). Other close ap-

proaches are between 0(1l) of the methoxy side chain in the.
molecule (1 + x; Vs z); and C(8) of the ﬁolecule (x;y,z).
The distance involved 1s 3.759 &. The C(7) in molecule
(x;y;z);is within 3,73U ﬁ of C(5) in the giide—related mole-
cule at (x, =y, 1/2 +'z)." |
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E. Conclusion

The indole ring in 5-methoxytryptamine'is ﬁot planar
within the standard deviations of the structure determination.
The carbons C(7) and C(8) are warped ouﬁ of the plane of B
the indole ring by 1.6°. No .explanation of  this is 6bvious
from'a.consideration of molecular packing or conformation.
Shorf<boﬁds in the indole ring correlate with regions of
high 7 electron density as calculatedvby Huecke1 moiecular
orbital theory. |

~The nitrogen of the allphatic side chain forms a very
strong N-H-N hydrogen bond with the nitrogen of the indole
ring‘inlthe glide related molecule at~(l+x,-y,i/2+z)._
Formatiqn of this hydrogen bond partially compensates for
the large energy separation between the minimum energy
conformation and the conformation which éctually occurs in
5-methoxytryptamine.

The ap@roximabgohs~pf Hueckel molecular orbital ;hebry“
may substantially overestimate the energy separations

involved.
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Section IV

The Crystal and Molecular Structure of Melatonin.
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A. Introduction’

Meiatonin 1s formed in the_pineal'gland of the human
brain by N-acetylation of serotonin.l- This,ﬁeaction is
folloQéd'by methylaﬁion with hydroxyﬁndolé-Omethyltransferase.2
The formation of melatonin is an added complication in
the complicated biochemistry of serotonin. Serotonin
which‘is acetylated is protected from monoaminé oxidase
destfudtion. The éompound N-acetylserotoninfis excreted
in human ur'ine.3

'The crystal structure of melatonin'was undertaken
in order to provide a sound structural basis for mqledular
6rbitalﬁcalcu1atiohs.~l 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.
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B, Experimental

Thé:crystals of melatonin used in this structure deter-
mination were obtalned as described in III—Q;A Preliminary
oscillation and Weissenberg ﬁhotographs:of an unmeasured cry-
stal had;symmetry and extinctions consisteﬁt wifh.monoclinic
- space g?éﬁp P2,/n. (OkO, k = 2n; hO%, h‘+;§v= 2n). It was
subsequently found that a better choicelof'éell could be made;
and that the preliminary phofographs weréytaken With the cry—'
sﬁal aligned aiong the a* axis of a P2;/c unit oeli. he
crystai structure Qf melatonin was solved in P21/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 cfystal and another crystal (.35>x..27 b'4 .lo'mm) mountéd
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 édéufate determihation
of cell dimensions and intensity measurements., The Picker
Automatic Diffractometer was physically the same as outlined
in Secﬁion IITI-B, except that a molybdenum x—ra& tube wés
used, and the graphite monochromator was set at 12.048°,

. Least squares cell dimenslions were calculated oﬁ the -
PDP-8£fcomputer from the 26 Qalues of 13 well-centered reflec-

tions using the standard program furnished by the Plcker
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Corporatioh. . The molybdenum .cell dimensions for P2l/c were

7.707 + .002; b = 9.252 # ,002; ¢ = 17.077 + .004;

2

B

96.78 + .03; A = ,709261; z = 4,

Calculated density based on these cell dimensions was
1.276_g/cc3, and the experimental densify as measured at room
temperature 1in ethylene chloride, efhylene bromide, and ethyl
acetaté was l.272,3/cc3, which agrees well with the calculated
value, 'The linear absorption coefficieht,lﬁ, fbr melatonin
with molybdenum x-rays was .941 cm~1l and'ﬁt_in‘tﬁe longest di-
rection for this crystal (.35 x‘.27 X .iO‘mm)uwas .033; No
absorptién correciion was made, .

Intensity data was taken throughout the +k reglon of re=
ciprocal space in planes of constant h from -h to +h, All
the molybdenum data in this hemisphere was measured from
26 = 0 to 26 = 40° (sin8/A = ,48222), The scan width, s, was
2.0 degrees, and data was taken at a 2.9 degree take-off
angle;' Definition of s and the diffraétometer scan procedure
was given in I'I-B,

The 006 and 206 reflections were chosen as intensity
standards. The 206 reflection was measured 49 times for an
average intensity of 21552 and an average deviation of 393,
The 006 reflection was measured U48 times for an average in-
tensity of 24313 and an average deviation of 315.

A'total of 2275 reflectlions were»measured. The 450 re-

flection was measured only once due to a machine error, and



132

y Okomreflections were measured only oﬁce._ There were two
measurements of all other indepgndent reflectionS‘as the
Friedel-equivalent pairs hkf, Ekf;'and Hk@;”hkf.ﬁere measured.
Thus, the“2275 measurémentsAwere reduced to lluobindependent
observations after averaging, |

The form of the temperature factors~ﬁséd and thé welight-
ing séheme for least squares refinement Wére given in III-R.
The source of scattering factors used wés g1ven in'I—B. The
Af' and Af" anomalous dispersion correctiéns for the light

atoms in melatonin were zero,



133

C. Solution of the Structure

The crystal structure of melatonin was solved with a
direct method of phase determination. A_Wilson plot of the
data was prepared using a computer program written by Maddox .
and Maddox.u The overall temperature factor, 1.09’3?, calcu-
lated from the Wilson plot, was used by the progfam in the
calculation of the normalized structure factors Ehkl. The
151 Ehkl > 1.50 were tested for sign interactions with a
Fortran computer program written by Michael Drew. Three re-
flections corresponding to é large number of interactions,
high Ehkl values, and linear independence modulé two were
chosen to determine the origin. These reflectlons were ar-
bitrarily,given positive signs, Once the origin was set, all
the other signs wefe functions of the structure alone. A
startiﬁg set of four reflections with a large number of sign
interactions and large Ehkl values were given all possible
combhilnations of:plus and,minus:signS'resulbigg in 16 pessible-
solutions to the structure of melatonin., Signs for the
other Ehkl values based on these 16 possible combinations of
the starting set wére calculated with iterative application:
of Sayre's equétion;swhich results also from the Ly relatioﬁ—
ship of Hauptman and Karle.6 This equation was applied to
the 151 normalized structure faétors Ehkl using a computer

program written by R. E, L,ong.'7



Sayre's equation may be expressed as

_ z .

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 1s over all comblnations where -

B+C=A.
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The three origin determining reflections and fhe four

strucfure invariant reflections which were chosen for sign

permutation are given below, the origin determining reflec-

tions are listed first:

n Ok 1
3 1 11
3 1 8
1 2 6
3 1 5
2 1 -2
2 1 -1
1 4 -3

The quantity M 1s tne number of sign interactions for the

reflection involved, and M ranged from 8 to 51 for the 151.

reflections considered.,

Ehkl

3.09

'2.02} 5
2,46

2.52

5;93

h,11

2.02

M

3.

