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X~-RAY STRUCTURE INVESTIGATION OF SOME SUBSTITUTED INDOLES,

- AND. THE X~-RAY STRUCTURE OF 1,1'—BISHOMOCUBANE

S

William G, Quarles

Lawrence ‘Radiation Laboratory and
Chemistfy.Dépértment

University of California.
Berkeléy,fCalifornia

May, 1970

Abstract

The crystal structures of S—methoxytryptamine, melatonin,

and the p-bromobenzoate of l}l'—bishomocupane have been solved

» by x-~ray diffraction methods., A computer. program for_the
 trial and error solution of crystal structures is also de~ -

" - secribdd here,

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

‘'solved to an R factor accuracy of‘5.5% using 990 1ndependent »

manual-diffractometer'data, of which 865 were non-zero.
Standard deviation on bond lengths 1s + .02 3. TheVCOmpoﬁnd
crystallizes in space groﬁp P21/c with g = 6.379vi .COI-K;

b = 26.07 + .005 &; ¢ = 8,443 + .002 B; p=96.87 + .01°;

) = 1.54051 R; Z = 4. Density calculated on these cell




'dimensions is 1.575 g/cc3 and density measured by floata-

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

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

pically. Addition of two extra carbons into one of the cubane
cyclobutane rings causes two of the remainlng cyclobutane
rings to. pucker by 27° from a planar configuration while the
other two cyclobutane rings stay planar within the standard
deviatlons of the determlnation. |

The crystal structure of 5—methoxytryptamine has been
solved‘using a trial and error computernprogram which is
also outlined in this thesis. The compoundicrystallizes‘in

the non—centric monoclinic space group Pc, and

a

P

lated»on the basis of these cell dimensions is 1.242 g/ce3.

6.110 + .002 R; b =9.532 + .003 &; c = 8.831 + .003 &;

I

98;72 i'.Ol°; )== lQSNOSl R; z = 2. The density calcu-

The‘density measured by floatation at room:temperature in
ethyl acetate and ethylene chloride 1s 1. 245 g/cc3 The
structure was refined against the 759 1ndependent 6-28 scan |
automatic diffractometer data, of which_17 were zero to an
R factor of 2.5%. Standard deviations on-bond lengths are
003 3 4 Within the standard deviations of the determination,
the indole ring is not planar. Two carbons of the benzene
portionjare warped above the plane of the ring at an angle of
S 1.6°. 1ysnort bonds correlate with high 7 electron density as
.calculated by molecular orbital theory. One of the shortest'

"N~-H=-N hydrogen bonds yet reported 2,916 3, is formed between

vi .
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the primary amine nitrogen of the aliphatic chain and the
nitrogen of the indole ring, which donates 1ts hydrogen for
the formation of this bond. o

The crystal ‘and molecular structure of melatonin has
been solved using statistical methods and automatic diffrac- :

tometer 8-26 scan data. This_compound erystallizes into :

'space group P21/c, with a = 7.707 i .002 ﬁ; g = g9.252 + .0023;
¢ =17.007 + 004 &; B = 96.78 + .03°; A= .709261 &; z = 4.

‘Density calculated on the basis of these cell constants 1s

1.276 g/cc3, and tne density measured by floatation in ethylé.
ene‘chIOride,'ethylene bromide, and'ethyl'acetate is_l.272"
g/ce3, The structure was refined to a 3;5%’R value against
the lluo.independent data,;of which 808 were non-zero welght,

The indole ring 1is 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 -

" with the dual conformation theory of serotonin.



Introduction

Oné of the most exact and thorough éharactérizations of
a‘moiéCular structure possible results from careful analysis'
of the way a single crysta1 diffracﬁs'i-rays; Standard devi-
atf§£§@§%a¥fn.tb§3 for one of the compounds studied 1n_this
7 thesiSQ “hese highly accurate structures are the result of

improved techniques. Diffractlon dataare collected with the
help of a'computer—contfolled diffractometer; Maﬁy of_the
calculations are done by high~speed computers such as the
CDC-6600, »

This thesis 1is concerned with the application of x—réy
.cryStallography to a precise molecular géometry determinétidn
of séﬁe substituted indoles, and l;&'-bishomocubane. The
thesls 1s divided into four independent sections, each with
1ts own bibliography. |

" The crystal and molecular structure.of l,1'-bishomocubane
is presented in Section I. This compound 1s important in
the study of strained hydrocarbon fing'systems.

The logic and instructions for use of a computer program
designed to solve crystal structures by trial and érror is
related in Seétion II. This program will work best for
moiecules possessing a planar molety with a known_geometfy.'
This computer program was usedite.salveethe%@gystal étruétﬁre'

- of 5—methoxytryptamine. The solution of thils crystal
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sﬁrucfuﬁe is reiatedvin Seotion IITI, Theﬂcrystal of a simi-
lar compound, melatonin,‘or-N—acetyl-5-methoxytryptamine is.
glven in Section Iv; A Fortrén listing of the trial and |
‘error computer program can be found in Appendix A, and the
deriva*ion of the orientation matrix for the ‘program may also .
be found in Appendix A, |

The maJor part of thls thesis 1s concerned with the mole- -
cular structure of subst‘tuted indole compounds, and thus .
these compounds wlll be deseribed more completely here in
terms of thelr role in biochemical metabolism,
| J:Since‘the iselation of serotonin from clotted bloodl
there has been a flurry of scientific activity concernihg the
metabolism and fate. of the indole'alkyl amines. Approximate-
ly 500 papefs were published last year Which treated the 1h-
ternal metabollsm of these interesting indoles.- It would
" he- 1mpossible, obviously, to do all these papers Justice in
a PhD, thesis. I do wish to outline here first the broad
outlines of serotonin metabolism in the human brain, and then
- conslder the possible implications of the molecular structures
of S—methoxytryptamine.and melatonin;

"The essential amino acid tryptophane is hydroxylated in
vthe human brain to 5-hydroxytryptophane2 This hydroxyla-
tion 1s followed by decarboxylation initiated by 5=hydroxy-

, tryptophane decarboxylase, and serotonin is thus syntheéizod

in the human brainJ3  Serotonin is stored after synthesis
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in Vgranules"”morphqlogically similar té pinched nerve end-
ings.u These "granules" are.surrqunded‘by mitochondria con—.
talning mondamineméxidése? | This enzyme Willdesﬁroy uﬁ_
protected serotonin Very quickly. The half—life of serotonin_‘
1n,thé bréin 1s estimated with the use.ofimonOamine 6xidase

6 : B .
Monoamine:oxidase will

1nh151tors'to be 10 to 30 minutes.
oxidize serotonin to S—hydroxyindoleacetic acld. This com=-
pound is excreted in fhe urine, Schizophrehicsnexcrete an
excess of this compound.'7 Serotonin 1s concentrated iﬁ the
hypothalmus, mesencephalon, and pineal giand of the human
brain. Concentration of serotonin in the brain has been.
correlated with many central and important biological effects,
Briefly, serotonin concentration of turnover rate 1S~corre1a—
tedAwith regulation of body temperature,. sleep, sexual acti=-
‘vity, and hallucinogenié activity of 1ndole alkyl amines
such as N,N-dimethyltryptamine, and psiiocih, or 4-hydroxy-N,
'N-dimethyltryptamine. The structural similarity of these
compounds with 5—hydrokytryptamine, serotonin, is obvious.s'
It 1s Impossible to enumerate nere all the pathways of bio-
logical metabolism in which serotonin'has beén implicated
even if we narrow our focus to the human brain. Sévefal re-
views are listed in the Bibliography to Section III, |
One of the most iﬁteresting structural-problems.concerﬁ?

- .ed with the metabollism of serotonin as follows: exactlyfhow

is serotonin stored in the brain unharmed by monoamine



oxidgsé; and structﬁrally thldoes,seerqnin iﬁteraét with
the sérotonin receptér sites to cause physiolpgicél-and‘phyf'
siecal changes.f There are.currenfly no sbecificvideas about
“how serotonin 1s bound or protected from'ménoaminé oxidase.

- Serotonin has beeh shown to interact'specifically with
both'émooth‘musgle.and nerve tissue. Drugs which inhibit
the nérvefinteractions dq'notrinhibit the smooth muscle inter-

: actions@kand vice versa. This fact caused Gaddum to propose
the duéifconformation theory of serotonin»interactionzwith
.receptor sites.d Kier analysed calculated possible éonform-
ations of serotonin as a function of energy, usihg Hueckel
orbital theory. ‘His conclusion was that.serotonin,should
.hdve only one conformation in solu'cion.lO

The urybtal structure of S5-methoxytryptamine is presented
in Section III, and the crystal structure of melatonin or
N—acetyl 5-methoxytryptamine is preqnnted in Section IV of .
this ghesis. The x-ray work 1s completely consictent with
the dual conformation theory of Gaddum. Melatonin crystal-
lizes into the minimum energy conformation calculated by
Kier.‘ On the other hand, 5-methoxytryptamine crystallizes
into a much higher energy conformation. Further disc u=51on
"of sérotonin'metabblism reiatéd to molecular structure can

ce fbund in the conclusions of Sections III and IV,
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Section I

- The X-ray Crystal Structure of 1,1'-Bishomocubahe
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eyelo (H.4.0.02’5.03’8.0u’7) decan-9-01.

A. Introduction -

Since the original synthesls of thelcarbon_cage com=

1 and the publication of its x¥ray crystai'

pound_cubaﬁe;
strudturé;2'thére has been much synthefic:and analytical
work on this serles of cage-type hydrobaﬁbohs; Cubane is an
QctanéHWhich.assumes,ﬁhe shape of a'cube;"Cubane and its |
ahalogués are:interesting model compounds'invthe’stﬁdy of
strained saturated hydrocarbon rings.3

_ Alfhough cubane 1tself 1is crystaliine_at room temper-
aturé; other members of this series arevextrémely voiatile 
liquidé; or near liqulds at roombtemperature;'and dérivativés
which form better crystals are studied invx-ray work. The

names for these compounds are varled. One possible namé.for

~the compouhd studied here is the p-bromobenzoate of penta-

uv A schematic of

. the cdmpound with this numbering system is shown beiow. It

is more convenient for writing to abbreviate this cqmplete

chemlcal name with the common name for the hydrocarbon sug--

gested by Daubeny 1,1? -bishomocubane.5 "This 1s the name

for the compound which willfbe used throughout thisvsectidﬁ..-

P
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B. Experimeﬂtal'

Crystals o%ﬁi fgﬁigggigﬁﬂigiedﬁiﬁgagi%%13£d by Profes— d )
sor W. G Dauben of the cnemistry department here. The crys-' .o
tals were celorless rectangular plates that were largely
transparent to white visible light. They were soft, and
| they cleaved easily and cleanly with a razor blade. These'
Vcrystals are stable in air and show no pronounced tendency
to absorb water, o

Preliminary oscillation and Weissehberg’x-ray photo= |
graphs of a rather large (.43 x .38 x <43 mm) crystal showed”
Laue eymmetry‘and'eXtinctions consistent with space group
P21/¢;\ This crystal was mounted withcthe fiber direction
nearly parallel to the b axis. All crystals of 1,1'-bis-
'homocubane upon which measurements were made were mountedvon
_thih glass fibers with General Electric Number 1202 Clear -
'Industrial Glyptal Varnish. The & and c axes were chosen
_consistent with the extinctionsrules 0kO, k = 2n; hOf, & =
én. A truncated set of Welssenbergs, k =,0—3,“was taken on "
thisvcrystal with unflltered iron radiation. A complete set
of Weissenbergs was taken later on another erystal. The
crystal received a total of 33 hours of iron rad&ation atl
10 ma and 30 kv, and was transferred to a General Electric L v
"vXRD-S manual diffractometer equipped with a Nal scintilla—'

| tion counter, a pulse height discriminator, a molybdenum
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x-ray tube, and a quarter circle nulerian 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 reflection angles for the resol-
ved Kul and Kc2 doublet were measured through a narrow slit
along the h00, 0kO, and Oozydiffraction directions at a2
degree tube take-off angle. During the‘meesurements,‘the

crystal received an additional 20_hoursrof 20 ma, 40 kv molyb-

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

were sensitiye to x-ray damage, and that,the cell dimensions
as well as intensities were a function of this damage.\

As a consequence, the cell dimensions obtained in the
above way, though precise, were not very accurate. They are
listed here for later comparison, All calculations were
based on the high angle Ko, (.709261), and a = 6. 378 003,
b = 26.16 & .01; ¢ = 8.480 £ .004; B = 97.17; Z = . A

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

siderable overlap of diffraction intensltles 1in the counter

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

In order to eliminate overlapping of diffrection peaks,
1onger wavelength copper radiation, which gives,larger dif;
fraction angles for the same lattice spacings was chosen as
more suitable for intensity measurement than molybdenum._'l:

With the same diffractometer set-up as before,'exceot

for a copper x-ray tube and a .,0005 inch nlckel filter,.cell
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constants were determined on another, smaller erystal (. 26 x
27 x 15 mm) - which had less than one hour of 1 ma, 40 kv

preliminary copper x-ray exposure, These_cell constants

were: a 6 379 + ,001; b = 26.070 * .005; ¢ = 8.443 il.062;,

B = 96, 87 Ol A = 1,54051. As a funotionlof X=-ray expo—
’sure, the b and ¢ axes increased in length and the B8 angle |
expanded, Since the crystal was mounted parallel to the b
__axis;iitdwas posslble to obtainvaccurate measurements_of ‘the
“B angle as-a functlion of x=-ray exposure. The damage alsov
resulted 1n an anisotropic reduction of a few diffraction in—
‘tensities which were also measured in the experiment. This
semi-quantitative estimate of damage istsummarized in Tablen

I—lo .

Tahle I-1

Estimate of U40kv Copper X-ray Radiation»Damage in 1,1'-Bis-

homocubane.
B (degrees)a Time (hours) Ahisotrdpic Damageb_
' ' 6ma 20ma .('1002/_100"5)‘ (1200/1'2'00)
96,87 L — o .88 ,85
96,87 5 — ' .88 - > 85
96,89 . 9 - £ 78 .19
96.99 12 5 . .80 .80
97.06 - 13 - 72 ' )

@ gtandard.deviation of 8 measurement t ,01 degree

bIhkl means total counts of reflection hkl measured invten_

seconds minus a ten-second background count measured one

degree lower in 26,

%
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Density. calculated on the basis of the copper cell econ-

stants listéd above was 1. 575 g/cc Density measured by

'_flotation in ethylene chloride and ethylene bromide was

1.560 g/cc3,

In order to reduee damage, the equipment was modilfied

to minimize X-ray exposure._ A ,0005 inch nickel filter was
carefully taped to the x-ray coilimator such that the narrow
~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 crystal was mounted which looked’suitable for'inten-‘

sity'measurements. The filber directionvwas closest to the

Ef'axis;'and alignment on the diffractometer was adjusted

.until the c#* axis of the crystal was approximately parallel

to the phi rotation axis of the instrument.

_ The c¢hi = 90° absorption test showed a 12% variation of
intensity as a function of 360 degree rotation in phi for
the 002 reflection under data-taking conditions of he tube
takesoff angle, and 20 ma, 4o kv x—rays.f The iinear absorp-

tion coefficient, U, for copper x-rays and l,l*—bishomocubane

was 44,1 em™l, and pt 4n the longest direction was .596. The

dimensions of the crystal were (.10 x .10 x .036 mm), and no
absorption correction was made, |

In the preliminary line—ups, the crystal received less

~than one hour of 1 ma, and less than 30 minutes of 20 ma

» ko kv copper radiation. In order to reduce exposure'time;‘”
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all of‘the,backgrounds'were estimated from a curve‘ofi26 ver-

sus intensity, which was prepared for afnumbervof'different

'valuesfof chitand phi. Diffraction intensities were mea-

~ sured atda'ud take-off angle with a stationary crystal? |

vstationary counter‘technique. The.crystal receiVed radia-

'tionvonly during the 10 seconds that each peak was ccunted,

Net intensities'were obtained by direct subtraction of es- -

~timated 10 second backgrounds from the measured 10 second

'point counts for each hkl. A complete set of three dimen—_l

| sional intensity data was taken out to 85 degrees in 26

. (sin e/x = .43855) over a ‘period of 36 straight hours. ‘Thé

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

weseone'measurement for each independent refleCtion.i A total

of 990 1ndependent reflections were measured,cof which 38

were zero and 8%ﬁgzg§intensities smaller than one standard

'deviation of intensity.