32
38
30
L9

45

32
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Selection of the correct combination of signs from the
16 sets produced by Long's program 1s aided by a consistency'
index,_C, defined as
B I ER E
{I"A pepec B CI2

(|Fa | |Ec|)

z ol
A=B#C

where the sums are over all paifs B and C for which B+C = 4,
and where { } means the average over ail values of A.

A totally conslistent solution has a consistency 1index
of 1.0,

The program repeatedly applies Sayre's equation in
eycles through the 1list of Ehkl such that{signs predicted at
the tbp of the list are ﬁsed in the preaiction of signs be-
low ﬁntil there are no.changes or additions to thé list,

The sqlution with the correct comblnation of signs usually
correlates witn the nhighest 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 éolu-
tions, consistency indices ranged irom ,50 to .80, and the
numbef of cycles needed to produce an unchanging set of

slgns ranged from 7 to the maximum of 17, Set number 11 had

a consistency index of .80, and sign combinations for the
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151 terms was calculated in 7 cycies. Fér this éolution,
the fourfsign; of the starting sepbwere posltive except for
the 315, and 31T reflections. |

A Fourler was calculated using as terms the 151 Ehkl
with the signs predicted by Long's program. The top 17
peaks on this Fourier corresponded to_all the non-hydrogen
atéms of the melatonin structure. A full matrix least .
oquarcs rcfinement of these 17 aloms wfth f8afropie tempera=-
ture factors gave a conventional R factor of 11.6%, a weight-
ed R, R,, of 13.4%, and a standard deviation of observation
unit weight of 3.417. An examination of the signs of the
calculated structure factors cofresponding'to this refihed
structure revealed that Sayre's equation and Long's caomputer
program had correctly predicted every single one of the 151
gigno.

This structure was refined with anisdfropic'temperature
factors ﬁhrough four cycles of least squares refinement. The
result of this refinement was an R factor of 9.1%, a welghted
R of 10.4%, and a standard deviation of 2.881.

~ A difference Fourler 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 ﬁeaks on this dlflference map ranged from .26 to .51
electrons, and the 16 hydrogen atoms of meiatonin were'émong

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

.hydrogenlatoms anisotropic, and the hydrogen atoms isotropic

temperature factors resulted in an R factor of 3.45%, a

welghted R of 3.4%, and a standard deviation of observation

unit'we;ght .995. All the refinements mentioned above were

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

standard deviation at this point dropped below one, the in-

tense data were overweighted for systematic errors, and the

coefficient p was lowered to .0U4,

‘was
the
and
for

tice

With this revised weighting scheme the above refinement
repeated. The R factor this time was 3.,45% for 808 data;
weighted R was 3;3%, the standard deviation was 1.106,
the conventional R including zero weight data was 5.71%
the 1140 independént reflections. . There was no systema-

1/2

trend in either |Fo/Fc| or 24 AF as a function of 1n-

tensity or Bragg scattering angle., The largest peak on the

final difference Fourler 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-1l, and tﬁe thermal parameters
are listed in Table IV-2, The coordinates of the hydrogen
atoms and(their thermal parameters are.giveﬁ iﬁ Table IV-3.

' The atomic numbering system 1s entirely'consistent'with that'
of S—methoxytryptamine in Section III-D;V For this reason,
numbefing of the hydrogens 1n melatonin is . not entirely se- .
quential., Since there is only one hydrogen on the niLrogeh,
N(1), in the side chain\of melatonin, and two 1in 5-methoxy-

_ tryptamine, tneAlabel H(2) for the second hydrogen on this
nitrogen has been omitted for melatonin. This numbering sys=-
tem, with the interatomic distances in'melaﬁonin, 1s present-
ed in Figure IV-1. Interatomie distancés are given along
with their standard deviations in Table IV—M

The average of all the bond distances of the benzene'ring
is 1.386A. This average 1s not significantly different from
the result found for 5-methoxytryptamine. As in 5-methoxy;_
tryptamine, bonds C(5)-C(6) and C(7)-C(8)‘are significantly
shorter than the average. The bond C(4)-C(5) is significanf-
ly larger than the average. The definition of significance
used and the probable cause of the bondeshorteniné have been
adequately discussed in III-D,

The average of all the bonds 1n the pyrrole ring 1s




Atomip_Coordinates and their Standard Deviations (a) for all

’ Non-hydrogen Atoms in Melatonin.

Table IV-1

l
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CATCM X \
cen <4374(6) -3060(4) -1265(2)
ct2) «629216) <6757(4) .420212)
c(3) .3187(4) .2059(3)  -.0055(2)
Cla) .2388(4) .3953(3) <43841(2)
c(s) .8116(4) <0403(4) .0554(2)
cle) .1182(4) .6102(4). <3777(2)
C(T) «90491(5) -03941(5) +1950(2)
ct8) .1418(5) «3979(5) <2971(2)
ct9) .2138(4) <3265(4) <36501(2)
C(10) <3377(5) «1702(4) «45411(2)
SC(11) .9128(7) <3303(5) <05341(3)
C(12) «597714) .3575(4) <255112)
C(13) .3268(7) «7993(5) <1667(2)
N(L) . 4906(4) < 7658(3) <294412)
N(2) .7280(4) <687614) - .1235(2)
o(L) .0660(3) «7531(3) .37511(2)
0(2) .3862(3) «26301(1)

-e0l44(2)

(a) Standard deviations of the least significant digits

estimated by least squares are given in parentheses.
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. ATCM
cil)
c(29
C(3)
Cta)
C(5)
Ct6)
c(7)
ct8)
C(9)
C(10)
ci1l)
C(12}
C(13%
N(1)
N(2)
g(l)
C(2)

Table IV-2

Table of Anisotropic Temderature Parameters (a) and their Standard

311

- 543(2)
4.1(2)

3.9(2)

3.3(2)

4.1102)
4.1(2)

4.6(2)

4.6(2)
3.91(2)
4,.712)
6.,0(3)
4.0(2)
5.9(3)
5.8(2)
5.6(2)
6.91(2)

T7.3(2)

Deviations (b} in Melatonin.

B22
2.702)

S 3.002)
2.6(2)

2.7(2)
3.1(2)
3.3(2)
4.6(2)
4.9(2)
2.802)
3.4(2)
3.2(2)
2.9(2)
4.1(2)
1.9(1)
3.41(2)
3.6(1)
2.3(1)

833

3.012)
3.302)
4.112)
3.7(2)
3.0(2)
3.5(2)
3.3(2)
T.1(3)
3.302)
3.5(2)
3.1(2)
3.6(2)
5.6(2)
4.001Y)

3.1(2) -
3.5(2) .
2.8(2)

B12

—e1(2)

.22y
-.2(1)

4 (1)
-.0(2)
-46(2)
-ol(l)

L1(2)
-.5(2}
-e4(l])

«3(2)

.01(1)
le4a(1)

«6(1)-

(a) Anisotropic thermal parameters, B, in ﬁnits.of AC

B13
S e212)
L el 2)
.51
.5(1)
61(2)
«31(2)
-4 (2)
212)
«31(1)
«4(2)
<4 (3)
.93(1)
-.01(2)
<411) -
8(1)
.1{1)
.9(1)

, are given by

B = 4B :/a*éﬁ' wheré d*'is the ith reziprocal cellﬁlength;'
g 1372155 21 SAENS L T

R23
oMLY
Jre2y
W3y

-.0(2)

«3(2)
«3(2)
«3(2)
«1(2) -
-.5(2)
-«3(2)
-.4(1)
1.2(2)
«701)
.07(9)

(b) Estimated stendard deviations are given in parentheses following the paramcter.

oyt




Table IV-3
Final Positional Parameters and Isotropic Thermal
Parameters (a) and their Standard Deviations (b) in

Melatonin for all the Hydrogen Atoms.

(a) The isotropic temperature factor has .the form

T=exp(-B(sin 6/A)2).

ATOM X Y Z
H() .502(3) «680(3) .2801(1)
H(3) <656(4) .879(3) .370(2)
HU4) .535(4) <355(3) «103(2)
H(5) <458(4) .103(4) .08812)
H{6) .273(4) <1361(3) .103(2)
HITY .798(4) <410(3) .5061(2)
H{8) .043(4) «591(3) .2601(2)
H(9) c12414) «352(4) «24612)
H{10) . «28214) «131(3) «343(2)
H(11) .6231(4) <57714) .027(2)
H(12) .0221(5) CTL3(4) .011(2)
~H{13) «0451(5) «4231(4) «0681(2)
H(14) .210(5) .824(4) c474(2)
H(15) «323(5) «695(4) «1641(2)
H(l6) «607(5) +335(4) «374(3)
H(LT) .20816) .825(4) <157(2)
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B

1.9(7)

4.7(8)
4.9(9)-
4.6(9)
3.8(8)
3.5(7)

C4.3(8)
543(9)

2.2(8)
4.6(9)

7.2(12)
6.1(10)
6.5(11)
6.5110)
7.8(12)
7.2(12)

(b) Standard deviations of the least significant digits

estimated by least squares are given in parentheses.



Table IV-4 .
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IntramolecularDistances (in K) and their Standard Deviations

(a) in'Melatonin.

c(1)-c(2)
c(2)=C(3)
C(3)-C(H)
c(4)-c(5)
c(4)-Cc(9)
c(5)-C(6)
c(6)-C(T)
C(7)-C(8)
c(8)=-C(9)
C(9)-N(2)
N(2)=C(10)

C(10)~-C(3)-

c(6)- 0(1)
0(1)~-C(11)
C(1)-N(1)

N(1)-C(12)
c(12)-0(2)

€(12)-C(13)

Distance

1L502(u)

1.491(4)

1.426(4)
1.405(4)

1.399(4)

1.368(L)

1.397(5) -

1.368(5)
1.391(5)
1.368(4)
1.,370(4)
1.355(4)
1.380(4)
1;ud7(5)
1.448(4)
1.327(4)
1.235(3)
1.493(5)

" Atoms .

N(1)=H(1)
C(1)-H(3)
C(1)-H(})
C(2)-H(5)

G(2)=H(6)

C(5)-H(T)
C(7)-H(8)
C(8)-H(9)
N(2)=H(10)
c(ld)-H(ll)
C(li)rH(lZ)
C(11)-H(13)
C(11)-H(14)
C(13)-H(15)
C(13)-H(16)
C(13)-H(1T7)

Distance
.84(3)
.99(3)

©1,00(3)

.95(3)
.96(3)
.95(3)
.95(3)
.96(3)
.79(3)
.96(3)
1,01(4)
9L ()
1.01(4)
L97(4)
.96 (4)
9L ()

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

squares and are indicated with parentheses,
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Figure IV-1

Atomic'Numbering System and Bond Distances in Melatonin.
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1.384R. Aé 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) 1is seven'standard deviations
shortervfhan 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 largé frontier electron denslty as calculated by Hueckel
moleéulaf orbital theory. The shortest bond correlates with
the highest density.

The average of all bonds for the indble ring 1is 1.3853}
Thilis value 1s consistent with that found in 5-methoxytrypta-
mine, All the intramolecular angles in the indole ring are
consistént wilthin the standard deviations with the results
of 5-methoxytryptamine., Intramolecular angles not involving'
hydrogen are given in Table IV-5, and all intramolecular
angles 1nvolving hydrogen are given in Table IV-6.

A stereoscopic view of thermal motion in melatonin 1is
shown in Figure IV-2, ‘Thermal.paramefers‘are reasonable,
and they may be found in Tableé Iv-2 for non-hydrogen, and' 
IV-3 for hydrogen atoms, as related earlier, |

ﬁAs'in 5-methoxytryptamine, the indole ring is plénar
within .023, but is not planar within the standard deviations
of thé‘structure determination., Deviations of atoms from

least squares planes in melatonin are given in Table IV-T7,
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. Flgure IV-=2

Anisoﬁropic Thermal Motion in Melatonin. :
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Table IV-5

Intramolecular Angles. (in degrees) and their Standard

Deviations (a) for all Non-Hydrogen Atoms‘in Melatonin.

“Atoms -

€(2)-C(3)~C(4)
C(2)-C(3)-C(10)
- C(3)-C(4)=C(5)
6(3)=0(4)=0(9)

C(4)=C(5)-C(6)

c(u)fc(9)-c(8)
C(4)=C(9)-N(2)
C(5)=C(6)=C(T)
C(5)=C(6)~0(1)
C(6)-0(1)=-C(11)
C(6)-C(T7)-C(8)
C(7)-C(8)=-C(9)

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

125.3(3)
128.6(3)
132.7(3)
107.9(3)
118.3(3)
122.0(3)
106.8(3)

0 121,1(3)

124,4(3)
117.0(4)
121.9(3)
117.1(&)

C(8)-C(9)=N(2)

Atoms -

C(9)-N(2)=C(10)
C(9)-C(4)=C(5)
N(2)~C(10)~C(3)

C(10)-C(3)=C(4)

C(3)-C(2)-C(1)
C(2)=C(1)-N(1)
c(l)-N(l);C(lz)
N(1)-C(12)-0(2)
N(1)-C(12)-C(13)
C(13)-C(12)-0(2)

squares and are enclosed in parentheses.