Four diffraction standards measured at intervals of

v about 2. hours showed anlsotropic decomposition of between 8

and 16 percent despite the precautions taken to minimize

.1pdamage.f Over the period of time inﬁolﬁed in the intensityl

- measurements, the b axis increased in length by approximate-'
:lj l_percent. |

: All calculations made on l,l?-bishomooubane were carried

out on the CDC-€600 computer. The standard Fourier, Least

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

processing programs sort, blend, correqt_fdr Lorentz and
polarization effects, and estimate staﬁdard deviations for
a11 inpﬁt intehsi£ies such that a cdrrécfed;“Fo5’bbsérvéd -
strucﬁurg factdf is producéd."The Leaéﬁ‘Squares pfégram_'

minimizes the function

~ zw(|kFo| - |Fe|)?/zm|kFo|?

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

served structure factor from the corrected'intensities; k is.

a linééf'scale factor, and w is a weighfing factor. In the

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

refinément w = [cCFb)]fzr ~In’the equatiOns which folldw,
Fo will be abbreviated with F. The quantity 02(F) is calcu~

lated from o(F). Thus, if I < o(I),
o(F) = [a(F2)11/2
and-4f I > o(I)

- o(F)

F - [F? - o(F2)]11/2

" where

1/2

o(I) = [I + 2Ip + (ALp)? + {(8)(1) 121
and

o(F2) = (LP)=lo(I)



.
In the eQuations above o(F), o(F2), o(I) are the standard
deviatieﬁs of the.quantities involved. The symbol F repre-
sents'the obserVed structure factor; I‘fepresents ebserved-"
intensity, (LP) is the Lorentz—polarization correction, Ib'
is the 1ntensity of the background AIb is the uncertainty
_1n the background; S is an estimate of the fraction of ob-
‘sServed. intensity suffering from systematic error.

For the final refinements of l 1'—bishomocubane, S was
Setfequal to 06, and W was set equal to zero for reflections
where I = 0 or I <a(I). The uncertainty~in the background,
AIb,_wag.ten counts, except in the last refinements, whefem_
1t was. twenty counts.

After each cycle; the Least Squares'proéram produeed
the folibwing criteria of fit between-obServed and calculated -

structure factors:
Ry = L(|kFo| - |Fe|)/Z{kFol

' where R; is the conventional R factor. The quantities in-
volvedIWere defined earlier. _The Rl reported throughout this
thesis:does not include zero welght data unless otherwise
specified.- The welghted R factor, RZ; is also produced:byvv

the program.
= {zw(|kFo| - |Fc|)2/zw|kFo|?}1/2

A third criterion of fit is the standard—deviation-ofA
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observation unit weight, SD.
SD =[(ZW(|F0| - ch.})2/'(£_E)]l/2 N

where n 1s the number of data and p is the number of para- -
meters.

TherLeast SQuares program also produced estimated stan-e

- dard deviations of bond distances and angles. These standard

deviations will=be reported throughout this theSis, and are

the 1arger ofvthe two quantities

(282)Y%/(n-1)  or (262)Y2/m

ﬁh&ﬁw‘Ai-is'the difference between the ith measurement and
the average of n measurements, and o4 is the error of the
value estimated from the accuracy of the atomic coordinates.

The temperature factors used are of the form
_iexﬁ(-s + (s1ng8/x)2)
if isotroplc, and
exp(—héB k%6 - 826 - 2nkB.. -2kiB.. - 2ns8. )
€ PRIl 22 33 12 23 13

if anlsotropic. The thermal parameters B, where B i1s a con-

J
of the ith reciprocal cell dimension, will be reported

stant, and Byy where B4 = Asij/az 4%’ and af 1s the length.

throughout the text.

Atomic.scattering factors used were those of Cromer



'tﬁland Mann6 for the non—uydrogen atoms and those of Stewart

*Davidson, and Sim.pson7

for the hydrogen atoms.: The anoma-fftf}
lglous dispersion corrections for bromine, Af' ;"-.96 and

'Af" = 1 46 were those of 6romer.8- The Af' and Af" used *ti?

S for the light atoms were zero.
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Ce. Solution of the Structure

Since there was a heavy atom, bromine, in this-derivaé
tive of'l,l'-bishomocubane, solutionbof-the phase problem
for this case was rather staaightforWard. bThe symmetry-
“equivalent positibns for the space group fé /c; (x,y,z),
(x,y,z), (x, 1/2 + y, 1/2 - 2), (x, 1/2 -y, 1/2 + z) give
both a Harker plane, and a Harker line upon vector inter-
action in a Patterson map. Theiglide plane interactions
between symmetry-related atoms form a line at u = 0, vy
W =_l/2:in the Patterson function. The screw axis 1nter;v
atomle vectors fall in the plane u, 1/2, w. Since the bro-
mine atoms are so large compared with the rest of the scat-
tering materlal, bromine-brdmine vectors were easy to locate.
in thé Harker plane and Harker line, The bromine interac-
tionsv00§urred'in.the Harker plane at u = 0, ? = }50, w = .25,
The relationship between the Patterson'cbordihates and the
crystal coordinates for the Harker_plane at v = +1/2 1is
u = =-2X, W = 1/2 - 2z, The x coordinate of the brominé was,
thergfofe, zero, and the z coordinate was 1/8. In the Har-
ker liné v = ,32 for the bromine interactionvpeaks, 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 le/c result

from centrosymetrically related atoms such that u = 2x,



v = 2y, w = 2%, There were also 1argedpeaks 1n'thevPatter—
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 19 atoms were refined along with the.
bromine atom for 4 cycles of full-matrix least squares with
41sOtropic temperature factors, and unit weights, except for
zero intensities which were given zero welght, thevreflneev
- ment converged to a conventional R off18;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-
neously indexed data. Because of confusion in the choice of
left and right handed coordinate systems, all the hk! data
. was really ik data, and all the hki data was really hkg
| data. |
H When the error of sign was corrected the same structure
'refinedfin 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 l
'appeared. As a check, a Fourier of Fobs was again calculated

phased on the bromine positions. Thls Fourier gave the same
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stfucture as the Fourler based on incorrectly indexed data.

A refinement ofithis structure in the same way except |
for fhe'use of a weighting scheme of tﬁe-form outlined in
I-B with S = .05 gave an R factor of 9.2% and a standard-of-
obServétiOn—unit-wéightr3.534;. With tﬁe same welghting
gseheme, and the bromine plus the two oiygens given anisotro—
pic'temperature factors, the R factor was 7.4% and the stan-
dard deviation was 2;935.

A least'squares'refinement as above; except all 20 atoms
given anisotropic temperature factors, gave R = 7.1% and a
standard deviation of 2.861., A difference Fourler was cal-
eulatéd using the phase relationships of the refined atomle
coordinates of the 20 non-hydrogen atoms from the'7.l% re-~
finement. From this difference map, peaks that were reason-
able distances from the non-hyd@rogen atoms were identified

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

A full-mateix least squares refinement with the weight-
ing scheme mentioned above gave after four cycles of refine-
menﬁ with the bromine and two oxygens anisotroptc, an RifaoQ
tor of 6.3% and a standard deviation of 2,438, Unfortunate—
ly, ‘the hydrogens refined to unreasonable positions, and l
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 serutinized for mismeasurements and mis-punched
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cards. .The mié—punched cards were corrected, and the crystal
wasvput.back on the diffractometer_for_femeasurement of'in-':v
tensities that showed bad agreement of observed and calcu-

lated structure factors. It was found that thévc?ystal had
| decompésed further after it had been takeﬁ off the x-ray
diffréctometer. Intensities were down by about 50% of their
original wvalues., Nevertheless, the badly &greeing data were
remeasured and scaled up to the rest of the data. Most of
the béd agreément was in ﬁhe véry weak,'or the very intense 
data.'iThe Fo for the weak data was systemaﬁicailylhigh, dﬁé
probably to an underestimation of background. The Fo for
the intense da%a was‘systematically low due perhaps to
counter saturation; Reméasurement of'théldecomposing crys—
tal allowed correction of the most serious blunders due to
" mis-set angles, but could do litt1e to improve the bad:aggee—
ment of the weak and 1lntense data. | | . |

 whén the data &ére corrected for these mistakes, a new

vdaﬁa tape was pfepared. The weighting scheme'was changed
to:weight down the discrepancies of thé'weak and very in-
tense data. The constant S, which accbunts for systematilec
errors in intense data, was raised to .06, and AIb, which
affects.the welighting on the weak reflections, was incfeased
~to .20 counts., o
A least-squares refinement with this weightingvscheme

without hydrogens and with all the non-hydrogen atoms given
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Vanisotropic temperature factors gave, after 4 eycles, an R
‘factor of 6, 5% and a standard deviation of 2. 718 The weighta
‘ed R, R2, was 9.7%. |

The rest of the refinements on 1,l'-bishomocubane were
done with this data tape. A refinement-With 3 anisotropic-
atoms, bromine and the 2 oxygens, the 17 non—hydrogen atoms - "
given variable isotropic temperature factors, .and the hydro-
‘gens given a constant isotropic temperature factor of 3 A2

bv gave after 4 cycles an R fac—

tor of 5.3% and a standard deviation of 1.971. The hydrogen
positions still diddnot refine well, Some of thevdistances
dropped to .44 A and others increased to 1.41 A, |

A refinement giving all non—hydrogen atoms anisotropic
temperature factors, and all hydrogen atoms lsotropic temper-
ature factors which were allowed to vary;)gave an R'factor
after’Z:cycles of 4.9%, a standard deviation of 1.932, and
a welghted R, R2, of'6.6%. The temperature factors on the .
hydrogens were again somewhat amazing, ranging from eil'to>
+10. The hydrogens would not refine, and in the final re-
finement on 1l,l'-bishomocubane the hydrogen positions or
temperature factors were not allowed to vary, but structure
factors were calcuiated based on_their probable positions.

The final refinement of 1,l'-bishomocubane with ali
non-hydrogen atomsvgivenvanisotropic-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 3A2 gave an R factor

of 5. 5% for 865 non-zero weight data, an R factor of 6.4% for_

all the 990 independent reflections,'a weighted R of 7 9%,
and a . standard deviation of observation unit weight 2 233.
On this final refinement no parameter shifted by more than :
104 of its estimated standard deviation. No peak on the
'final difference Fourler was larger than .44 electrons.
Examination of individual agreement between observed
and calculated structure factors from this refinement showed'
,that the three most intense Fo were observed systematically_
too low, due most likely to counter saturation, Deletion
of the‘002 111,112 reflections from the least'squares calcu-
lations followed by refinement exactly as above gave a con-
v ventional ‘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 ine

'dividual bond distances dropped by .001;

.
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- D, Discussion of‘the‘Structure"'

The final positional coordinates of the non-hydrogen
atoms are'g1ven in Table i42,.aﬁd'fheir thermal parameters_
are givén.in Table i-3. The hydrogen poSitiohs Qn'the ben- :
zene ringuwefe calculated from known geOmeﬁry. All_Other

hydrogen positions were determined from less accurate diffuse -

'peaks of the difference Fourier. The hydrogen positions

WOuld not refine 1n least squares, but their coordinates'aré

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

distances are shown in Flgure I-1 aloné with the atomic numb-
ering system used for the crystallography of the compound.
Least sduares estimated staﬁdard deviatidns on the Bohd dis—”
tances ranged from .Oli‘to';021, and since theéé estimaﬁes'

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

, taken as a reasonable estimate of the true standard deviation

for the purpose of this discussion.

The average bond length of the lSIbqnds in the 1,1'—bis;'
homocubane cage 1s 1.55 + .023, On the a#erage a carbon- . -
bon single bond length in this pecullar cage compound 1is
about the same as the bond length in a free hydroéarbonff

cahin;g Thils result is conslistent with the published values

of C-C bond distances in cubane,2 1.555 + .0033, in homo-

‘cubane carboxylic acid, 0 1.56 + .03&, and 6,6-ethylenedioxy-

heptachlbropentacyclo(S.2.0.02’5,03’9.04’8)nonane43—cérboxylic

:acid;l; l.SSK,v The average of all the bonds in thé benzene

' ring 1s 1.3HK, a value which 1is not significantly different



‘Atomic Coordinates and their Standard Deviations (a) for

Table I=2 -

all Non~hydrogen Atoms in l--,1'-~_Bishomo.cubamee:z-. A

" ATOM
BR .
0(1)
.0(2)
c(1)
€(2)
C(3)
Cl4)
c(5)
ct6)
c(7)
c(8)
€19
cl10)
ci11)
C(12)
C(13)
C(14)
c(15)
- C(16)
can

(a) Standard deviations of the least significant digits

‘estimated by least squares are given in parentheses.

"

«9957(2)
<476(1)
27712)

«338(2)

«4641{2)
«343(2)

«139(2)

«115(2)
«13212)
«515(2)
«469(2)
«273(2)
«310(2)
«439(2)
«578(2)
«T4112)
«862(2)

.« 821(2)

«665(2)
«537(2)

Ly

-+ 0940215)

«3121(3)
«2561(3)
«3529(5)
«4014(4)
«4522(4)
<4564(4)
<4076(4)
«3553(4)
«4240(4)
«4781(4)

«4835(4)
«4282(4)

«26241(7)
«2237(5)
«2349(5)
«1978(7)
«1480(5)
«13521(4)
«1723(6)

z
+1308(2)

-« 2858(9)
.«399( 1)

-328(1)

«328(1)

«351(1)
«231(1)
.122(1)

" «205(1)

«171(1)

2229013
.109(1)
<047(1) '
.322(2)
277(1)

«200(2)

©J156(1)

.192(1)
271 2)
<317 2)

21
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Table I-3
Table of Anisotropic Temperature Parameters (a) and their Standard Deviations (b)
-/ 1in },1'-Bishomocubane. .

ATOM B11 B22 B33 B12 B13 B23

BR - : 5¢341(9) Se.4(1) 5.17(9} 1.22(6) - «811(6) «19(6)
otl) . 4.0(4) @ 4.0(4) 4.6(%) «4(4) 1.2(3) «6(4)
0(2) . 81T} 2.304) 6.0(5) «714) «5(5) «T(3)
ct{1l) 45T 4.T(7) 4.2(7) -.1(7) l.2(6) -.215)
ct2) 3.5(6) 4.41(8) 3.8(7) ~1.3(6) -.8(5) «4(5)
c(3) 8.11(9) 3.5(T) 4.2(7) -.8(7) 2.1(7) -1.4(5)
Ci4) 3.8(T) 3.917) 5.8(7) 1.0(5) 1.2(6) . «2(6)
c(5) . 2e91(6) 3.7(7) 5.3(7}) «9(51) «6(5) -l.4(6)
c(e) 4.5(T) 2.7(6) 5.0(7 =+5(5) «5(6) -.9(5) -
ctny 2.8(6) - 3.8(7) 4.7(T) ~e4(5) - «6(5) -+2(5)
C{8) 5.6(8) 3.5(7) 4.91(7) -2.21(6) ‘1.1{(6) ~<3{6)
ct9l 4.3(7) 4.2(7) 4.4(T) -«11(5) «4(6) - <8151}
c(10) . 4.51T7) 3.3(6) 4.9(7) «4(5) 1.8({6) -«5(5)
c(11) 4.5(10) = 9.3(13) 3.2(7) -4.8(9) ~e2(6) 2.7(7)
c(12) 3.6(8) 4.7(9)  4.917) 3.7(8) ~+5(6) -2.21(7)
C(13) 1.7¢6) 5.8(8) 7.0(9) ~e3(6) 2.5(6) «3(6)
Cli4) 2.117) 6.5(9) 5.5(7) -e31(7) 2.0(5) 4T}
C(15) 2.2(6) 4.8(9) 3.8(7) . «3(5}) - «6(5) 1.2(5)
cl1e6) =~ 6.218) 1.9¢(7) 6.1(8) 1.218) 231 7) : <6} -
camn 6.6(9) 3.1(7) 6.1(8) -1.2(7) - 2.316) 2.01(6)

N K

(a) Anisotropic awwwimw.vmwmsmamwn._w- in units of A“, are given by B = :th\wwwm.,

where a} is the ith reciprocal cell length.,

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

Yol
L



Table I-U .

Atomic- Coordinates of the Hydrdgen’AtomS:ih’l;l'-BiShomo-'

cubane K
H() L2670 C.3520 L4330
H(2) - - .6100 | 4050 4000
H(3) .3100 L4700 - L4400
CH(W) ‘ :.' | 0 ,. 4700 2500
H(5) . .9630 | Lh160 . L0960
H(6) . .0210 ©.3320 0 .1bko
H() L0740 .37200 L3060
H(8) .6400 4100 . .1200
H(9) - .5540 ,. | .5106 _ 2370
H(10) '. 2300 5100 | .0200
H(11)'.'. " 4100 ;0800 . 4600
H(12) 7868 .27el L1720
H(13) 9949 B .2056  .0940
H(W) 6242 0976 .2962

H(15) .3927 L1658 L3794

¥Hydrogen coordinates are estimated from the difference
Fourier; except benzene hydrogen coordinates afe calcu-.

lated .from known geometry.



| | j Figure 1—1’
Atomic Numbering System and Bond Distances in 1 l'-Bishomo-f'

- cubane.f_
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Table I-5
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Intramolecular Angles (in degrees) and. their Standard

Deviations (in parentheses) of ‘1, 1'—B1shomocubane

- C(1)- C(2)
C(2)=C(3)-
- C(3)-C(L)-
C(4)-Cc(5)~
C(5)=-C(6)-
c(6)=C(1)~

Bengzene

[0(12)-0(13)-0(14)-0(15)-0(16)-C(17)

Br(1)-C(15)-C(16)

'Aggles
116.5(1,0)
111.7¢ .9)

- 109.7(1.0)

- 117.6(1.0)
109.9( .9)
112,0( .9)

Atoms v Angles
C(12)=C(13)=C(1l) 119.7(1.6
C(13)-C(14)=-C(15) 120.0(1.6
c(14)-c(15)-C(16) 122,4(1.6
C(15)=C(16)-C(17) . 119.2(1.5
C(16)=C(17)-C(12)- 118,2(1.6
C(17)~-C(12)=-C(13) 120.5(1.6
Cyclobutane
[C(3)-C(8)-C(9)-C(H4)]
. Atoms v Angles
-0(3)—0(8) 0(9) 91,8(1.0)
Bromine-
_Atoms Angles
~+ Br(l)-C(15)-C(14) 120.4(.6)
117.2(.6)

| EC<2)—C(7>-C(8)70(3)j'f_"'
‘Atoms : Angles
C(2)-C(7)-C(8) 90.4(.9)
C(7)-C(8)~C(3) 86.8(.8)
C(8)-C(3)-C(2) - 89.3(.9)
€(3)-C(2)-c(7)  86.4(.8)
Cyclobutane
- [e)-c(5)-c(10)-c(9)]
Atoms | : Angles

) C(4)-C(5)-C(10) 86.3(.8)

) C(5)=C(10)-C(9) 91.3(.8)

) C(l0)=C(9)-C(L) 85.4(.8)

g - 0(9)-0(4) -€(5)  90.2(.8)

) .
chlobutane.
[0(7)-0(8)—0(9)-0(10)]
"Atoms "Angles
C(7)-C(8)-C(9)  92.6(.9
C(8)~C(9)=-C(10) 89.7(.9
C(9)-C(10)-C(T) -89.2(.8
C(10)-c(7)-C(8) 88.5(.9

" Carbonyl )

" Atoms " Angles
C(12)-C(11)-0(2) 127.3(1.2)
C(12)=C(11)~-0(1) 118,8(1.2)
C(11)=0(1)=-C(1)  121.,2(1.2)
0(1)-C(1)-C(2) 106.2(..8)
0(1)-C(1)~-Cc(6) 110.5( .7)
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within the standard deviations from the established value
for the Cc-C double bond distance. All the other bond dis—-
tances.agree within‘the standard deviatione with the.uell-
established-velues published in the internaﬁional'Tebles.gi'

All tﬁe thermal parameterS'of l,l‘?biehomocubane'are
giwéﬁﬁih.Tab§e2fAn ORTEP12 thermei eliibédid'stéreo repre-
sentation of thermal motion is shown in Figure I=2,.

The most interesting part of this structure is the an-
dgular conf;gurations of the carbons in the rings of the cage.
Intramolecular angles for the hydrocarbqu‘rings, and ell the -
aﬁemsﬂof the structure are given along with their standard |
deviations in Table I-5. Reference to the drawing of the
compeund'in Figurevi—l will be helpful in interpreﬁing.Table
rs. | _ :

The average of the four aﬁgles inethe cyciobutane-riﬁgs
1s: (3-8-9-4) 90.0°, (7-8-9-10) 90,0°, (2-7-8-3) 88.2°, and
(H-S;iO—Q) 88.3°. The average angles of the cyclobutane .
rings in cubane are all 90° and the cyclobutane rings are -

- all planar.2 Least squares planes through cyclobutane riuge
v(3-8—9-4) and (7-8-9-10) show these two rings to be planar-
vuithin ﬁhe standard,deviations of the structure"determinatiOn.
Deviations of the atéms in the variousurings of-l,l'-biehqme-4
'cubane'from least squares planes-drawn through the rings are
}given in Table 1-6.‘ The angles 10-9-4 and 4—5-10,of_qyclo-f’
butane ring (4-5-10~9) are significantly'smaller‘than'90°.
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} Figure I-2

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

=31ﬂ.

' Déviétion of Atoms 1in Angstroms from Least Squares Planes.'

Atoms -

: Distancef‘

Atoms"x

Distan¢e 

Atoms - ’

Distancé_

AtomS-  )

Distance

Atoms o

Distance R

Atoms '

Distance

JC
.005 ,fc006
c(3) o)
.004 - -.004
c(2) - c(3)
© -.000 »1 .000
c(2) c(1)
.007 . -.00k
c(2) c(3)
.134 -3k
o c(b) c(5)-
.133 -.136

: C(B)

5j7g(9)' 

- .006

©6(8)
© _.00k

C(M):~

.000

c(6)

.004

c(8)

«135

c(9)
-.133

c(10)

_0.0.05

c(9)
+004

c(5)

- .000

c(5)

- -.007

(1)

-“0135 B

¢(10)

.136
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This constriction in the cycldbuténe ring~resu1ts_in a deﬁia-
tlon ffoﬁ'planarity‘and.a puckered ring._-The same 1s trué
for angles 7-8-3 and 2-3-7 in cyclobutaﬁe‘ring (2-7-8-3),
Cycldbuténe'ring (2=7-8-3) is puckered such that thévdihedralv
angle béfﬁeen‘piaﬁeé tﬁrough 7—8Q3-aﬁd 7-2%3 is 27.9°.” Simi-
lérly;_the cyclobutane ring (5-10-9-4) is‘puckered,,the'car—
bon C(S)bis 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 bf'the strUctufe determination,»these two rihgs are
puCkeredbthe same amount, ”
The cyclohexane ring 1n l,l}-bishémogubane is'flattened
comparéd”to its configuration in an unconstralned cyclohexane
ring. The average for the six angles of the cyclohexané ring
1s 112;90.' This average 1s signiflcantly larger'than.the |
tetréhedral angle'of the unconstrained'ring. Most of ﬁhe
cycloheiane ring distortion is about carbons C(5)vand.C(2).
The angle 4-5-6 1s 117.6° and the angle 1-2-3 1s 116.5°.
_ Carbbns}2—3—4#5'of the cyclohexane ring are:coplanar as we
see 1n Table I-6. -Carbons 5-6-241 of the cyclohexane 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°. Thevsections of the ring
are within 48,3° or a'éoplanar_cqnfiguration. _
The planar cyclobutane ring (7-8-9-10) is almost paral-_‘

lel with the planar portlion of the cyclohexane ring 2-3-4-5,
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The diﬁedral angle“between these tw0'planes is 4.6°. ‘This

'cyclobutane ring (7-8- 9 lO) is almost perpendlcular to the

planar cyclobutane ring (3-4~-9-8), and the dlhedral angle’

_ between the two planes is 86. l° The planar portion of the
cyclohexane rlng (2-3-& 5) is also nearly perpendlcular to
’cyclobutane ring (3-& 9-8) and the angle is 89.5°.

A 3 .dimensional representatlon of the intermolecular
packing in 1, l’~bishomocubane is shown in Figure I-3. The
closest 1ntermolecular approach not 1nv01V1ng hydrogens was -
3. 53A between ¢(11) and C(13). Other close symmetry-related
approaches between the molecules of the unit cell were
c(12)-~ 0(2) 3. 56A c(9)-Cc(8) 3. 6OA, C(ll) 0(2) 3. 63A and
c(3) Br(l) 3.63%.

A list of . observed and calculated structure factors for

thisvcompound is given in Table I-T7.



Figure I-3

Intermolecular Packing in 1,1'-Bishomocubane
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Observed and Calculated Structure Factors for 1,1'-Bishomoe

cubahe},

Table I-T7
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E.,Conélusion‘

»The carbon—éarb0n distancesgin‘ail the rings of the
hydrocérbon cagé of 1;lf—biShomocubané_are,,6nvthe'averégé,'
no different from the carbon-carbbn single bond diétance-ex-_
peéted for the unconstrained rings., A similar result was .
found for cubane. | |

"Alivthe cyclobutane’rings in cubané‘were plénar'and
‘mutually orthogonal. Addition of two extra atoms into one
of the.cyclobutane rings causes two of the remaining four
cyclébutane rings to pucker from a planar configurafion;by
ébout 27°. The other two_cyciobutane rings remain planar
»énd @ﬁtually orthogonal. The consecutive atoms 2-3-4-5 of
-the*cyclohexéne ring formed by thils addition of two extra
atoms.into a cubane ring 1s planar and perpendicular to the
cycldbutane ring (3-4-8-9).

Cdnstraint within the cage causes the cyclohexane ringi
to_flatﬁen. - The average of all the angles in the cyclo-
héxane'ring is 112.9°, The two planar portiohsbof the cyclo-
hexanegfing are folded toward each othér and the angle of

separation 1s 131.7°.
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A, Introduction“

lnbthis section there is outlined'the.useiand logic of
a. computer program which can solve the crystal structure of
a predominantly planar molecule by trial and error.- The de—
velopment ‘of this program follows a path of 1ogic which has
- its basis in practical crystallography.:'A useful starting
point for ‘the structure determination of a planar molecule
by trial and error can be the Juxtaposition of the molecularj‘
plane with a given Bragg reflection plane, This Juxtapos15.
”tion is a.useful starting point because a planar moleculev
gives a Patterson function for Which all the interatomic
Vectorsvwithin,the molecule.lie on a diSk,l The orientation
of this.disk in vector space 1s the sane as'the Bragg orien-
'tation'Of the planar moiety of the molecule under considera—
tion.2 The orientation of the molecular Pplane can be ex<:
tracted from the Patterson function.‘-For example, if_the‘
disk emanates from the orlgin in vector space at (0,0QO);
and‘remains parallel with the a, ¢ plane, the probable orien-
tation of the planar molecule is coincident with the OlO |
d1ffraction plane. |

The program is extremely useful if the orientation of.
the molecular plane can be deduced, and if the number.of '

‘possible positions of the molecules within the unit cell'Can



be limited.. in competitionvwith Other‘methods,‘a trial and p
error‘program of this t&pe is most succeSSful for .the solu-
tion of structures in non-centric space groups. ‘V h—héavy
atom problems in non-centric space groups can be ‘solved by.
direct methods only through excessive use of computer time.
A trial and error program of the type outllned in this
section works best in exactly these cases because the number
of parameters is llmited.v Use of thlo program is outllned_v
in part B of tnis section, and analysis of cases from the
literature for which one could expect 1t to work well is
given in part C. Use of the program tu sclve the crystal
structure of 5-methoxytryptamine is given in Section III,
and aibortran iisting along withpthe derivation of the ori-
entatiom matrix is given.ih'the Appendix,.lln its‘present _.
form the program WOrks for space groups in monoclinic or ‘

higher symmetry.
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B. Use of the Program

'The use of this program is qﬁite simple. A1l the neces=-
sary work involved in setting . up the program for .a specific
case, and a brief outline of the logic is set forth here to
aid those who wish to use 1t. |

sThe first step is to look at‘your‘sﬁructure and ohoose
one of'your atoms as‘an origin. The atom shoula be rather'
centraily located; With this atom as origin, the part of
the sﬁructure having known geometry is graphed»onto polar.i

coordinate paper. Then, choose another atom of the structure

“such that a vector drawn from the origin to this second atom_'

defines Simultaneously the positive abscissa of an orthogo-
nal coordinate system and the zero angle of the polar coordi—
nate system. The position of the Nth atom of the struoture
can now be described by its distance in Angstroms from the
origin, r,» and the angle'en between the positive abseissa
and the vector R, from the origin to'this Nth atom. These :i
two Qariables, rh and en, for each atom of your.structure |
are inpﬁt intc the program on data cafd'G. An example of
this graph for 5-methoxytryptamine isishown 1n'Figure II—i.

The program transforms each vector R, first into an

' orthonormal basis ses gd such that En‘= Zngd'(j = 1,2)

where vy = r_ 6osb, and v, = r, siné



Figure I1- 1 o

Graphical determination of rn and’e for 5-methoxytryp-

tamine.- Approximate geometry of the indole ring is,'r

from the crystal structure of indole acetic acid 3
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' The vector R is then represented as.a linear combination of .
unitary monoclinic base vectors such that Bn.= Zuixi (i=1,3)

"and uy =izéij VJ

(1 =1,3; § = 1,2). |

The components of R s ui, in‘this'system are further
transformed into crystallographic coordinates, Xy with di—
vision by the cell dimensions, and x4 = ui/lb [, where by is
‘the ith direct space cell dimension. |
, The second step in the use of this'program-is to,deCide
with which Bragg diffraction plane your molecule is coinei~
dent. In general, Bragg planes can be deSCribed by the num-
bers hkl, which are‘related to the direction cosines of the'”
angles which the Bragg plane normal makes ‘with the crystal
‘ co-ordinate axes. The orientation matrix, 243 is a function'
of these direction cosines,vthe angle'B,of the monoclinic
'axis‘system, and the'cell dimensions of the crystal.

The. orientation, hkl, of the.molecular plane may be de—
duced from the Patterson function. Also;'tne_orientation of
the molecular plane may correspond to a high Ehkl COeffifi«
| cient;u‘ | | | |
| ‘The derivation of the orientation matrix, éij isdgiyenv

in the_Appendix to aid those who might.want to extend the ap-

_ plication of this program to the triclinic case or alter
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tﬁis matrix in any wéy. The matrixvgij.ié'prqduced on a2
punéhed?card in the proper format by prdgfam_ggzgg.v The
input necessary for the production of tﬂis matrix is the
hkl of the Bragg plane into which ydﬁ'propbse to place

your mbiecule and the cell dimensioné éf'your crystal.
Triaifénd error can be done 1n'up to 50 Bfagg piéne‘orien-.'
tations'éimultaneously. A Fortran listing'Oprrogram‘ﬂggmg
as welllas-the trial and error programigggg is giVén in thé
;iAppendiX. :The‘orieﬁtatidn.matrices gijlfor evefyZCaSe you
wish'tq try are loaded as cards 4 in the trial and error |
prbgram;

Thé observed structure factors, Fo; for your crystal afe_
input .as data cérds 5. The format is in the program iiSting.
These cards may be produced mos t easily by having your data
.tape punched directly into éards by theFCGmputer. Selectioh
of data 1s the most eritical factor iﬁ'the trial and‘error_
-approach, Any selection of data should,héve a'lafge numbef
of iow 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 ChOiCé‘
‘in‘the'solution'of the structure of Bemethoxytryptamine; ast
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_



_give more lee-way for error in the approx mate p031tions 1n
the Rifacuor test.Ll |

VAnother possible means of'sélectingve sample of the.
data-for,the trial and error'progran'is to choose_Fo |
corresponding t.0 high Ehkl values.r Une would expect.norc
structural information pertaining to the position of a. mole
cule plane in these numbers as high Ehkl values correlate
“with a number of atoms scattering in phase.u |

Yet another way to supplenent the low angle data, which
are the bacxoone of this trial and-error procedure, is to
pick‘data cérds at random out of'the deck oonbserved struc—
ture fectors. This tends to reduce the effects.of possible
systematic errors introduced by the othcr twe methods At
present, up to 200 data can be loaded on cards 5.