-131.2(4)
109,1{3)

116.,4(3)
110,1(3)

106.1(3)

113.8(3)
111.0(3)

122.7(3)
120.9(2)
117.1(4)

122,0(3) -




Table IV-6
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Intramolecular Angles (in degrees) and their Standard

4Deviations (a) for all Bonds Involving Hydrogen in Melatonin.

" ‘Atoms

C(12)-N(1)-H(1)

C(1)=N(1)-H(1)
N(1)=C(1)-H(3)
N(1)=C(1)-H(k)
C(1)-Cc(2)-H(5)
C(1)-C(2)-H(6)
C(3)-Cc(2)-H(5)
C(3)=-C(2)-H(6)
C(2)~C(1)-H(3)
C(2)=C(1)-H(H)

H(3)-C(1)-H(H4)

H(5)=C(2)=-H(6)
C(4)=C(5)-H(T)
C(6)=-C(5)-H(T)

0(1)-Cc(11)-H(12)
C0(1)-C(11)-H(13)
0(1)-C(11)~H(1h)

Angles

©118.9(1.7)

118.3(1.7)
108.5(1.7)
105.3(1.6)
107.3(1.8)
108.7(1.6)
112.1(1.8)

- 109.7(1.6)

111.8(1.7)

. 112.3(1.6)
.107.5(3.3)

104.7(3.4)
121.4(1.6)
120.3(1.6)
114.0(2.1)
103.4(2.0)
112.5(2.0)

" Atoms

H(12)~C(11)~H(13)
H(13)=C(11)-H(14)
H(14)-C(11)-H(12)
C(6)-C(7)=H(8)
C(8)-C(7)-H(8)
C(7)-C(8)-H(9)
C(9)-C(8)~H(9)
C(9)-N(2)-H(10) -
C(10)=-N(2)-H(10)
N(2)=-C(10)-H(11)

C(3)-C(10)-H(11)

C(12)—C(13)-H(15)

C(12)-C(13)-H(16)
c(iz)-c(13)-H(17)
H(15)-C(13)-H(16)
H(16)-C(13)-H(17)
H(15)-C(13)~-H(17)

' Angles

111.2(4.6)
116.6(3.9)
99.6(4.1)
118.5(1.8)
119.5(1,8)
120.2(1.9)
122.7(1.9)
125.7(2.1).
124, 4(2.1)

©119.6(1.8)

130.0(1.7)
114,4(2.1)
109.8(2.2)
109.9(2.3)
108.4(4.0)
111.4(4.5)
102,7(4.0)

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

squares and are enclosed in .parentheses,



‘ Table 1V-7
Deviations (in K) of Atoms from Least Squsres Planes in Melatonin.
Atoms. given zero welght in the least squares calculations are indicated with
parentheses.
“C(3) o(lo)  W(2) Cc(9) ek cl5) o) oy o) o) o(2)
Indole = .012 .18 =-,020 =-,007 -,010 =-,01Y4 .Co4 D12 .006 (.,026) (.041)
Benzene (.038) (.042) (-.,008) -.002 ,004 -,004 .G02 - ,001 -,001 (.018) (.078)

Pyrroié‘-fOOl .008 -.012 ,011 -.006 (-.004) (.032) (.053) (.042) (.062) ( )

o() | N(1y c(12) o Ci13)

Acetyl -.002 ~.002 - .005 -.001
Deviation from c(1) - M) e e3 . oo o)
" Indole plane (-.054)  (.166} (.308)  (.618)  (.169)  (.038)

(¢1°) 2
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In S-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 pléne of the ring. Ih melatonin the benzene portion of
the iﬁdole ring is quite planar, and ‘the nitrogen N(2) of the
pyrrole ring lies in this plane. Cafbon§ 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(1l) and carbon
C(2) of the side chains lie significantly above the ring
also, It is not. clear why C(3) and C(10) 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 lle approximately 1n 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 .62K
with the terminal atom, C(13).

The angle ¢ of melatonin is 175.0°. It will be remember-

ed from Section III that this is the angle between the ethane

. bond of the side chaln and the indole ring such that if ¢ =0

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

, The minimum energy conformation in the absence of outside

T
P
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forces'ié with ¢ = 90°, but the energy:separation between
=l909'and ¢ = 180° 1is only 2.3kcal/mole l Within the ap-

proximations of Hueckel theory, these two conformations are
equivalent.8 |

The ether side chalin lies almost eﬁtirely in”thé,plane_
of the indole ring. A-least squares plane through |
C(ll)-o(l) c(6) 1s parallel within one degree to the plane
of the ring. The conformation about the ethane bond
C(1l)=-C(2) is almost perfectly gggg?and.étaggered. This cor--
respéﬁds to the minimum conformation energy expected as cal=-
culated by extended Hueckel molecular ofbital theory. The
possible conformations for C(3)-C(2)-C(l)-N(l) are shown in
Figure:‘III-G. A rotation angle of180° _-between N(1) and C(3)
corresponds to zero conformation energy and the trans~ stag-
geréd configuration, This conformation angle in melatoﬁin
15188.4°, The conformation of the nitrogen—containing side
chain in melatonin is very close to that expected from liueckel
molecular orbital theory calculations, and the energy separa-
tion between the minimum (0.0kcal/mole),,and that found for
melatonin is 2.3kcal/mole. We may'contraét thls value with
the very large separation energy found in 5-methoxytryptamine
of 12.8 kcal/mole.

In 5-methoxytryptamine, thc nitrogen oidewchain.moved
into a higher conformational energy state in order to com-

plete an intermolecular hydrogen bond between N(1) of mole-
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cule (x,y,z) and N(2);of molecule (l+x,-y,1/2+z). The abili-
ty of N(1) to form an N-H-N hydrogen bohd with N(2) is des-
troyed in melatonin by the acetyl group. -

The acetyl group 1is planar as we caﬁ see from Table IV-7,
The angles about C(12) and N(1) are all close to 120°. The
planar acetyl group 1s 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(1l)=C(2) are significautly shorter
than expected for a carbon-carbon single'bond.9 The tetra-
hedral angles about C(2) and C(1) are larger than normal by
about 20, standard deviations for C(2) and 11 standard devia-
tions for C(1l).