-Besides ry and 8 n? which are estimated graphlcally, the
orientation matrix, a 2445 which is produced from crystal cell
dimensions and a choice of the orientation numbers hkl byr
| program Norma; and a choice of up to 200 observed structurer
factors, FO; the program requires the average scattering-
factdr'fOr your compound as a function of sin6/A. The aver-
ége_scattering factor 1s used 1n the calculation of calcu-v
'lateddStructure factors, IFCI; The form of the structure
factor used by the program is |

|F

=P Y 211/2
el = reth(zA)" + (2BL)7]



Hf
where F_ 15 the magnitude of the caléulated structure factor,
% is the average scattering factor for‘fhe r}atbms of the |
‘unit cell, E is an overall éverage isoﬁfopic temperature
factor for the r atoms, and A, and B, are‘periodic_fuﬁctions
of the position of the rth atom in the.unit cell, The forms
of A and B depends uponithe space group énd choice of'origin,
and the specific form of'A andiB for the problem‘at hand

must be written into Fortran by the user. These coefficients

are listed for all 230 space grdupsvinftpe International

Tables fof X-ray Crystallograth,,Volume_I.5 For le/c,

B =0 and

A, = hcos2m(h xr+lzr+(5%£)) 0032"(kyr _(g%;))'

‘Specifically £ exp(-B - singé/kz) wheré‘B is a constant.
Unless otherwise indicated, the program will use a value of
B = 3A2 for the Qverall thermal parametér. The average

scattering factor 1s defined a36
f=3f /N
nn

’where'fn 1s the scattering factor of- the nth atom in the unit
cell and N 1s the total number of atoms. The calcuiated
structure factor |Fg| is produced for each of the observéd

structure factors, ¥_., on data cards 5, and a linéarjscdle'»

@)

factor k is calculated such that
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k= z|F| (1%,

Allfpossible orientations of a planer_molecule'iu a v
'cryStallographic unit cell can pejproduCed by various'com—t'
biuationsvof Bragg orientations set by the_matrix aij;viterf
ative’choiCes of the positional parameters (x,y,2) of one
atomsfihtthe unit'cell,uand moleculer rOtatious'about_the
Bragg piane normal which paéses through the each chosen
molecular'origin (x;y,zj. The program has a nest of 5 Do
‘loops which controls this iteration. ‘For'each triel"orien;[
tation of the molecular plane, the program calculates atomic
coordinates for the input structure in the proper crystallo—
graphic cell, calculates structure factors, scales the F, to
the |F.|, and prints out the conventional R factor for the

orientation involved where
= ] |kFo| - [Fol| /2|kFol

~For 11 atoms and lOO data in space group Pc, the pro—
fgram will produce crystallographic coordinates and print an
R factor in .20 seconds of CDC=6600 time. This makes it pos-
sible to try about 300 different structural possibillties in
about one minute of computer time.

The speed with which the program runs ‘1s its main ad- B
vantage. Other advantages are: 1t uses less than a 50,000‘ .
:word memory, thus allowing rapid turnover in computer Systems |

designed to give priority to jobs that use very little
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memory}‘it'loads no tapes and can be used Without,eperator_'

~interventionj; and the speed with which i1t runs is almost in-

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

' fonly'once in a DO loop involving two algebraie terms that are

CDC—6600'library subprograms .
The'principles necessary for the use of this program have
now beeneoutlined. Exact input information 1s available in

the Fortran listing in the Appendix.
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C. Usefulness of the program in general

Thié program will work for space groups of_monocliniévj
or highef symﬁetry, and for molecules thép have a_mdiety
with affixed, known geaometry. Many orgahic-compounds meet
this criterion. For example, fused ardmétic rihg-sysfems
- such as £he indole syStem, benzene rings;vligand groups
' atfached to a central metal atom, steroids, terpenes, por-
phyrins;-and'even.DNA base péirs.3’ | o

| In‘general‘the program reduces a kﬁéwn'geOmetrical sys;
tem of 3N positionai variables, whére'N is the number of
atoms, to 5’trial and error variables;  Thesé 5 Variabies
are:,(x;y,z), three crystallographic coéfdinates_needed to
specify:the position of one atom of the moiecule in‘thefunit
cell, the orientation of the normal to’thé Bragg plane With_“
which ﬁhe‘mOlecule is parallel,'represented by the matrix ﬂij’
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'sﬁccessful one is in limiting the number of independent'A
parameﬁers. The number of trials can be somewhat limited |
with the use of low angle data for the R factor test,. This>
| has the_effect of decreasing the atomic resolution and aliow;
ing a réther 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 301utiqn if the data-aré chosen'carefully. |

When all 5 indépendent 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 eén be eliminaﬁed or the fange of search |
oﬁer'them reduced. |

The crystal structure of N—methyl—ﬂ-phenyliéoxazolin-Sf'
one 1s a good example of how cryétallographic and chemical
restrictions can 1limit 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'PZl/c. There are 2 molecules in the asymmetric unit,
and Z = 8, a = 13,716, b = 10.925, 8 = 91,51, The presencé
of a strong 400 diffraction spot led the authors to deduce
that the molecule was planar, that the‘plénes of the mole-
cules were in the 400 planes, and thus were spaced 1/4 a
apart. - Furthermore, since the space group was centric, x
coordinates were deduced immediately at 1/8 and -1/8 for the
molecular planes. The trial and error program:can be appii—
ed to a.molecule whenever the position of one atom in the
unit cell can be limited. For PZl/c in general (1/1{)253
trials would be necessary to locate the position of one_atom'
within the unit‘cell 1f the other orientation parameters

were known, For this case only (1/4)252 trials would be
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needed‘although it is not a polar.spacevgroup. If the cen-
ter of.gravity of the 5-membered ring is taken as an origin
in the orthonormal coordinate system of the program, the
omega angle need be rotated only through 180 degrees to. find
the rough ring orientation. Because the ring is substltuted
this eearch would be unable to distinguish whether the true
orientation were omega or 180 degrees +'omega. This diffi-.
culty could be cleared up immediately once the position of
the center of gravity of the ring were known 1n the unit
cell., This structure could be solved with this program in -
(1/4)(252 )(11) computer trials, or 6 minutes of CDC~- 6600
computer time., | |

One rather common case occurs where the position of one
atom in the unit cell can be deduced.' If thelstructure to
be solved has an atom large enough that its positlon in the
unit cell can be located in the Patterson function, three
of the trial parameters, (x,y,z) are eliminated : Further- |
more, if the molecule 1s mostly planar such that the roughr
orientation of the molecular plane is known, only k.4 seconds
of computer time would be needed to solve the structure,
The computer program tests structures at the rate of one per
;20 seconds, or 300 per minute. - |

There are many space groups where'the position of one

of the atoms in the unit cell 1is limited by space group Sym-

metry.. There are sixty-seven . ' polar space groups with
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monoelinic or higherLsymmetry.S-'.If a compound cry- 
,sﬁallizes in one of these space,grbups,,the position of one
atom of the structure can be specified by two or even one |
 parameter rather than the usual 3, (x,y,2z). |

In competition with other methods, this program will in
general be most useful for the‘non—centric, polar space
groups;- Programs which apply statisticai'methods to these
caées tend to use quite a bit of computer time. |

For a singly polar space group the origin can be speci-
f1ed with 252 trials if the whole cell must be scanned. This
is rarely the case, For example, the fafher common polar
monoclinic spaée group P2 has equivalent'positions (x,y,z)
and (—X;y,—z). If the cell is searched from x = 0 to x =Il/2,
z=0toz=1/2, andy = 0 to.y = 1.0, all the independent
parts of the cell would be scanned. Only (1/4) x (2525
trials would be needed to find the origin in the unit cell
of one of the atoms-being tested. Another rather common
case, the orthorhomhic space group Pnaél;ihaé equlvalent po-
sitions (x,y,z), {=Xx,-y,l/2+z), (1/2-x,1/2+y,1/2+z), |
(1/2+x,1/2-y,z). The cell must be searched from x = C to
x =1; fromy = 0 toy = 1/2; from z = 0 to z = 1/2, Only
1/4 of thé unit cell must be search to find the origin of one
of the atoms within the molecule. This means again
(1/4) x (252) trials. If a predominantly planar molecule

crystallizes in 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 épace,groops. Sometimes

- more and sometimes less of the unit oeli‘mﬁst>be searched,

but (1/4) to (1/2) is rather representative. For a representa-
tive polar space grdup“in which'a Bragg piane orientation

can be deduced for the molecule involved, between (1/4)(25%)x
(22);énd (1/2)(252) X (22)'triéls_must be célculated. 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 direotion cannof bé approximately de;
duced,. These calculatlons again represent'geheral upper
limiﬁs:for any specific case where packing considerations
impdge odditional restrictions on'where'a molecule oan be in
a unit'ce11; For example, the crystal and molecularvstruc-

ture of'1:2,5:6-dibenzanthraquinone is an example of a struc-
ture in a polar space group that could have been solved |
quickiy with this program.8 The molécule crystalliZes in thé
singly polar orthorhombic space group Pca2y a = 28.54, |
b =_3;85, ¢ = 12.90, z = 4, There is'ho heavy atom. One.of
the planar napthalene residues could.havo been graphed inﬁo
an orthonormal coordinate system. Since the b éxis.is so
short, we know that‘the molecule must be nearly in the x,y -
plané. ‘This orlentation can be described by the normél to',
the OiO_Bragg planes;> In this poiar space group  the z coor-

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



Only 1/l4 of the cell need be searched, If we choose an ori-
gin at the center of the napthalene ring, we have to rotéte
through 180° iﬁ the angle omega. The Orientation,of this
substituted napthalene could have been found with.sufficient
accuraéy to phase a Fourier with (252)(1/#)(11) trials.,
This number of trials amounts to about 6 minutes of CDC-6600
computer time, o

Another polar space group case for.which we would ex~-
pect the progfam to be successful is (+)-(R)-N=Methyl-1- |
((naﬁhthyl)ethyl)—(R)-O-methylmandelamide.9 This structure

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

cenﬁric polar space group P2;. It was solved originally by

successive application of the taﬁgent formula,

“Use of this trial and error prpgram'is especlally at=
traoﬁive'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 Carteslan coordinate.system
since its geometry 1s known. With good data and a sharp
Patterson function,‘it would be no problem to find the ap-

‘proximate Bragg orientation of the napthalene ring. The

napthalene ring is graphed into an orthonormal set such'that

its center of gravity 1s at the origin of the orthonormal'

L
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system, only 180 degreés.of'rotation in the angle omega
‘about the Bragg normal will be sufflclent ﬁé include éll
orientations of the napthalene ring for‘any fixed position v
of‘thié origin in the unit cell. For the space,gfoup P21v ' ;
only 1/2 of the unit cell needs to be-éearéhed to include
all partSvof the asymmetric unit. Since the Space_group is
polar, the z coordinate of‘the napthalene ring cénter of
_éravity within the unit cell is arbitrary; Only (1/2)(252)“x‘
(11) computer'trials; or about 12 minutes of cdmputer time
would be necessary to find thé pbsitipn of the napthalene
ring. Fouriers could then be phased using the location of
the napthalene ring to finish the structﬁre.

In a doubly polar space group this pfogram'is useful
indeed. . qu these space groups only one crystéllographic |
coordinate is needed to spécify the positibn of one atomir
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'crystallizés in the.
doubly polar spacelgroup Po. A description of the solutioﬁ

of the structure using this program is given in Section IIT

of this thesis. | o .
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D. Coneclusion

The trial and error program'discussedvin this sectionv
can be a véry powerful tool for the solution of crystal
structures. Predominahtly pianar moleéuleé of all kinds
can be solved with this program, and there are numerous ex—
amples of this kind ofiproblem In the drystallography of
organic molecules. | -

This prdgram will be most useful iﬁ genera1 for struc-
tures that crystallize in non-centric space groups. Direct.
methods or Patterson superposition function methods consume
a lot. of computing time in these space groups. Triél and
error works best for these cases because fhe number of para—v
metérs can be llmited 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 cfystal structure of 5-methoxytryptamine is

given in Section III,.
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Ag Introduction

The scilentific interest in serotonin and its strucfural.
‘analogues sincé'the original isolation of sérotonin frbm
clotted blood,l has:been.almOSt,as wideSpread:as,thé natufal
occurrence of these compounds, Serotonin‘may be found in such
diverse places as tomatoes, bananas, toéd‘skins, iizard eyes,
and hﬁman gut, blood, spleén,-and brain.g Serotonin is con-
vcentrated'in the mesencephalon, the hypothélmus, and the
pineal gland of the human brain., Both serotonin (5-hydroxy-
tryptamine), and the subject of the présent study, 5-methoxyj
tryptamine, are enzymatically syntheslzed from tryptobhane.
Serotohinvand 5-methoxytryptamine have a simi1ar‘chemica1 '
structuré énd undefgo many of the same feactions; such as
destruction of the unprotected amines by monoamine oXiaase.
They are'both smooth muscle contractors and vasoconstrictors.
They have been shown to inhibit nerve transmission in the
.adrenergic nervous system., Serotonin is‘also implicated.as
a chémical transmitter of nerQe pulse through the serotonergic
nerves of the mesencaphalon. It has been implied that sero- |
tonin iéjimporﬂant in the regulation of body temperature.2’3

| The biological activity of serotonin and 5—methoxytryp-'
tamine does not end with these physiological effedts. Sero-
tonin and 5-methoxytryptamine are well-established radiation

protection agents in mammals. The nature of this protectionv



bagainsf lethal doses of x-ray and gamma radiations is not
understood.q The way in which these twb Substénces‘absorb
and transﬁit high.enefgy photons in solution may be differ-
ent., Serotonin does not quench the scinfillétion of dioxane
solutions of 2,5-diphenyloxazole excited by Cs137, but 5-
methoxytryptamine does .?

Serotonin is implicated in basic behavioral phenomena
associated with thé brain. The tﬁrn-over-rate of serotonin
is cofre;ated wifh the hallucinogenic activity of LSD.6 Sup-
pressién of'serotonin synthesls wilth p—chloroﬁhenylalanine
causes;heighténed sex drive, increased copulation, and
bizarre soclal 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 limiﬁas
tions of this paper. Reviews of various aspects of the bio-
logical functions of serotonin and 5—meﬁhoxytryptamihe are
listed in the bibliography.g’lo’Il’12

The great bilological importance of these moleculeélaﬁd
the preValence of indole ring compounds in so many pathways
of blochemical metabolism motivated this study of the exact
X-ray malecular structure of 5-methoxytryptamine. This exact

structure should aid quantum mechanical calculations of the
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charge distribution on the substituted indole ring, and‘givé

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



~ actions of the indole alkyl ;fajvm‘ir_ies".‘ . Cn

SV

.

ey

- ‘,v"a



'63'

B. Experimental

Crystéls of S—methoxytryptamine are commercially avail-
able from the Regis Chemical Company of Chicago. A samplev
of thié cdmmercial product given to us by Dr. W. B; Quay of
the physiology department here was used for all crystailo— v
graphic work published herein, _

The_5-methdxytryptamine crystals are'well—forméd, thin,
ﬁransparent, colorless plates which are rather stable, but
_slowly turn brown in air over a period of a month. This
color-change is independent of x-ray exposure and may be due .
to oxidation of the primary amine group. The color-change -
cdrrelates with crystalline decomposition as measured by loss
of 1hténsity of diffracted éopper x-rays;_yExposﬁre to x-rays
‘hastens the color-change and decompositidn, but the diffrac-
tion standards showed varilations of less than one standard
deviation throughout a three-day period of data taking. Aftér
three days the standards dropped steadily, Crystals stored
in a refrigerated dessicator with drierite remained unaffect-
ed. | |

Preliminary oscillation and Weissenberg‘photographs of
a large unmeasured colorless elongated plate of S—methoxy—_
vtryptamine showed space group extinctions and symmetry con-
sistent with elther monoclinic space group P2/c, Z=4; or
Pé, Z=2, Density calculated from the rough film cell dimen-

sions was a reasonable valué of about 1.20g/cec?® for Z=2, and
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a space group assignment of Pc was made.
A small erystal (.22 x .18 x .09mm) was glued onto the

| tip of a thin glass fiber with General Ele@tfic 1202‘Ciear ;
Industrial Glyptal Varniéh. bThevfiber>direction1Was perpenQ
dicular to the platé of the crystal, and para1le1 to the
crystalline b axis. After one oscillation photbgraﬁh éd
- check dptical alignment, the crystal waS fransféfred to a
GenerallEledtric XRD-S diffractometef equipped'with a copper
'x—réy tubé, a NaI scintillatién counter,végpulse height dis-.
criminator, and a quarter-cirﬁle Eulerian cradle goniostat._:
The hﬂkv, 20ma copper radiation was flltered through a .001"
nickellfoil mounted on the réceiving slit of the scintilla~-
tion tube. The crystalline b axis and phé glasé fiber d1rec7
tion was parallel to the phi axis_of.fhe.instrument. The
X=ray tube was set at a 2° take-off angle, and Bragg reflec-'.
tion’aﬂgleé for_the resolved CuKa,, Gukd2 doublet were meaa   ‘
sured through a narrow slit along‘the hOO,QkQ, and dozldifi
fraction directions. From these measurements precise cell

“dimensilons were calculated:

a = 6.110 + .002; b = 9.532 + ,003; c = 8,831 + .003;

H

98.72

With Z=2 these parameters gave a caléulated density of

.01

B8

1.242g/cc®., The density measured at room temperature by . ' .
flotation in ethylene chloride and ethyl acetate was 1.245g/cc?,

which agrees closely with the calcuiated value of 1,2U42g/cc?.
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With the crystalvand instrumentation described above;
a statidnary crystal, stationary counter technique and ten

second point counts were used to obtain raw intensity data.

Backgrounds were estimated from curves of counts/l0sec versus

tWo'théta'anglé for various combinations'of fixed values of 
the instrument angles chi and_phi. NetvinténsitieS'were ob-
talned By direct subtraction of these baékground values from
the'meaéured peak-height'values for each reflection. .All in-
dependent'intenSities within the copper sphere‘of,reflection
were measured in shells out to a maximum two theta angle of ‘
120 degfees (sin6/x = ,5617). There were 759 1ndepeﬁdent
_intensities of which 17 were too weak tovbe measured., When
it became evident that these data were éuffering from some
sort of;systématic error, either due to counter saturation
or'extinctién, another set of diffractometer data was taken
on another crystal.b

The second crystal was lbnger and mdfe narrow than the
firsfr(.3u x .10 x .032mm), and thus was almost needie-shaped.
The crystal is shown in Fig. III—l;.The Crystalvwas mounted
on a thin glass fiber with epoxy resins (Carter's general
purpose epoxy; batch 230; Carter's ink company, Cambridge, -

Mass.). The needle-like crystal was aligned withbthe needle

axis, the ¢ axis, within 30 degrées of the fiber axis. With .

no preliminary photographs the crystal was placed on a Piékér
»four—circle automatic diffractometer. The cell dimensions

obtained earlier were substantiated and were adequate along
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with measured chi, phi, and omega settings of the 0,0,10 and
the 020 reflections to set the orientation matrix of the 
PDP;BI'computer whidh.confrolled the diffractometer.

The'diffractometer was equipped with avcopperxtube, a
fuli;cifclé gonlostat, a Nal scintillation dounter, a pulse
helght analyzer, and a graphite monocﬂfomator; The Picker
diffractometer was controlled through‘én FASC-1 interface by
a PDP-8I computer. All computer programs for the PDP-8I were
furnished by the Picker Borporation. Copper X—réys geﬁerated
at 30kv and 16ma were monochromatlzed to Kd radiation by a
graphite monochromator set at 26,33 degfees, corfesponding
to the 0002 reflection of graphite. No filters were used,
but attenuators were automatically engaged for all reflectidﬁs
over 10,000 counts,

The computer was programmed for 6-26 scans of the diffrac-
tion peaks, The peaks were sharp at both 2 and 3 degree tube
take off éngles, and from observatlon of some broad low.anglév-
peaks, the maximum scan width, s, was détermined to be 1.80
degrees. The 6-20 scans were done in the following way:

The 26 position of each peak was calculated for CuKa, radia-

tlon. The diffractometer was then set at a value 26-s/2, and
scanning was begun at the rate of 1 degreé per minute thréugh
the peak until a value of A26+s was reached, where A26 is

the calculated separation of Ka;, and Ka, for each reflection.
Dlspersion corrections on'the X=-rays were made beforevthe

calculation of the 26 peak settings. For copper radiation,
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dA/A =7;602M87. Background was measured with offset in ée =
+70 degrees above andibelow the terminal péints of the 2¢
'peak'SCén,'with counting times of 10 seeondé in each position.
The equiVaient reflections hk{,hk¥; Hkﬁ,hkiewere measured
.thrgughout"the K hemisphefe of reciprocal space in planes
of constant h frem h to h out te 124,5 degrees in 29(siné/k=;574).
The 106vand To4 reflections were chbsen es standafds, ahd were
measured at interVals of 50 reflections;.sThe time for each
reflectioﬁvaveraged over the complete data set was 2.67 min-
~utes, | | o

The intensities and their standard deviations were calcu-
lated with‘thé folloWingoformulas from the tdtalJéounts meaé_

sured on the Picker machine.
(<]
I=c~t, (B, +B,y); 0*(I) =c+ t *(By +B,)

2tp Hth

~where ¢

is the total count during the scan for\a time t_, B, and B,
are the two background couhts, each taken for time tB.
Observed structure factors, F's, were calculated from these
intensities after they were corrected for Lorentz and polafié
zation effects. A total of 1604 data were measured, of whilch
1594 cqrrespended to the equivelent Friedel pairs (Fﬁkz =_Fhkf).
The OkOAfeflections were measured only once, These 1604 data, B
of which 19 were zero, gave 807 independent reflections after

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

’standard deviation of each equivalent measurement from ‘the



'average‘Fébs was estimated as:
o(F) = [o(F), + p’F*/4]
where d(F)Av was taken as the greater of the twovvaluéSA
%(z kizcg(li))l/.? '-and E.%I(ZAf)l/2 . E

where n;is the number of équivalent reflections averaged, Ii
is the intensity of the ith reflection which was multiplied
‘by correcting factor (including absorption and Lorentz and
polarization factors) ki, to be reduced into FiZ; and Ai'is
the difference between F1 and the averége-F of the set, The
term pzpf/u was included to reduce the Weight given to iafge
1ntenéity reflectiohs, whiéh are more liable to suffer from.1 
systematié errors. This has an effect similar to that of
including‘a term (pI)?, where p is a small fraction (.05,in.’.
this case), in the value of o*(I). The iinear absorption co-
efficlent, u, of 5-methoxytryptamine for cbpper radiation |
was. 6.58cm™!, and ut for the largest dimension of the crystél
was .22; No correction for absorption was made. |

‘ Refinements were made using a full;matrix least squares
‘program, which minimizes & w(|F_| - |Fc|)2/W|Fo|2. wheréIFol.
“and |F | are the magnitudes of the observed and calculated

structure factors, respectively, and w = [o(F)]™2,
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A1l calculations were made on the CDC-6600 édmputer.

The Fortran computer programs used were: -

1.

2.

Paper - for reduction of the total cdﬁnts'on paper tape
to‘intensity data on cards.} | |

Egli'; for finding possible bad intensity'measurements
befofé averaging eqﬁivalent reflections.,

Incor -~ for Lorentz and polarization corrections.

Bort ~ for blending and sorting equivalent reflections.

Fordap -~ for Fourier and Patterson summations.

Distan - for distance and angle calculations,

Least Squares - for adjusting final structure parameters,.

and calculations of structure factors. '

All of these programs were written by Dr, Allan Zalkin of this

laboratory, and are unpublished,

Additional'prdgrams used were:

8.

9.

10.

11,

12.

13.

LSPLAN - from the University of Pittsburgh. This program
calculates best fit planes through_chdéen input points.
Wilson - written by H. S. and M. L. Maddox for calculation
of Efs and an average temperature facﬁbr. |

Ortep - a drawlng program written by Cafrol Johnson.13

Norma - a program which positions an orthonormal coordi- ’ 

nate system 1n a crystal cell,

Omoo - a trial and error program for solution of crystal

structures which have a moilety with a known rigid geometry.

ilagse - a program which calculates coefficients for'a.SHarp-

ened Patterson function.
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The last three programs were written by the author of this

thGSiSQ

The 'source of the atomic scattering factors used wasziufiea”'

.given 1n Section I-B . The anomalous dispersion correctlons;}

Af? and Af" for this light atom structure were zero._«a

)



- Figure I1II-1 ‘
Photograﬁh of thg 5-methoxytryptamine crystal on which
~final intensity data were measured. The b* axis of the
crysté1 1s nearly perpendicular to the'page in this
projecfién.' The dimensions of the crystal are |

(.34 xf.;o X .032 mm),
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Figure III-1



73

- C. Solution of the Structure

Tne erystal'structure!of 5-methoxytryptamine Was'solved.
by computer trial and error. The logic of the program 1s
set forth in Section II, and will not be dealt with here.
In general, six parameteru must be specified to place
a known, rigid planar molecule in a unique position within
a crystallographic cell. Three‘translational-coordinates
of any'atom and in addition three angular coordinates are
needed'toispecify position of the 5-methoxytryptamine molecule
within the unit cell. Since the molecule 1s planar, the angu-
lar orientation can be fixed with the aSSignment of a Bragg
plane,'and a rotation angle of the moleeular plane abeut the
Bragg plane normal. As described in Section II, use ofjthis
program involves graphing known geometry into an orthonormal
coordinate system, The approximate geometry of the indole
ring was known from the structure determination of indole
acetic acid. This grabh, Figure III;% indicates clearly the
numbering system used for the 1ndole fing, the choice of |
intramolecular origin, and the definition of the angle omega.,
'The'nunbering system used for all thevatoms will‘be_given
later.
The 33 positional parameters of the atoms within the
indole ring and its immediate substituents can be reduced to
three trial and error parameters: the y_coordinate of C(4),.

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



o

"'3 Figure III-z::;;;~.;»v

_Definition of the rotation angle omega used in the trial

~and error program. Counterclockwise motion of the C(M) C(3)

lvector about the perpendicular to the plane through C(M) is o

j-defined as the direction of positive increasing angle omega;h'f'
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breviated with hkl), and the rotation anéie; omega;'df_the
C(4)-C(3) vector about the Bragg plane nofmal.

The first attempts to solve this structure‘were méde
using the manual diffractometer data set collected as out-
lined in III-B. A Pattefson function was calculated using
all the Lorentz énd polarization correcfeafintensities whicﬁ
were thus. reduced to (Fobs)Z2.

The Patterson functlion contained very few discrete
peak35’and wés quite diffuse except'for:a large peak at
X = ,50, y = .25, z = .,09. Thils was the iargest peak.iﬁ;the.
Patterson except for the origin and.Harkér peaks; The posi-=
tion of this peék and the general sense of the diffuse elec-
tron deﬁsity distribution seemed tb indiéate the position of
the ring to be nearly parallel with the =121 diffraction |
plane; This assignment was consistent with the fact that
the Lorentz and'polarization corrected structure'factor fbr.
the -121 plane was the fourth largest present in the data
set. A close examination of the films revealed pseudo-A-
centering. Since there were glide planes'at_y = 0 and y =
1/2, this pseudo-A-centéring meant that most of the x-ray
scattering material was centered around y = 1/4, An attempt
to calculate E vaiﬁes at this polnt was thwarted by a nega-
tive temperature factor in the Wilson plot. At the time the
first experiments witﬁ this structure were done, it was not

clear what this'fact meant.,
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The filrst use of this trial and error.program was under-'
taken with the knowledge that the plane of the molecule was.
approximately T21, that the center of the x-ray scattering
material was near y = .25, and that the y coordinate of C(M)
should-be larger than lO in order to avoid collisions of
-~ the symmetry related molecules. Fifty_observed structure
factors were selected from the data set, including about 25
of theemost'intense. Structure factors’calculated from the
33 atonic pdsitional coordinates'at each oriéntation cffthe
.molecular-plane were compared with the observed structure
factors.' An R’factor wasccomputed at each‘orientation after
a linear scale factor was applied to the Fobs. (A detailed
"description of how the R factor was calculated and the me-
thod of calculating structure factors is- given in oection‘
I1,) o | |

With a. plane orientation of I21, Lhe.cell was swept in
increments of .02 in y, and 10° in omegavfrom y =0 toy =
.50 and from omega = 0° to omega = 360°. The x and z”coor—”
dinates of C(4) were fixed at .60 and .30 respectively. |
~ More of the cell was swept than was necessary in this flrst
use of the program., Two minutes'of computing‘time_was used,
sSeveral minima were found near yv= O. These were reJected‘ ‘
because intermolecular collisions resulted at these values
lof y. There was, however, one unique minimum well-removed

from the glide plane in the y direction that seemed to be



the bestprSSibility. The trial paraméters of this minimum
are 1listed in Table III-1. The positional paraméteré'fof the
:atomsiéorresponding to this minimum at y-=_}30 and oméga =
150° wefevused,aé input for . four cycles‘ofileasﬁfsquares re-
finemént_against all the 812 manual data, using isotropic |
tempefatdre factoré for the 11 atoms. All the parameters
were ailoWed to vary except the x and-z'cdordinates of C(h).
The résults were not spectacular, The’R<fé¢tor was 62% and
all the temperature factors were negativé; |
Evidentiy the 121 orientation was wrong, and a list of
possibiiities was in order: (1) The 121 orientation gaVe a
totally false R factor minimum and the true plane orienta- .
tion was quite unrelated to y = .30, omegé = 150°, ﬁﬁi = T21.
(2) Thé T21 orientation was approximately correct, and could
be adjusted slightly to obtain the right‘énsﬁer. (3) The
diffractometer data were suffering from syStematicjeerrs of
measurement. (4) The computer program had a sysﬁematic errér
in 1t. ‘ o
The computer program was thoroﬁghly dé-buggéd, and the
~ data set was compared with visually estimated inténsiﬁies
from'é set of Weiséenberg films. The diffraétometer data
generally agreed with ﬁhe film data, and the problem was re-
duced for the moment to a systematic investigation ofbpossi;
" bilities (1) and (2). | o

First; 70 plane orientation normals, hkl's, ranging



Table III-1
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‘Values of the Trial and Error Parameters HKL, Y (fractions

of translational direétion along b), and”Omega (degrees): for

R (%) Minima less than Sixty Per Cent.

The search indluded 70 plane normal poSsibilities, hkl's.

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

hkl.plane'normal makes with the éoordinate_axes a, b, ¢ are

also listed.