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,%) 1s hydrogen bonded to N(2)
in the indole ring of molecule (-x,1/2+y,1/2-z). The dis-
tance of separation 1s 2.903%, and the angle N(2)-H(10)-0(2)
is 163.6%. The oxygen 0(2) of (x,y,z) is alsc only 2.9661%
from N(1) of the side chain in (-x, 1/2+y,1/2-z), and the
angle N(1)-H(1)-0(2) is 161,3°. Thus, both the nitrogen N(1)
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-

cule (-x,l/2+y, 1/2-z).
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These distances and angles for the N-H-0 hydrogen bond .
are in general agreement with those foundvin neutron diffrac-
tion work:10 These hydrogen bonds are Qeaker than the N-H-0
bonds of amino aclds or proteins. The N-O distance for an
N-H-O bond in these compounds 1is 2.79 i..123. The ideal
N-H-0 angle 1s 180°, and for each 6° of deviatioﬂ approximate-
ly .1 kcal/mole of straln 1s produced in the hydrogen bond.lll
' These N-H=0 hydrogen bonds in melatonin with distances of
aboutA2;9K and angles'of about 160° are rather weak bonds.
Also, the nltrogen-hydrogen distance 1$_sometimes used as a
criterion 6ﬂlhydrogen bond strength., If a strong hydrogen -
bond is formed, the nitrogen-hydrogen distance should be
longef, as the hydrogen is donated to the oxygen. The dis- |
tance N(2)-H(10) is .793, and the N(l);H(l)‘distance 1s .84R%,
These are the shortest intramolecular bonds involving hydro-
gen in the whole molecularbstructure;‘buﬁ least squares esti-
mated standard devlatlons on these bond lengths are *+ .03 K{.
Since these estimated standard deviatiqﬁs are the minimum stan-
dard deviations for every structure,.thése short N-H bonds
aré probably not significant within the accuracy of the struc-.
ture determination., | |

The crystal structure of melatonin 1s held together by
a rather Qeak network of hydrogen bonds. The indole ring
makes an angle of 73.2° with the ac plane, and the side

chain in the molecule at (x,y,z) is hydrogen bonded to the
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ring and side chain of the glide-related molecule at (-x,y+1/2,
1/2—z5. “The cloéest non-bonded approach in the structure
not involving hydrogen is 3.758 A. This:ihteraction is

between 0(2) of (x,y,z) and C(13) of (-x,y+1/2,1/2-z). A
| diagrém of intermolecular packing in>me1atonin is shown in‘
Figuré iV—3. A list of final bbserved ahd calculated

structure factors for melatonin is given in Table IV-8,



Figure IV-3

Ihtermolecular Packing in Melatonin.
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Table IV-8

Obsei'ved and Calculated Structure Factgrs' for Melatonin,
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E . Conclusion

The molecular structure of melatonin agrees in many
aspects,with the crystal structure of 5-methoxytryptamine
which waé 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° ., Short bonds in the
indole ring correlate with a large frohtier electron density
as calculated by Hueckel molecular orbifal'theory.' The
shortest bond correlates with the highest pi electron den-
sity. o

In contrast to 5-methoxytryptamine, melatonin assumes
a conformation in the solid state very close to that ex-
pected from quantum mechanical calculationé.f Acetylation
of the primary amine group destroys the'ébility of 5-meth-
oxytryptamine to form a strong N-H~N hydrogen bond. The
N-H-0 hydrogen bonds formed in melatonin are very weak, and
the molecule is able to assume the minimum energy conformas
tion calculated for the 1solated molecule with no ;nter-
molecular interactions. Partial conJugation of ﬁhe acetyl
group with the indole ring may help stabilize thls preffered

conformation.
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Since 5-methoxytryptamine forms such a strong inter- -
molecular bond in the solld state, it seems plausible.that
serotonin, which differs only by a methyl group in the
5 position should also form a strong hydrogen bond., Fur-
thermore; it is reasonable'to assume tﬁétvserdtonin could

. A .12 .
be bound .in the "granules" by hydrogen bonding. This

160

idea is partially suppofted By the fact that serotonin forms .

‘ 13. T
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 theogﬁ of Gaddum 1is pompletely
consistent with the x-ray work, Serotonin could assume
é higher energy conformation in a biological environment
conducive to the formation of hydrogen bonds, and a lower
energy conformation similar to that calqdlated for the iso-
lated‘moiecule in a biological envirdnmenf‘where formation

of hydrogen bonds would be difficult.

It is hoped that these molecular structures will help

those who are trying to plece together the truth of the

serotonin metabolism,



11,

12.

13.

14,
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Appendix A
4.Derivation of the Orientation Matrix éij

The orilentation matrix a for the trial and error com-

=ij
puter;program is a function only of the cell dimensions of
the cr&sﬁal studied and the directioﬁ-cosihes of the‘normal
to the molecular plane relative to the unitary monoclinic
base vecﬁors, gi; 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 ﬁhich the molecule is nearly coincident with, the first
step. in the derivation of the orientation matrix is the def
velopment of an expression fof 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 avalillable, and a few of them are listed in the biblio-
graphy.l'2’3 |

The reciprocal lattice vector g(hi) = Ihysy (1 =.1,3)
wherefhi represents the ith Miller index and 54 represents

the ith reciprocal space base vector, may be dotted with the

direct-epace monoclinic base vectdr set Ei since the direct
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space and the reciprocal space vector sets have the same ori-

gin. The result of this is (1)
cos e, = hi/lg_(hi)l oyl (1 .=:1_,3) . (I)

The direction cosines, cos 51- of a Bragg plane normal rela-
tive_ﬁo‘the direct space vector basis sét‘gi is a function
only of h;, the ith Miller index, and the length of by and
g(hi)f "The length of g(hi) is a well-known property of re-
ciprocal space, and |g(hy)| = 1/d(hi) where d(h;) is the per-
pendicular.distance between the Bragg plénes involved,

It is.convenient to normalize 'che‘g1 such fhat
vy = gd/lgil. These y; are the unitary monoclinic base vec-
tors mentioned in Section II. The vector g(ﬁi) may also be
expressed in this vector basis, and g(hi) = Ingy, (1 = 1,3).
The components, ny, of g(hy) may be expressed in terms of
direction cosines. This result follows if we dot g(hi) with
vy ‘ ;; IRV e .sand Jsoélve the mesulting: set. of-
linear equations remembering that the v, are normalized di-

rect space monoclinic base vectors. The ny are given in (2).

n, =[(cose1 - €05 €3C0s B)/sin2B]|g(hi)|

L

n, = [coseylfa(hy)| : (2)

[(cose, - cose cosB)/sinzﬁ]Ig(hi)l

n3 3 1



164

The expréssion for the ny may be normaliéed with division by
lg(hi)l. The normal g(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 crjstal; This normal 1s
one véctor of an orthonormal vector set into which the geo-
metfy'of'a planar molecule can be graphed. Anothér‘vector :
€1 = IMgy, (1:=1,3) can be defined. This vector can bév
dotted with g(hy) dnd the result set equal to zero. This

is normalized the expression (3)

will give us after e,
Ay = 1/|91|
A, = 1/le, | | (3)
Ay * -[(cose) + cosez)/coss33/lgl|

le;l 7 {Er[ﬁcose_+c05&2)/c0553]2-2(00554+cose2)cosB/qose

1/2
1 1 3} )

If cose3 = 0, the expression for Ai becomes infinite. This

difficulty is overcome by deriving analogous expressions.for

1
involved and branching the computer program to avoid divi-

ki having different cose, in the denomihators of the terms
sion by zero,

The Ai = ay, (1 = 1,3) of the orientation matrix. e
can define a third vector g, = Iu,u, (i = 1,3) such that
g(hy) X 24 = e,. Solution of this vector equation, expres-

sion of the answer in terms of the v,, and normallzation of

1’
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e, glves (4).