=l21
-383
-473
=375
-291
471
291
-292
- 382
-193
-465
-366
-456
-276
-167
~-357
-290

.30
12
«32
.28

o32

.16

+20
.24

12

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

- Omega

150
140
120
140
120
140
140
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140
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140
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over é hemisphere of the reciprocal lattice were generated;
Thésefplanes corrésponded to all the Brégg reflection'planes
in a thin shell of the reciprocal lattiée for 100° < 26 < 10A4°
and 49685 < (siné/i) < .51110. The cell was searched for
all values of the parameters 0 < y < 1/2 and 0° < omega < 180°
- with Ay = .Ob and Aw = 20° for each of the 70 hkl's, Because
of'the‘giide symmetry, this seérqh included plane nOrmal:pos_
sibilities ranging over a complete sphere, and within limie
tationé of grid size, all”possible vaiuéérof y and omega.
'.The vaiues'of'triai parameters corresponding to the 16 cases
with R:;n60% are iisted in Table III-lQ'aFor clarificétion;.
thé angles which each plane normal makés with the coordinate
axes'afe:also listed in Table IIi—i, and an heuristic map of
the search 1s shown in'Figﬁre IIi-3. This systematic seérch
vof thé entire reciprocal lattice for the best-fit plane nor-
mal orientation vectors showed, besides the 121, only thrée’
possibilities with R < 50%. Two of these'vectors were within
6 degrees of the 121 vector, and the third was within 14 de-
grees of the 121 possibility. From these results‘it was
concluded that the plane orientation normal had fo be near'
T21., Also, it was noticed that most of the y values were iﬁ‘
the range .20 £y £ .32, and thié fact'éeeméd to substanﬁi—
ate the earlier reasoning that the y coordinate of C(4) must
not be near either y = 0 or y = 1/2. |

Since the approximate orientation seemed to be 121,



L ' _ Figure III 3 o : : o »
GMap of the Trial and Error search 1n 5 4ethoxytryptamine.
llhe circles represent termination points of plane-normal
dvectors projected onto the ac plane.- Terminal p01nts of frl
bplane normal orientation vectors whlch gave an R factor' pa
of less than 507 are circled twice._ The correct orien-w.ﬁ

tationﬁvector,isvcircled=three;times.f7*’1
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. ‘ - T syStématic
‘125 plane orientations near the 121 were_generated»by/vari-:

Vationg of the hkl 5 10 5. The integers hkl are proportional
to the direction cosines of the ggl'pléné'normal,,and'ah hkl
of 5 10 5 describes the same plane as ﬁﬁi;; T21. At this
time it.éeemed'reaSOnable to 1imit the search to the y and
omega values that had led to the lowest R with hkl = T21.
About'éo seconds of computihg time was‘usea to calculate R
factors for the 125 hkl's at y = .30 and omega = 150°,
Eorty—_eight of tnése_r_l_l_c_l_'s correlated with R factors of less
than 53%, and of these, éight'shOWed>a_minimum of 48%.: In -
‘order to distinguish between these eight possibilitieé, somé,
of the intense lowvangle Fobs wefe fevaed from the data =~
deck of the trial and error program and high angle Fobs were
added. The-ﬁotal numbef of Fqbs used_in:the R factor ca}cu—
lation.étill remained 50, The eight pbssibilities reéﬁlting
from‘this search are listed in Tablé III—2. The R factor re-
porte@ there refers to calculations made_with some of the .
inteﬁéevlow angie Fobs removed from the deck.

The coordinates of the 11 atoms for each of the four
‘most promising orientations were refined with full maﬁrix'
least squares agalnst 170 low angle data. Isotropic temper-
ature factors were applied to all the atoms in 8 cycles of
~refinement. The input geometry was wildly distorted in
every case. The EQS orientation gave the lowest conyention—

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



Trial Parameters Near the 121 Orientation.

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

tionél direction), and omega is fixed atw150°. A, B, and C

Table III-2
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are the angles each hkl vector makes with;the coordinate axes

a, by, .

HKL

5105
5106
H85 - 
586
T4
T9s5
363
364

R(%)

52.2
52, 2
52.5
51.9
49.5
47
53.2

52.3

=

54

56

58
57
59

55

57

w

3
43
he

38
40

Ly

hy
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Further'réfinements tested thofOughly‘fhe'ﬁQS poséibi—
lity. This orientation was refined again with constrained _f'
geométfy.égainét the same.l70 data. Only the linear scale
factor and the isotropic témperature factors of the 11 atoms
were alloWed to vary; This refihement'gafe,vaftef six cycles,
negative temperature factors fof all the atoms, The'EQS |
orientation was fefined again in the same way against abouti 2
500,high angle data, andvail the ﬁemperatdre factors rémain-.
ed positive, Refinemenf of\the séme'gepmetry for six cyc1es
of 1east §quares against 500 high angle data allowing all
péfametefs to vary éxcept the x and z coordinates of c(u)
gave an R = 36%, and the geometry, thoﬁgh'distorted by re-
finement, was much more reasonable. Refinement against all
‘the'data allowing all positiohal paraméters except those |
fixed by symmetry and all the isotropic témperature factors
“to Vary‘forisix cjcles gave R = 46%, Thésé'results, Qombin_
ed with the kndwledgé of the negative OVefall isotropic tem-
perature factor calculated from the Wilson plot, led to a -
suspicion of the low ahgle data.' It was felt that they were
systehatically low due elther to counter saturation or ex- |
tinction. It was reallzed that there was little chance of
succesé_with this method unless thevdata chosen for trial
'andvérror could be relied upon as representative. A compleﬁé
set Qf new diffractometer data was taken as outlined in IiI;B.

Against the‘new data set the 195 orientation gave an R
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value'ih least squares against all the data of 43%. .In this
refinement all parameters were varied except those  fixed by
'symmetry.x As before, isotropilc temperatures were used for
six cyCles of refinement. The 50 structure facters‘chosen
for trial and errorbhad led'to a false structure. pSomewhat
surprisihgly, the Wileon plot'still gave a‘negative.tempera-
ture factor B = —2 123 32, and again 1t was. impossible to
‘calculate reliable Ehkl values. |

The“problem wae now»clearly defineds A data set for
trial aﬁd_error had to be chosen that was free of systematic
errors and that was representative of the total data set{
The feiJOWing experiment'was performed  in order tQ decide
more quantitatiVely'what effect the data sample‘had on the
R factor in the trial and error‘pregram: First, the coeffi-
cienté Phkl = Fhkl/(?hkl x exp(~-B x sin?6/A2)] were calcula-
ted fOr'all structure factors Fhkl in the'data set. The
'?hkl.is the average seattering factor for all the atoms of
the structure, and the isotropic temperature factor B was
fixed.at 332. The hkl's corresponding to the largest of
:these‘QOefficients Phkl were used as‘plahe'orientation pos=-
sibllities in this experiment to test4the data samplihg 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, (l1a), gave the same minima as the old
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manual data (l) for the same set of 50 low angle 1ntense

data. . Fifty structure factors chosen at random from the new

B data deck of 807 cards, Data Set (2), gave-a different'seta_

of R,factor minima for the four piane»normal orienfations'
tested.a:Fifﬁy low angle data of medium,éo_medium—strong in-
tensities, ﬁatavsét‘(3), gave another sét:QfIR factor minima
différéﬁt fromAthe first two. Fifty data were not enough'to‘
allow the unlque orientation of the-S—methoiytfiptamine rihg
to-be-chdsen by triai and error.- It was noticed that the
372 plane'orientation; howeﬁef, consistently gave lower R
valﬁés'than the other possibilities. itvwas also noficed'.
that the y coordinate of the minimum in Data Set (3) allow-

ed fof-maximum spaéing'of the molecules away from the g1ide

- planes at vy =0and y = 1/2 The atomic coordinates‘corres—

ponding to the trial parameters hkl = 372 'y = .26, omega =
10° were refined in the full-matrix least squafes program
with.isotropic temperature factors against all the data ;n'
elght cycles to an R factor of 33%. | |
'After the 33% R factor‘had been calculated for the §7é
drientation at y = .26, omega = 10°; the course of the work
Qas split into two parts. The grid size for the trial and
error program was reduqed to Ay = .01; Aw = 1° and the orién-_

tations around hkl = §72, y = .26; and omega = 10° were exa-

mined more closely., Data Set (4) was used in this probe..

The minimum from this search was at y = .25, omega = T7°,
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Positiosalparameters'from this orientatidn gave an R factof
of 28% in least squares. (The details of these final refine-
ments of S-methoxytfyptamine are givén_in Tablé III-4 and v
will not be elaborated in the ﬂext. The R factor mentioned
in-theftext 1s the conventional R factsf, R,.) At thé same
time, seventeen possibilities of hkl witﬁ plaﬁe normal direc-—
tion‘bosines similar to those of 372 were used to orient the
molecuiar plane for trial and error. The séarch‘rangé'
.20 2y £ .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°, | o |

As can be seen in Table III-4, the T92 orientation re-
fined to the same structure as the 372 érientation when the
11 atoms obtained by trial and error were input into least
squafes.. The dihedral angle between 1east.squares plaﬁes
through the 372 orientation plane and the final refined po%l
sition;of the ring.was ke, The angle between the 192 snd:
the final refined position was less than 1°, The fact that.
another plane orientation refined to the same structure'és._
“the 372 was added confirmation of the strﬁcture. The phases
from the 28% least squares refinement of the ?72 orientation
were used to calculate a Fourier, The peaks in this Fourier
ranged from 0 to 13,22, The 11 largest peaks ranged from
8.98 to 13.22 and corresponded to the atoms used to caicu-

late the phase information, The three largest peaks besides
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_these,'ranging_from 3.28 fo_3.9u, cérrésbohded to the.reasén;
able distances_expeoted for ﬁhevremaining non—hydrogen atoms.
(Thesé‘numbers are merely indicative of'peak:sizé uﬁleéé thé .
"Fourief 1s caloulated on the basis of all the atoms. Then
-the-numbers_associéted with peak heigntirefer to the number
of eleétféns. This total of lﬂvhon—hydrogen atbms refinédv.
isotrépiéally to 8.7%, and anisotropidélly to 6;3%:  |
A:difference Fourier was calculatéd; phased on the an-
isotropiéally refined posltions bf these 14 atoms. As anv‘
ald in £he search for hydrogens in S—me?ﬁoxytryptamine, ﬁhe
pOsﬁﬁlated geometry of the ringlhydrogens was graphed into
an orthonormal set, and the coordinate caiculation subrou4'_f'
tine of the trial and error program was used to calculafe
the expected positions of the ring hydfbgens in the crystal-
lographic unit cell.. On the differehcé-Fourief,‘peaks rang-
ed from zefb to .36 electrons. The calCuiated positions of
vthe fing hydrogens were in every case near thé pOsition:of_
rather large peaks in the difference mép. Thirteeh of the
top 16 peaks corresponded to the reasonable distances from'ﬁ
' carbon,.and nitrogen atoms expected for h&drogen afoms.-
These peaks were all in the range .19 to .36 electroqs. The
hydrogen attached to the ring nitrogen had a peak height on
thé difference map of .16 electrons. These 14 hydrogéns  -
were added to the 1lU4 other atoms and the struéture was re-

fined isotropically to an R factor of 6.19%. When the non-
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_ hydrogen atoms were. refined anisotropically ‘and the hydrogens
isotropically, an R factor of 3 32% resulted A close exami- -
nation of observed and calculated structure_facfcrs from this
refinement,reveeled that Fobs.was systemaficallyvobsefved-
too week'for_the intense reflections; byjéo% in.the worst
case. | | :d

g An‘empirical,'iinear'extincticn'correction was applied,
,using»fhe relation Fc.='kFobs(l + k'Iobs)., The least squares
'prograﬁdscales the‘data in exactly this way. In this equa-
" tion Fc is the calculated structure factor for each hkl, |
and Fcbs is the observed structure factor. Iobs is the ob--
servedaihtensity; The‘constant k is thellinear scale‘factor
for Fobs, and k' 13 the proportion of Iobs that mdst be |
added fo Fobs to correct for extinction, A graph of
(Fc/kFobs) versus -Iobs was prepared, and the best visually
esfimated_straight line was drawn'through;the resulting
points, The 8&lope df this line k' was en estimatebof:the
magnitdde ofbthe extinetion effect. Eroﬁ this graph k' =
8.3 x 10~7. This value was too large and resulted ih'cvere'
correction of the Fobs for extinction as Fobs now systema-. .
tically exceeded Fec for the intense reflections. A reflne—*
ment was then done with k' = 8,3 x 10'°. This value of k';_b
resulted in an R factor of 3.06%, but it was not1lérger |
enough to remove the systematic discrepanciles. An extinc—f

tion correction, k', of 3.0 x 1077 randomized the syStematic
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error infthe intense Fobs wifhout overcorrecting. The least
" squares Weighting'fecter_P, described in III-B;'partiellybace
countsvfer eysfematic effecﬁs;such as absorption and extinec-
tionf' When a proper extinction correction was applied to
the observed data, the fraction P=,05_ proved to be too. large.
The/%a%a were over-weighted and the standard deviation of ob-
"servation unit weight, SD, dropped below one., P was accor-
dingly feduced to ,03 to avoid over—neighting the data. for
sYstematic errors.4 o _ ‘ o
The final extinction correction with k' = 3,0 x 10”7
lowered the_R factor from the value uncorrected for extincg
tion of 3.32% to a low of 2.51%. The leest-squeres—eStimated
standafd‘deViation of bond ienght on C-C distances dropbed
from.;OOM to .003. In this final refinement no parameter
shifted by more than 3% of its estimated standard deviatlon.
Final discrepancy factors are: Rl = 2, 51% for. 746 non-zero-

2.84% for all 807 1ndependent data; and

weighﬁ dataj; R3
the welghted R2 = 2,6%. The standard deviation of observa-
tionvunit 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 .is

electrons.
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D. Discussion of the Structure

- The atomic coordinates of all the non-hydrogen atoms are
given in Table III-5, and the thermal parameters of these
~atoms are given in Table IIi—6; The atomic coordinates of
the hydrdgen atoms alonglwith their thermal pafameters are
glven in Table III-7, Thé'atomic numbefing system and bond
disﬁanées are 1in Fig}III—u. The observéd an calculated struc-
ture factors for S-methoxytfyptamine aré_given in Table I1I-8.
:FirSt,vthe intramolecular aspects of theVSEructure will be
discuéséd. After thls, the packing arrangements of thé méle—
Cules Wil1‘be described,

-The most predominate feature of the S—methéxytryptamine‘
struéture'is the 1ndole ring. Least Sduares planes were cal-
cuiatéd through the indole,'the»benzené, and the pYrrole‘ |
rings Separately. Distances of atomslfrdm these least
squares planes are shown in Table III-9, Atoms given zero
welght in the least squares are indicated with parenthesis..
A least squares plane through the indole ring giving all
nine atoms of the ring full weighﬁ ih leaSt'sqﬁares show it
to be planar to within .02%._ The first member of the side
chain;.C(2), is .0353 above fhis plane, and the oxygen, 0(1),
substituent at C(6) is -.02A below this plane. The indole

r’ings_in-glycyl-—.@—tryptophan,ll‘l L—-tryptophan hydrobromide;15



Atomic Coordinates and their Standard Déviétions (a) for

‘Table III-5

all Non-hydrogen Atoms in 5-Methoxytryptamine.

ATOM
ctl)
ct2)
Ct3)
cla)
C(5)

Cle)

C(7)
ct8)
ct9)
Cct10)
cl11)
N{(1)
N(2)
0(1)

(a) Standard deviations of the least significant digits

éétimated by least squares are given in parentheses.

X
.3467 (0)
<5789(7)
.6839(6)
.6088(6)
+4265(6)
«4050(6)

«5609(6)

<7384(7)
.76061(6)
«8715(6)
<0T211(7)
.3332(6)
«9196(6)

-~ -235016)

Y
+35711(3)

«2923(3)

«3048(2)
«2435(2)

.1572(2)

.1152(3)
«1535(3)
.2375(3)
.2834(2)
.3782(3)
.0109(3)
.49701(3)
«3666(3)

-0321(2)

z
9726 (0)
«00401(5)

«1689{4)
«3008(4)
«3189(4)

c464T714)

59221 4)

«5765(5)
«42911(4)

T e224114)

-87631{5)
«5195(5)
«3801(4)

- «4990(4)
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.Table III-7

Final Positional Parameters and Isotropic Thermal
'?afameterS‘(a) and their Standard Deviations (b) in

5-Methoxytryptamine for all the Hydrogen Atoms,

o]

ATOM X Y ' Z B
- . = - - o .
HOL) 0 .394LT) T «501(4) L630(6) - 9.0(12)

TH{2) «411(7) «44914) - .455(5) . S T.T(12)
H{3) . 248(4) «300(2) .0271(3) o 3.115)

S H{4) . .292(5) «354(3) C .86214) . 4.,006)
H(5) - «563(4) «189(3) «9771(3) 3.6(6)
H{6) = .67316) «339(3) «9381{4) 7 5.61(8)
H(7) - -318(4) . «1261(3) T «2291(3) : 2.6(5)
H(8) .  «532(5) «119(3) «692(3) S 4.3(6)
H(9) .84515) «26214) «66314) 5.41(7)
H{10) " .046(6) «415(4) e434(4) 5.9(8)
H{1ll) . «972(6) «433(3) «160(4) S 5,217y
H{12) . . .969(5) .072(3) . 929(3) T 4.3 8) .
H{13) - .006(5) «067(4) «320(4) - . 5.41(8)

H(l4). - .131(5) .068(3) <T9214) . 4.816)

e e e et 3 i 1S S e+ [ B

(a) The 1sotropic temperature factor has the form

T?exp(—B(sinQXA)z),

(b) Standard deviations of the least significant digits

estimated by least sguares are given in parentheses.,

-
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Table III-9

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

Planes.'