—AE - n cosB/sinB

111-
ﬁé = Q sinB ' - (W)
u3~¥.n . cosB/sinB

6A=.(n2l3 - n3k2)

@ = (ngdy - nyhg

n .(nlk - n.A.)

2 271

}and the>required matrix gij is represented in (5).

AY

Ei5 % | M
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Appendix A

2, Fortran Listings
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PROGRAM NORMA(INPUT,OUTPUT’TAPEZ_INPUT’TAPE3 OUTPUT9TAPE4)
DIMENSION HH({50) sHK(50) sHL (50) sRDHKL (50) sDHKL (50) :
DIMENSION COSA(50)+sCOSB(50)sCOSC(50)9A(50)9sB(50)sC(50)
DIMENSION BAT(50) s ANGA(50) s ANGB(50) s ANGC(50)
DIMENSIQNZAI(SO)’AZ(SO)’A3(50)’SUM(SO)’BVFCT(SO)
DIMENSTON 850(50)081(50)’32(50)983(50)OR(SO)95(50)’T(50)9C1(50)
DIMENSION C2(50),C3(50)
IN=2
CLOUT=3
NPUN=4 : :
READ(INs300) AAsBB4CCyoyALPHA,BETA»GAMMA s NHKL
WRITE(LOUTS300) AABByCCyALPHAZBETA s GAMMA ,NHKL
READ(IN»310) (HH{ID)YsHK{TI)sHL(TI)sI=1sNHKL)
WRITE(LOUT»310) (HHIT)sHK(T)sHL{T)sTI=1sNHKL)
PI=3,14159265 )
TWOPI=2.%#P!]
RADCON=P1/180,
CONRAD=180,/P1
ASTAR=1.0/7(AA#*SIN(RADCON®BETA) )
BSTAR=1,0/8RR
CSTAR=1e0/(CCH#SIN(RADCON®BETA) )
BETAS=180,~-RETA
PO 10 1=1sNHKL
BAT(I)-(HH(I)*ASTAR)**Z+(HK(I)*BSTAR)**2+(HL(I)*CSTAR)**Z
1426 0#HH( I ) #HL ([ ) ¥ASTAR®CSTAR*¥COS(BETAS*RADCON)
ROHKL(I)=SAQRT(BRAT(1))
DHKL({TI)=140/RDHKLIT)
COSA(TY=(HH(T)*DHKL(T})/AA
COSB{I)=(HK(I)*DHKL (1)) /RB
COSC(IY=(HL(I)*DHKLI(TI)}/CC
A{I)=ACOS{COSA(I}))
R({1)=ACOS({COSB(I))
C(I)=ACOS(COSC(TI})
ANGA(I}=A(1)%*CONRAD
ANGB(T1)=B(1)*CONRAD
ANGC(I)=C(1)#CONRAD
10 CONTINUE
WRITE(LOUT »4N00) ’
WRITE(LOUT 94190) (HH(I)’HK(I)!HL(I)9DHKL(I)9COSA(I)9COSB(I)9
1COSC(I)sANGA(T) s ANGB(T)9sANGC(TI)eI=1sNHKL)
NO 20 J=1sNHKL
A1(J)Y=(COSAIJ)-COSC(JY*#COS(BETA*RADCON) )/ (SIN(BETA*RADCON)} )##*2, -
A2(J)=COSRI(J)
A3{J)=(COSC(J)=-COSA(J)I*COS(BETA*RADCON))/(SIN(BETA¥RADCON) )#*2,
IF(COSC(U) eFQe0oe) 12915
12 SUM(.J)Y=COSR{JI+COSCI(J)
BSQ(J)=(SUM{J)/COSA(J) ) #%24+1e+1e=2e%*(SUM(J)/COSA(J) )3
1 COS(BETA¥RADCON)
BVECT(J)=SQRT(RSQ(J))
WRITFE(LOUT$395) BVECT(J)
B1(J)==(SUM{J)/COSA(J))/BVECT(J)
BR2(J)=1e/RVECT(J)
B3(J)=14/RVFCT(J)
GO TO 16
15 SUM(J)=COSA(J)+COSR(J) :
BSQlJ)=1le+1le+{SUMIJ)/COSC(I) )2~ 2.*(5UM(J)/COSC(J))*
1 COS(BETA#RANDCON) :
RVFECT(J)=SQRT(RSQ(J))
WRITE(LOUT+395) BVECT(J)
B1(J)=1,0/BVECT(J)
R2(J)=140/8BVECT(J)
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300
310
320
330
340
350
395
4J0

410
475
500
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B3(J)=~(SUM(J)/COSC(J))/BVECTI(J)

CONTINUE

R(J)=A2(J)¥B3(J)-A3(J)#B2(J)

S(J)=A3(J)*¥B1(J)-A1(J)*R3(J)

T(J)=A1(J)%B2(J)~A2(J)*B1(J)
Cl(J)-(R(J)-T(J)*COS(BETA*RADCON))/(SIN(BFTA*RADCON))
C2(J)=S{JI*SIN(BETA*RADCON) :
C3(J)—(T(J)—R(J)*COS(BETA*RADCON))/(SIN(BFTA*RADCON))
CONTINUE ~~

WRITE(LOUT»320) : ~

WRITE(LOUT330) (AL1(J)sA2(J)9A3(J)sJ=19NHKL)

WRITE(LOUT »340) . ' . : "
WRITE(LOUT$350) (B1(J)9B2(J)sB3(J)sCLIJ)sC2{J)sC3(U)sHHIUI)IHKIJ)
THL(J) s J=1sNHKL) o '
WRITE(NPUNS500) (B1(J)sB2(J)sB3(J)sCL(J)sC2(I)sC3{J)sHH(J)sHK(JI)
1HL(J) s J=1 s NHKL) : ‘ ‘ :
END FILFE NPUN

REWIND NPUN

WRITE(LOUTs475) NHKL

FORMAT (6F10+5515)

FORMAT (3F540)

FORMAT (41HTHE COMPONENTS OF THE NORMAL FOLLOW BELOW)
FORMAT (3F10,.4)

FORMAT ( 5X92HRI910X92H82910X’2HB3910X92HC1910)( 92HC2910X92HC3)
FORMAT(6F104431X93F3,0)

FORMAT (1F1043)

FORMAT (4X»s14H 93X 91HK 93 Xs1HL 93X 94HDHKL»5Xs4HCOSA»5Xs4HCOSB,
1 5X94HCOSCs5X s 4HANGA»5X s 4HANGB 95X s 4HANGC)

FORMAT (3F5¢044F10e45s3F10,1)

FORMAT (10HA TOTAL OF+156,23HCARDS HAVE BEEN PUNCHED)

FORMAT (6F104591X93F340)

STOP

END
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PROGRAM OMOO( INPUT,OUTPUT s TAPE2=INPUT s TAPE3=0UTPUT)

IN ITS PRESENT FORM THIS PROGRAM WORKS FOR MONOCLINIC OR HIGHER
SYMMETRYe THE PROGRAMMER MUST WRITE THE SIN AND COSINE FORMULAS
OF HIS SPACE GROUP FROM THE INTERNATIONAL TABLES AND INSERT. THEM :
IN SUBROUTINE FANG., IF MORE THAN 200 DATA OR 30 ATOMS ARE READ IN
THE PROGRAMMER MUST EXPAND THE DIMENSION STATEMENTS OF THOSE
VARTABLES, '
CARD 1(6F10659215) AsBsCyALPHASBETAsGAMMASNDATASNATOM
AXIS LENGTHS IN ANGSTROMS AND ANGLES IN DEGREESe. NDATA IS THE
NUMBER OF DATA READ IN., NATOM IS THE NUMBER OF ATOMS YOU READ IN
CARD 2« (5F10435,110) XORyYORsZORsANGMAX »DELANGsNCOS
XOR»YORs»ZOR ARE CRYSTAL COORDINATES OF CHOICE OF ORIGIN FOR AN
ATOM WITHIN YOUR MOLECULEe. GRAPH THE MOLECULE TO SCALE ON A
CARTESIAN AXIS SYSTEM. PLACE ONE OF YOUR ATOMS AT THE ORIGIN OF
THE CARTESIAN SETe MAKE ANOTHER ATOM COINCIDE WITH SOME POINT
ON ONE OF THESE CARTESIAN AXESe THESE TWO ATOMS DESCRIBE
A VECTOR WHICH THE PROGRAM WILL USE TO ROTATE THE MOLECULE ABOUT
THE PLANE NORMAL. THE MOLECULE WILL ROTATE ABOUT THE PLANE NORMAL
FROM THE ANGLE WHICH YOU DEFINE WITH YOUR GRAPH AS ZERO TO A
MAXIMUM ANGLE ANGMAX IN STEPS OF DELANG DEGREES.

NCOS IS THE EXACT NUMBER OF CARDS 4.
CARD 2Ae (3F10,393110) DELXeDELYsDELZsNXsNY sNZ
THE MOLECULAR ORIGIN IS MOVED THROUGH THE CELL. IN STEPS OF DELX»
DELYsDELZs FOR NXsNYsNZ TIMES
CARDS 3. TAKE YOUR SCATTERING FACTOR TABLES AND AVERAGE THEM
TYPE THEM IN FORMATI(7(F442sF643))

CARDS 4 CONTAIN INFORMATION THE PROGRAM NEEDS TO PRODUCE CRYSTAL
COORDINATES FOR YOUR ATOMS FROM YOUR GRAPHED GEOMETRY. THIS
INFORMATION IS PUNCHED OuT BY PROGRAM NORMA IN THE PROPER FORMAT
AND MAY BE USED DIRECTLY. THERE ARE NCOS OF THESE CARDS.

CARDS 5. THERE ARE NDATA OF THESE. HAVE YOUR DATA TAPE PUNCHED
FROM THIS SFLECT THE CARDS YOU NEED

CARDS 6« NATOM OF THEMs RsTHETASFORMAT(2F10e4) R IS THE DISTANCE
IN ANGSTROMS FROM YOUR ORIGIN ATOM TO ANY ATOM WITHIN YOUR MOLE-
CULE, YOU GET THIS FROM YOUR GRAPH. THETA IS THE ANGLE THAT.
THE NTH ATOM MAKES WITH THE ORIENTATION VECTOR WHICH YOU GRAPHED
COINCIDENT WITH ONE OF THE CARTESIAN AXES EARLIER.
COMMON/CELL/AAsBBsCCyALPHAyBETA»GAMMAZNDATASNATOM
COMMON/SCATER/SLAM(21 ) sFTBLI(21) '
COMMON/HKL/HH(200) ¢HK(200) sHL(200) sFOBS(200)

DIMENSION XEX(30)sYEY(30)sR(30)sTHETA(30)sOMEGA(36)

DIMENSION XU(30)sYU(30)sZU(30)sY0(30)

DIMENSION B1(50)9B2(50)sB3(50)sC1(50),C2(50)+C3(50)

DIMENSION NNN(50) sMMM(50)sLLL(50)9sX0O(20)+20(20)

IN=2
LOUT=3

" READ(IN»300) AA9BB9CC’ALPHA9BETA9GAMMA9NDATA,NATOM

READ(INs330) XORsYORsZORsANGMAX»DELANGsNCOS

READ(IN9295) NXsDYsNZyNXsNY sNZ

READ(IN9320) (SLAM(K)sFTBL(K)sK=1421)

READ(INs310) (BI(L)’BZ(L)’B3(L)9C1(L)’CZ(L)9C3(L)9NNN(L)9MMM(L)9
1ILLL(L) »L=1sNCOS)

READ(INs340) (HH(I)9HK(I)sHL(I);FOBS(I),I«laNDATA)
READ(IN#350) (R(N)sTHETA(N)sN=1sNATOM) :
WRITE(LOUT»300) ‘AAWBBsCCsALPHASBETAsGAMMA,NDATASNATOM
WRITE(LOUT$330) XORsYOR»ZORs ANGMAX s DELANGsNCOS
WRITE(LOUT$295) DXsDYsDZsNXsNYsNZ

WRITE(LOUT»320) (SLAMIK)sFTBLIK)sK=1921) ,
WRITE(LOUT»310) (Bl(L)oBZ(L)yB3(L)9C1(L)ﬂC2(L)oC3(L)'NNN(L)o
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40
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300
310
320
3130
340

350
410
430
440
450
460
500
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IMMM{L) s LLL (L) sL=1sNCOS)

WRITE(LOUT »340) (HH(I)9HK(I)9HL(I)9FOBS(I)9I—19NDATA)
WARITE(LOUT350) (R(IN)sTHETA(N) sN= loNATOM)
P1=3,14159265

TWOP1=2,0%P]

RADCON=P1/180,

NANG=ANGMAX/DELANG

X0(1)=X0OR

YO{1)=YOR

20(1)=20R

OMEGA(1)=0.0

WRITE(LOUT9430) NNN(1)sMMM(1}sLLL(1)

WRITE(LOUT »440) X0 (1)
WRITE(LOUT s450) YO(1)
WRITE(LOUT »460) 70(1)