_ Distances in parentheses refer to atoms given zero welght in

the calculation of the piane.

atoms N(2)  c(3) ©(10)  ©(9)  C()

Indole Plane  -.012 .015 v_'.oosvv -,010 -.005

Benzene Plane (-.009) +(.030) (.016) =-.008 .00k

Pyrrolé Plane  -.002 .003  -.001  .004 -.004

Avoms c(5)  o6) o) 8  c@ 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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d16 were all reporfed és planar to with-

and indole acetic aci
in thevaccuracy of the structure determihations. In'ﬁhe'b'
most accurate of these studiés, that of indole aéetic acid,vv'
the R factor was 18.2%, and the least-squares—estiméted
'stahdard deviation of bond lengths was .015 to .022 ﬁ, The
leastQSQuares—estimated standard deviétioh of boﬁd léngth |
in 5-methoxytryptamine is .003 A for C-C distances and .00k
Z'fdr=C—N distances.' Within'the'accuraCy.éf thesé standar&”
'deviations, the indole fing is ndt—planér; According.té |
.Cruikshahk, the criterion for significant difference between 
two méasuremeﬁts 1s that they be separated by'at least threev
standard deviations.1! As we can see in Table III—Q,'N(2), 
C(3), and’c(6) are all more than three standard deviations |
away from the least squares plane through the indolebring.
A least squares plane éiving full Weight only to benzene
ring_atoms shows that all the atoms of the benzene ring are
within three.standard deviations of this plane. ‘he benzene
_porﬁion-of the indole ring is planar, .and the indble fing as
a whole 1is not; | |

‘ Furthermore, a least squares plahe'giving weight'only
to the five members of the pyrrole ring N(2), C(10), C(3),
Cc(4), and C(9) show the pyrrole portion of the iﬁdole_rihg
to be planar within two standard deviations. The dihedral :
angle between the benzene ring and the pyrrole ring is.éb§ﬁt

one degree. All the atoms of the indole ring and the two
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subsﬁitﬁents'O(l), at carbon C(6); aﬁdTC(E), at carbon C(SS;
lie within .008 3, or two standard deviations,bof_the pyrroie'
ring_plaﬁe. The exceptiens to this are'ﬁhe carboné»C(?) and
C(8).df,the benzene portion of the indele_ring which‘depert
from.ﬁhe.pyfrole riﬁg plane by about .040 i, or teneStandard
deviatiOns, and thus'erevsignificantly above the plane.

These results can best be summarized with the followiﬁg:e
The indole ring and 1its immédiate substituents lie in a

common- plane except for carbons C(7) and C(8) which lie sig-’

’nificaﬁtly above the plane. A least squares plane through

the twe non-planar atems end their immediate neighbors shows
the indele'plane to be puekered at C(7) ande(8).by 1.63 de-
grees; |

Other authors have noticed this deviation from planaf-
ity of conjugated aromatic ring systems'When.fhe accuracy
of the structure determination_was_high. 1The phthalocyaninev
structure was at first thought to be planar, and later more
accurate work revealed that this was not the case.1®  The
substituted naphthalenelring is not planar within the accu- .
racy’of'the structure determination.1?

'Nb explanation for the deviation of C(7) and C(8) from
the indole plane is obvious from considerations of packingj.
or conformation.. The closest approach of atoms outside the
molecule to C(?) and C(8) 1is in every case greater than‘3‘i;

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 ﬁ\ofcthese'afoms re~
spectively. | |

The anisotropic thermal parameters for S-methoxytrypta- o
mine are reasonable, and are set forth in Table I1I-6. The |
anisotropic thermal motion of 5-methoxytryptamine is also
shown in a stereoscopic illustration, Figure III 5. As we
‘see in this diagram, the nitrogen N(2) of the ring has the vf
largest amount of anisotropilc thermal motion.

The carbons C(7) and C(8) certainly do not deviate
, enough from the plane to destroy the indole 7 electron re—'_
sonance - system. We would expect all the bonds in the 1ndole
ring to'be.significantly 1engthened 1f this were.true. The
average of all bonds in the benzene portion of fhe indole.
ring in 5-methoxytryptamine is 1,395 * Od3 K All intra—s
molecular distances in 5—methoxytryptam1ne are given in |
Table III—lO. " The most accurate bond distance for the
carbon-carbon double bond in benzene is'l.397 + .001 2.20
The average bond length for the benzene,portion of'S-methoxy- '
tryptamine is equal to this most accurate value within the
standard deviation.

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

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

Anisdtropic Thermal Motion in S-Methoxytryptamine;v
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Table III-10

S 106

Intramolecular Distances (in A) and their Standard Deviations.

(a) in_S}Methoxytryptamine,

g
N(1)-H(1)
N(1)-H(2)
N(1)-C(1)

0(1)-H(35:

C(1)~H(4)
c(1)-Cc(2)

C(2)-H(5)
Cc(2)=H(6)

c(2)-C(3)
e(3)-c(h)
C(4)~C(5)
¢(5)=H(T)
C(5)-C(6)
C(6)-C(7)

C(T7)-H(8)

'(a) Standard deviations have been estimated by the method -

Distance

99(5)
.92(5)
1.457(4)

99(3)

.99(3)

- 1.534(H)
1.02(3)

.98(4)
1.504(3)

1.439(3)

1.413(3)

1 1.00(2) .
'1.374(3)

1.408(4)
.98(3)

Atoms

0(7);C(8) N

0(8)-H(9)
C(8)-C(9)

C(9)=C(K)
CC(9)-N(2)

N(2)=H(10)
N(2)-C(10)
0(10)-C(3)
C(10)-H(11)
0(1)-C(6)
0(1)-C(11)
C(ii)eH(lZ)

Cc(11)-H(13)

C(11)-H(14)

s

.96(3)

1.398(3)

1.804(3)

1.374(3)
96(4)

‘Distance

1.372(4)

1.368(4)

.02(3)

of least squares and are indicated in parenthesés..

.376(3) -
416(3)

95(3)
0 1.03(3) ¢
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bond is six standard deviations larger than the average. All
the other bonds of th° benzene portion of the indole Plng
are equivalent within six standard dev1ations. The Dond »
average for the indole ring of 1.393 £ 003} is not signifi-
cantly different from that found for indole acetic acld 16
- tryptophane hydrobromide,15 and glycyl-z tryptophane.lu

In the pyrrole portion of the 1ndole ring in S5=-methoxy-
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 thex
average‘for the pyrrole ring by six standard deViations.
The C(25;C(10) bond is also shorter than the‘average'by six
standard deviations, while the'C(3)-C(4)kbond is larger by
12'standard deviations., The average for the pyfrele ring is
1.391 ¢ .003 A, and the value agrees within the standard de-
viations with other X=ray work.lu’ls’;6'

There was disagreement'among earlier workers concerning
the length of the C-N bonds in the pyrfdle ring. The C(9);
N(2) bond of 1.31 t ,02 A in glycyl-% tryptophane was found
to be significantly shorter than the corresponding bond in-
z—tryptophane hydrobromide, and f-tryptophane hydrochloride
(1.43 £ ,02 K).zl The length of this bond 1n_5;methoxytryp;
tamine is l.37& + ,003 X, This is near the average (1,37 #
.02 K) obtained by averaging the results of the'disaéreeing
workers. Pauling believed the C-N distances in pyrfqle_were

" equivalent, and calculated a value of 1,42  ,02 2 for them,
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based on electron diffraction data.22 The angular geometry
of the indole ring in S-methoxytryptamine 1s ‘not 51gn1ficant-
ly different from the results found in the structure deter— |
‘minations mentioned above., All 1ntramolecular angles not
involving hydrogen in S-methoxytryptamine‘are showndin.Table'
IIT-11. | | |

The C(5)=C(6), C(T)~ C(8), N(2)-C(9), N(2)- C\lO), and
C(3)—C(lO) bonds of the indole ring in S—methoxytryptamine
are all six deviations or more shorter than the average for
the ring. If this bond—shortening eifect is due to avconcen—
tration of ﬂielectrons,hwe should expeet molecularnorbital~
calculations to give high electron densities inlthetregionsg
near these bonds. The frontier electfdn density,'which'cer—_
relates with = electron density, has been calculated for 5—.
methoxytryptamine and tryptamine with the approx1mations of
Hueckel_molecular orbital,theory,23 The concentrationvof_n.
electron density, listed in decreasing drder, is C(10) > C(3)
> C(5) > C(7) > N(2) > C(8). These regions of high electron»
density do not correlate with any long or average indole rlng
bond in 5-methoxytryptamine as determined by the X=ray work.
Furthermore, the shortest bonds as found by the x-ray-work d‘
are C(3)-C(10) and N(2)=C(10); each bond is 1.368 + .00k %.
These regions correspond to the highest m electron eoncen{
tration as calculated by the Hueckel method, ' The X-ray work

- and the molecular orbital calculations»for 5-methoxytrypta—,
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mine seem to agree in this respect. The arerage bond
length for the 5 ring hydrogens isv.99 K The difference
between this average bond length and the most -accurate ben—j
zene C;H»distance, 1.084 + ,005 2,20 from electron diffrac-a"
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-10. The standard deviations on hydroe
gen bond - lengths range from ,02 2 on the best determined
vring hydrogens, to 05 A on the primary amine hydrogens of
N(1). All thermal parameters on the hydrogens are reasonable,
and have been set forth earlier in Table-III-7 The ring -
hydrogens do not significantly depart from the plane of -’ the
indole ring. The hydrogens H(8) and»H(9)-of the puckered
portlon of the ring bend upward with the two carbons, but
the.effect is not significant within the.hydrogen standardi.
deviations on bond lengths. The angular geometry of the ring
hydrogens 1s consistent with other accurate work and 1s showns
in Table II1-12. Interestingly enough the average length
of the'othervnine hydrogens was also ,99 A | |
.In'the ether side chain at C(6), rotation of the methyl
group about the carbon-oxygen single bond-may be hindered by
C(5). The C(11)-C(5) distance is 2.797 R, and the H(7)-H(13)
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distance is 2,252 %. The ether side chain bends down below.
the indole ring and points in the general direction of C(5).
The methyl carbon c(11) 1s 1.04 R below the indole ring, and

'the ether side chain makes an angle of 19,8 degrees with the
K indole-oiane. The internal geometry'ofzthis side chain 1s
about what one would expect, based on reported values. The
C(6)-0(1) bond (1. 376 + .003 A), and the C(ll) -0(1) bond
(1.416 +..003 &) are consistent with values found in the.Inber—
nétiobal*Tables; 1.36 + .01 A for shorbened'oiygenécarbon:dis—
tance due to the influence of an aromatic ring,'and 1;&3 i '
.01 & for aliphatic carbon—okygen.distance.24

"The C(6)=0(1)~C(11l) bond angle in 5—methoxytryptamine is
117.7 degrees, This compares well with the angles 1n 1, 4o
dimethoxy benzene (121°) within the_standard deviatlons of
the determinations.®? b.

The side chain at C(3) in 5-methoxytryptamine may be
thought of as a substituted ethane. Possible‘conformations
for ethane, or better, n-butane, are shown in Figure III-6,
The indole‘ring may be in the extreme case elther cis- or
trans- to N(1) of the side chain, Thedrotation'anglevabout
the ethane bond for the subsbituents is 0° for the cis~- and
l8b° for the trans- position. The coﬁformabion of n—butane
may be either eclipsed, with end-on projection of the C—C
bond showing only three substituents, or staggered, with all

six substituents visible.



Table III-12

‘Intramolecular  Angles (in degrees) and their Standard Deviatiéns (a) for all

Bonds Invoi#ing'Hydfogeh‘ih S;Methoxytryptaming._
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squares are given in parentheses,



The conformation energies of n-butane were calculated
by Hoffman using extended Hueckel molecular orbital theory.26
’This energy curve is also shown in Figure III 6. The minimum
is for the trans- isomer, The maximum is for the cis— isomer.
The energy separation 1is 1.2 ev_or 27.7-kcal/mole. 'Notice |
that there is also a minimum with a gauche, staggered conform-
ation at a rotation angle of about.60'degrees. vThe energy
separation between this conformer and the EEEEET minimum is
.26 ev or about 5. 99 kcal/mole.

‘The rotation angle between the terminal nitrogen'N(l)
of the side chain and carbon C(3) of the indole ring in 5—
methoxytryptamine is 68, 3 degrees. The conformation is
thus”staggered with a gauche orientation;. The conformation of
S5-methoxytryptamine in the solld state:falls into a higher
energy minimum than the preferred Eraggjlarrangement calcu-
lated for the isolated molecule, | -

Kier has made a similar extended Hueckel molecular orbi-
tal conformational analysis of serotonin.27 He found the
lowest energies associated with the Eﬁéﬁéf configuration
of the terminal nitrogen N(1) and thevCarbon c(3). The con-
figuration in 5-methoxytryptamine, as mentioned earlier,
is a gauche, staggered arrangement with the‘rotation angle
between N(1) and C(3) about the ethane bond of 68.3 degreesu
Thls conformation corresponds to an energy of about .3 ev
or 6.9 kcal/mole higher than the most stable, trans-

conformation, This estimate of the energy separation
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' Figure III 6
Conformation Energies for the n—Butane, and Conformation

Energy of the Primary Amine Side Chain in 5 Methoxytryptamine. '
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betweén'ﬁhe most stable conformation ahdﬂthat found in 5e

methofyfryptamine is i.ngcal/mole highér than the analysis

baéedﬂbh n-butane, |
As mentioned above, the energy caiculations were made? 

using_e#teﬁded Hueckel molecular orbital theory. This theory

works'beSt for aromatic systems, but is;only‘semi—quantita—"

v tive‘fdr>aliphatic systems. For aliphaﬁic'systems,'energy

barriers are always estimated too high. The estimates are

best for compounds 'such as ethane, where very few terms, due

“to steric repulsion, are added to the energy calculation.

The energy gap between the eclipsed and staggéfedApositiohs
of ethane is calculated to be 4.0 kcal/mole,_and is actually
observed to be 25 to 33 per cent>less.~ This overéestimatiqn
of eneréy sepafations tends to 1lncrease with the cbmplexity
of the molecule until_qﬁalitati#e‘as Wéll as quantitative
errors occur with the-brénched pentanes.2§ |

‘Kiér also calculated‘the probable rotation anglé of the
éthahe bond with the indole ring. For the purpose of this
discussion we define the angle ¢ such that when o = O the
ethane bond of the-side chain 1is 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 trans- staggered position, serotonin has the lowest

conformationalvenergy;~ The energy separation between ¢ = 0
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and ¢ 0° is 1.5 ev or 34 6 kcal/mole when the terminal
nitrogen N(1) is in the lowest energy,?{ﬁgg- conformation.;

' The angle ¢ in S-methoxytryptamine isi35;8 degrees;‘.
The.ethane bond points in the general direction'of the benAh
zene ring and is rotated 35.8 degrees below the indole'plane;
This bond conformation corresponds to an energy abont't3 ev
or 6,92 kcal/mole higher than the minimum with ¢ = 90°‘and
the ethane bond perpendicular to the riné.: Again, we mdst»'
realize that these calculated energy barriers are calculated
too high by 25 to 33 percent in the most favorable case, |
that of ethane. v

'If-we assume that the conformation energies involved
are independent and additive,ﬂS-methoxytryptamine assumes a .
conformation in the solid state about-l3,8 kcal/mole_higher
than the most stable'conformation. If we use the morevreae.
sonable value for the conformation energy, that,based on.
n-butane, the energy.separation is 12. 8-kcal/mole;_ We can
compare this to the highest conformation. energy that 5—meth-v
oxytryptamine could assume according to these calculations,
62.3 kcal/mole above the most stable configuration. The
solid-state conformation energy of75-methoxytryptamine is
20 percent of the highest conformation energy possible ac—“r
cording to extended Hueckel molecular orbital theory. Since
the energies for ethane were calculated 25 to 33 percent

high,:and the percentage error tends to increase in an upward
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direction with’the numbef of steric repulsions, we should
probablymreduce the'COnfOrmationél separétion ehérgy of-l2.8:
kcal/m@le calculated for serotonin by mofemthan 33 peréent.ﬁ
The_5_methoxytryptamine molecule mQVés to the higher |

eﬁefgjfddnformer in thé'solid state partially in ordervto
complete“an'intermolecular-hydrégen bohd. The indole ring
makesfan‘angle_of'35.6 degrees with-the'gé.plané, and the .
diStaﬁce[betWeen translation equivalentiindOle rings is
3;5073.“The nitrogen slde chaln bends bélow the plane Qf
the‘ring,vwith the cohformatiohs mentioned éarlier,'toward |
the ac plane, Hydrogenvbonds are fofmed wiﬁh-fhe nitrogem
N(2) ¢f.fhe glide-related'molecule translated one unit cell
distancébalong a, (L + x, -y, 1/2 + z);'mThe hydrogeﬁ_on the
ring nitrogen N(2) is donated to the priméry amine nitrogen |
N(1) on the side éhain. Thevintermolecular distance between
N(1) and N(2) is 2.916 & .003 %, and is-the closest inter-
- molecular approach in the crystal structﬁre of 5—meth0xytrypé
tamine. The angular environment about'the hydrogén-bonded'
atom N(l) is given in Table III-13, amd Figure'IiI-?.