NO 40 L=1sNCOS

DO 35 N=1sNZ

PO 30 I=1sNY

NO 25 M=1,NX

NO 20 J=1sNANG

PO 10 K=1s+NATOM :
XEX(K)—R(K)*COS((THETA(K)+OMFGA(J))*RADCON)
YEY(K)=R(K)*SIN((THETA(K)+OMEGA(J) )*RADCON)
XUIKY=(XEX(K)I#B1(L)+YEY(K)*#C1({L)})+(XO(M)#*AA)
YUIK)Y= (XEX(K)*¥B2(L)+YEY(K)*#C2(L))+({YO(T1)*B88)
ZU(K)=(XEX(K)*B3(L)+YEY(K)#C3(L))+(ZO(N)*CC)
XUsYUsZUU ARE COORDINATES OF EACH ATOM REFFERRED TO MONOCLINIC
AXES WHICH ARE ONE ANGSTROM [ONG

CONTINUE

SWRITE(LOUTS410) OMEGA(Y)

CALL FANG({XlJeYUsZlJa1l1l)

OMEGA( J+1)=OMEGA (J)+DELANG

CONTINUC

AO(M+1)=XD(M}+DX

WRITE(LOUT 9440) X0 (M+1)

CONTINUE

YO(I41)=YO(I)+DY

WRITE(LOUTs450) YO(I+1)

CONTINUE

ZO(N+1)=20(N)+DZ

WRITE(LOUT»460) ZO(N+1)

CONT INUE :

WRITF(LOUT9430) NNN(L+1)sMMM({L+1)sLLL(L+1)
CONTINUE

FORMAT (3F10e434+3110)

FORMAT (6F10.55215)

FORMAT (6F104591X9313)
FORMAT(7(F4e23F6e3))

FORMAT (5F1043,110)

FORMAT (3F54041F1042)

FORMAT (2F1044)

FORMAT (BHOMEGA 1Ss1F10,1)
FORMAT (19HTHIS IS ORIENTATIONs315)
FORMAT (4HX ISs1F5e2)

FORMAT (4HY 1Ss1F5.2)

FORMAT (4HZ 1Ss1F5.2)

STOP

END

SUBROUTINE FANG(XUsYUsZUsJ)
DIMENSION XU(J)sYU(J)sZU(J)
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DIMENSION X(30)sY(30)s2(30)
COMMON /CELL/AA,BBsCCyALPHALZBETA,GAMMA, NDATA,NATOM
COMMON/SCATER/SL'AM(21),FTBL(21)
COMMON /HKL /HH (200) s HK(200) sHL(200) »FOBS(200)
DI'MENSTION SUM1(39)sSUM2{30)5A(30)sR(30)
DIMENSION.FAT(200) 4SINLSQ(200)sBAT(200)
DIMENSION SUMFO(201)sSUMFC(201) sSFOBS(201)sDELF(201)sSUMDELF(201)
DIMENSION TEMP(200)sSINL(200)sSCAT(200)sFCALC(200)
DIMENSION SUMSFOR{201)sASUM(31)sBSUM(31)
P1=3,14159265
TWOPI=2,%#D1
RADCON=P1/180.
ASTAR=1.0/(AA*SIN(RADCON#BETA})
BSTAR=140/BRB
CSTAR=10/(CC*SIN(RADCON#BETA) )
BFTAS=(180.0-BETA) #RADCON
THIS LOOP CALCULATES ISOTROPIC TEMP FACTOR
DO 5 T=1sNDATA
BAT(I)’(HH(I)*ASTAR)**2+(HK(I)*BSTAR)**2+(HL(I)*CSTAR)**Z
1+2 O#HH (T ) #HL (1) *ASTAR#CSTAR#¥COS(BETAS)
~ SINLSA(1)=BAT(I)/440
TEMP(1)=FXP(=3,0%SINLSQ(1))
SINL(I)=SQRT(SINLSQ(I))
5 CONTINUE
I=1
6 CONTINUE
PO 10 K=1s21
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+1)~-SLAM(KK))) o
I1=1+1
IF(I=-NDATA) 6+6914
SCAT IS SCATTERING FACTOR AND TEMP IS ISOTROPIC TEMP FACTOR
14 CONTINUE
TEMP IS AN AVERAGE ISOTROPIC TEMPERATURE FACTOR FOR ALL ATOMS
PO 20 T=1sNDATA
DO 15 J=1sNATOM
X{J)=XU(J)/AA
Y(J)=YU(J)/RRB
Z(Jy=ZUlJy/cc
SUML(J)=HHIT)I*X(J)+HL( I} *Z (J)+(HK(T)Y+HL(T) )/ 4.
SUM2{J)=HK(T)#Y(J)=(HK(I)+HL(T)) /4, ,
AlJ)Yz 4o*COS{TWOPTI*SUMY(J))I#*COS(TWOPTI#SUM2(J))
BR(J)=0,0
ASUM(1)=0,0
BSUM(1)=0,0
ASUM(J+1)=A(J)+ASUM( J)
BSUM(J+1)=R(J)+BSUM(J)
15 CONTINUE
SUMA=ASUM( J+1)

SUMB=RBSIIM(.J+1)
THIS IS THE UNITARY PART OF THE STRUCTURE FACTOR FUR NAIUM

FAT(1) = SQRT(SUMA#%2 + SUMB¥*#2)

SCAT 1S THE AVERAGE SCATTERING FACTOR FOR NATOM .

TEMP 1S. THE AVERAGE ISOTROPIC TEMPERATURE FACTOR FOR NATOM

FCALC{T)= FAT({T)I#SCAT(I)#TEMP(1)
20 CONTINUFE
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NO 25 I=1,NNDATA
SUMFO(11=040
SUMFC(11=0.0
SUMFO(T+1)=FO3S(I)+SUMFO(T)
SUMFC(TI+1)=FCALC(I)+SUMFCI(TI)
IF(I=-NDATA) 25530530
CONTINUE
CONST=SUMFC(T+1)/SUMFO(TI+1)
WRITE(3+350) CONST
PO 40 L=1,NDATA
SFOBS{L)=CONST#FOBSI(L)
DELF(L)=ABS(SFOBS(L)-FCALC(L))
SUMDELF(1)=0,40
SUMSFOR(1)=0,0
SUMDELF (L+1)=DELF(L)+SUMDELF(L)
SUMSFOR(L+1}=SFOBS(L)+SUMSFOB(L)
IF(L=-NDATA) 40450450 '
CONTINUE
R1=SUMDELF(L+1)/SUMSFOB(L+1)
WRITE(3,+370) R1
WRITE(3+400) (X{JIYsY(J)sZ(J)sJ=1sNATOM)
FORMAT{28HTHF SCAILE FACTOR FOR FOBS [1S5»1F10.5)
FORMAT (15HTHE R FACTOR ISs1F10.5)
FORMAT (3F10,2) '
RETURN
END
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