'In crystalline ammonia, the N-H<N distance is 3.38 4.
The énérgy of'the N-=H-N hydrogen bond in‘ammonia.is estimated
to be in the range 1.3 to 3.8 kcal/mole, The N-N approach |
distance im S—meﬁhoxytryptamine'is one of the shortest yefv
reported for this kind of bond. This distance of 2,916 Ris

| shorter than the N-H-N.bond in Adénine—HCl, 2.99,8; ammonium .y
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. Hydrogen Bonding in ,‘:S-fM{_etriox_y»ﬁ,r‘iyptamirie';'f"i_ ’
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Angles (in degrees) ‘and Standard Deviations (a) about

the Hydrogen-bonded Atom N(1).

The Hydrogen H(10) is donated by the Nitrogen N(2) in

the symmetry related molecule one unit cell away

Table III-13

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

-"Atoms

H(l)—N(l)-H(25

H(ld)-N(l)—H(l)“f

H(lO) N(l)-H(2)i

C(1)-N(1)- H(lO)
c(l)-N(l)-H(l)
C(1)=N(1)-H(2)
N(2)-H(10)=-N(1)

(a) ‘Least squares estimations of the least significant

Anglesv

118.6(5;0)
122.2(4.0)

93.9(4.6)

111.6(1.1)

102.6(2.3)

104.1(2,3)

171.0(2.3)

.. digits are.given in parentheses,
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azide and dicyandiamide, 2.94 3.2% 1In view of the short

' N-H-N:bond disﬁance, an energy on the order of 3.0 kcal/mole

'is a reasonable estimate of the strength:of the N-H-N bond
in S—methoxytryptamine. For comparieon; the O;H—O hydrogen
- bond, in ice, is 5.0 kcal/mole, and the O H- O bond 1n acetic’
_ac1d 1s 7.6 kcal/mole.29 .

From these cons1derations,‘we'can_say that up to 30 per

cent'of'the excess conformational energyfin 5—methokytrypta-v‘

mine can be accounted for by the formation of hydrogen bonds.

Hueckel molecular orbital theory, then, overestlmates the

i

confdrmational energy separations in'Sfmethoxytryptamine by"'

a value of between 33 and 70 percent.'
: The super-structure of 5-methoxytryptamine can be de=-

scribed as pleated'sheetS'stacked along the a direction, held

together by N-H-N hydrogen bonding betWeen the sheets. Dis-

tance between equivalent planes 18’3 50 3' Tne nitrogen'N(l)
is 3 30 & below the plane of the ring to which it is attached
‘and is within 2. 916 R of N(2) in the glide-related molecule,

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

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

A least equares 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 pactking is shown. in
Figure III-6, The view is down the g axis. The direction_'

of the glide plane is along c.

-
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 Figure III-8

:Ihtermolecular Paéking_inlB-Mchdetryptamihe,
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The ‘closest intermolecular aporoach in 5—methoxytrypta—

" mine is between C(5)- O(l) 3.405 A. The oxygen is in the"

glide-related molecule at (x, -y, 1/2 + z) Other close ap-

proaches are between 0(1) of the methoxy side chain in the
molecule (1 + x, Y, z), and C(8) of the molecule (x,y,z)

.The distance involved is 3.759 K The C(7) in molecule -
(x,y,z) is within 3.734 A of C(5) in the glide-related mole-

cule at (xy, =y, 1/2 + z).
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E. Conclusion

The indole ring in S-methoxytryptamine 1s not planar
within the standard deviations of the structure determination.
The capbons C(7) and C(8) are warped outpof the plane of,t
'fthe.indole fing by 1.6°. HNo.ekplanation of this 1is obvious
from‘aiconsidefation'of'molecular packing7or conformation.
Short bonds in the indole ring correlate_withlpegions of
high'ﬂ-électron density as calculated.bnyueckelvmolecular
orbital theory. | o |

The nitrogen of the aliphatic side chain forms a- very
'strong N-H=-N hydrogen bond with the nitrogen of the indole
ring in the glide related molecule at (1+x,-Ysl/2+z)
Formation of this hydrogen bond partially compensates for
the large energy separation between the minimum energy
conformation and the conformation which actually occurs in
S-methoxytryptamine. |

The approximations- of Hueckel“molecular orbital tneoryj
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 .'.,: - }' | 0
Melatonin is'formed in the pineal giend of the.human
brain by N-acetylation of serotonin.1 This reaction is
followed by methylation with hydroxymndole-Omethyltransferase.2'
The formation of melatonin is an added- complication in
the complicated blochemistry of serotonin. Serotonin
whilch: 1s acetylated is protected from monoamine oxidase
destruction. The compound N-acetylserotonin'is exoreted '
in human'urine,3
Tne crystal structure of melatoninewes undertaken
in order'to provide a SOund structural beeis for molecular »
| orbitalbcalculations.. 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

The;crystals’of melatonin used in this structure deter-
mination were obtained as described in III-B;: Preliminery'
oscillation and Weissenberg photographs of an unmeasured cry-
stal had symmetry and extinctions consistent with monoclinic
space group P2l/n. (OkO, k = 2n; hO%, h + 2 = 2n) It was
subsequently found that a better choice of cell could be made,
and thatrthe prelimlnary photographs were. taken w1th the cry—
stal aligned along the a¥* axis of a P2y/c unit celi. The
crystai structure of melatonin was'solved in P2;/c, and all
further references to this problem will be based on this space
group. | | | | o

Rough cell dimensions were measured from the films ofse
this crystal and another crystal (.35’x_;27 x .10 mm) mountea"
on a thin glass fiber with General Electric Clear IndusQrial"
Varnish 1202 in a random orientatlon was trénéferred to the
Picker Automatic Diffractometer for ﬁhe eocurate determination
of cell dimensions and intensity measurements. The Picker p
Automatic Diffractometer was physically the same as ontlined
in Secﬁion ITI-B, except that a molybdenum-x-ray tube wesi
‘used, and the graphite monochromator was set at 12,0489,

Least squares cell dimensions were calculated on the
PDP~ 81 computer from the 26 values of 13 well-centered reflec-

tions using the standard program furnished by the Picker
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Corporation. The molybdenum cell dimensions for‘P2l/c were

2

B

7.707 + .002; b = 9.252 # ,0025 ¢ = 17.077 + .00k;

96,78‘+ 033 A = .709261; z = A,
Caléulated dénsityAbased on these_cell_dimensions‘Waé
1.276,@/003, and the expérimentai densiﬁy és measured at room
temperature in ethyiené chlbride, ethylené-bromide, and ethyl -
acetate was l.272_g/cc3, which agfees well with the calculated
value; ‘The linear absorption coefficieﬁt; ﬁ,'fbr melatonin
with molybdenum x-rays was .941 em~1 and‘ut:in'the longest di-
rection for this crystal (.35 x‘.27 X .iO‘mm)‘was‘.033; No
abéorpfién ccrrecbion was made. S ‘. o
Intensityhdata was takenithéoughout'the +k region of re-
ciprocal space in planes of constant h from —h to +h. all
the mdl&bdenum data in this hemisphere waé measﬁred from
26 = 0 to 28 = 40° (sine/i = ,48222), The scan width, S; was
2.0 degrees, and data was taken at a 2.0fdégree take~off
angle;' Definition of s and the diffraéﬁometer scan proceduré
was\gi#en’inIEI—B.
The 006 and 206‘reflections were chosen as intensity
standafds. The 206 reflection was measured 49 times for.dnf,'
'averége‘intensiﬁy of 21552 and an average deﬁiation of 393.
The 006_reflection'was measured 48 times for an average in- :
tensityaof 24313 and an average deviaﬁion of 315.
A total of 2275 reflections were measured. The-u5ﬂjre_ 

flection was measured only once due to a machine error, and
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y Okomréfleétions were measufed.only oﬁce;}_There were two
jmeasuréments of all other indepgndent réflectith'as the
Friedei;equivaient pairs hk, Ekf;.aﬁd Eki;fhkr'wére measured.
Thus,jthe"2275 measuréments.were reduCed to 1140 independént  |
observatibns after averaging( .

The-form of the temperature faCtOPS'ﬁSéd and thé»Weight—»
ing scheme for least squares refinementjwére given in IIi-B.i
The source of scattering faétors used was. given in I-B{ The
Af? ahd Af" anomalous dispersion corréctiéns for‘the light

.atoms in melatonin were zero.,

s
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" CQUSolutioh of the Structure

The crystal stfucture of melatonin was solved withva 
diréét'method of phase/détérmination. A‘Wilson plot of thé
- data was prepared using”a domputer program written by Maddox
and Méddox.u The'OVerall'temperature faétbr,‘1.09'ﬂg, calcu-
lafédffrom the Wilson plot, was used by‘ﬁhe‘pr¢gfam in the
’calculation of the normalized structure féctors Ehle‘ The
151 Ehkl_z!l.SO were testéd for sign interactionsfwith a |
Fdrtran:computer>program written'by’Michael Drew. Three ré—'
flectioﬁs éorresponding to é large number of interactions,
high Ehkl values, and linear independence module two were
chosen to détermine the origin} These”reflections were ar-
bitrarily_given positive signs. Once the origin was set; all
the other signs were functions of the Strﬁcture alone. A
startihg set of four refléctions withta.large number'bf sign
interaétions and large Ehkl values were given all possible
combinations of;plus‘and_minus:signS'resulbigg_in 16 possiblé
sélubions to the structure of melatonin. vSigns for the | |
'other Ehkl ﬁalues based on these 16 poSsible combinations of
the starting set were,calculated with iterative application
of Sayre's equétion;5whichvresults alsd from the 22 relatibn—
shlp of Hauptman and Karlef; This equatibn was applied_to i
the 151 normalized sfructure factors Ehkl using a computer

program written by R. E. Long?



Sayre's equation mayvbé expressed as j

. _ z .
_s(EA) = S(;?ngEE'

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

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

'.A, B, and C3; the sum 1s over all combinations where

-B_ + g =v-_‘[£..

The three origin determining reflections and the four
strucfure invariant reflections which were chosen for Sign-

permutation are given below, theuorig1n=detérminiﬂg reflec-

tions are listed first:

T )
3 1 11
3 1 8
1 2 6
3 1

2 1 -2
2 1 -1
1 4 -3

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

Ehk1l

3.09
2,02
246
2,52

5.93

4,11

2.02

M

y
32
38
30
49
45
32

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

reflectlons considered,
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Selection»of,the correct ccmbination cf signs from‘the
16 sets produced by Long s program 1s aided by a consistency

index, C, defined as

L (|E I  Ep Eqpy
(%4 yopeg "B 7D
C = -
1B z E En
‘{I AIAB cl B” CI}

where the sums are over all palirs B and Qvfor which B+C = é)i
and where { } means the average over all Velues of A. :

Aztotally consisteht solution has e_COnsistency index
‘of 1.0,

The program repeatedly applies Sayre's equation in
cycles through the 1list of Ehkl such that signs predicted at
the top of the list are used in the prediction of signs be-
low until there are no’ changes or additions to the list
The sclution with the correct comblnation of signs.usually -
correiates wltn the highest consistencydihdex, and the few%
est number of cycles, |

~Although this correlation does not alwaye hold for
melatonin 1t happened to be true. OFf the 16 possiblc solu—'d
tions, consistency indices ranged from .50 to ,80, and the
numbéf‘ofbcycles needed to produce’an unchanging.setvof_
-Signs ranged from 7 to the maximum of 17. ~Set.number 11 had

a conslstency index of ,80, and sign combinations for the
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'151”t¢rms-was calculated in.7:cycies. F6r th1s SOIution,
-thé four:Signs of'the'starting'setﬁwere poSitivevexcept for
‘the 315, and 31T reflections. DR |
f'ArFourier‘was calculated using as terms the 151 Ehkl
with the‘signs predicted by Long's program.r The topv17
peaks on this Fourier corresponded to ail'the_non¥hydrogeh
atéms of the melatonin structure. A full matrix least .
sQuarés r¢finement of these 17 atoms with isotropic tempera—
'ture.factors,gave a conventional R factér'of 11.6%, a weight- :
ed R,_RZ;:of 13.4%; and a standard deviation of observatioﬁ
unit Weight of 3.417. An examihationrqf the signs of the
calculated structure factors corresponding'to this refined
struéture revealed that Sayre's equation and Long's cbmputer
pfogfam had correctly predicted every Sihgle'one of the 151
signs..v v C : _
This structure was refined with'anisdtropic temperature
factdréﬂthrough four cycles of least éduares refinemenf, _The.
result of this refinement was an R facfor of 9.1%;'a weightéd
R of 10.4%, and a standard deviation of 2.881. |
| . A difference Fourier phased on the refined'atomic posi-
tions of the 17 non-hydrogen atoms from the anisotropic re-:
fineméht:revealed the positions of the hydrogen atoms. The
top 19'peéks on this difference 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—:
.hydrogen ‘atoms anisotropic, and the hydrogen atoms isotropic
temperature factors resulted in an R factor of:3.45%,
}weighted R of 3.4%, and a standard deviation'of otservation.
-d.unit"weight .995. . All the refinements mentioned above:were_

‘done with the:weighting séheme'outlined‘in IVl1B‘ Since thef

'StandardfdeViation at this point dropped‘pelow one, the ihf:’
tense’data were overweighted‘for systematic errers; and the
coefficient p was lowered to 04 | |

| With this revised weighting scheme the above refinement
was’repeated The R factor this time was 3.45% for 808 data,
the weighted R was 3.3%, the standard deviation was 1. 106
.and the conventional R including ZEro weight data was 5. 71%'
for the 1140 independent reflections. .There was no systema—
tic trend in either |Fo/Fc| or El/glAF;as_a‘function of in-
tensity er Bragg scattering‘angle. The largest peak en the )
final.difference Fourier was .19 electrons; Inlthis final.
refinement no parameter shifted by morepthan 1% of its esti-.

mated standard deviation.
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D ., Discussion of the.Structure

' The atomic coordinate of all the non-hydrogen atonsvin
melatoniniare:given in Table IV-1, and the thermal parameters
are listed in Table IV-2, The COordinates of the hydrogen
atoms and their thermal parameters are'given in.Table’iV-3.
| The atomic numbering system 1s entirely consistent with that
of S—methoxytryptamine 1n bection I1I-D, | For this reason,
numbering of the hydrogens in melatonin 1is not entirely se-
quential. Since there is only one hydrogen on the nitrogen,
N(1l), in the side chain of melatonin,‘and two in 5-methoxy— i
. tryptamine, the label H(2) for the second hydrogen on this |
nitrogen has been omitted for melatonin. ‘This numbering syse
tem, witn the interatomic distances in melatonin, is present§
ed in Figure IV-1l, Interatomic distancés are given along |
with their standard deviations in Table IV-l,

The average of all the bond distances of the benzene'ring
1s 1.3864. 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)bare significantiy
shorter than the average. The bond C(4)-C(5) is'significant-
ly larger than the average. The definition of significance
nsed and the probable cause of the bond—shortening have been-‘
adequately discussed in III-D.

‘The average of all the bonds in the pyrrole ring is
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Atomig_Cbordinates and their Standard Deviations (a) for all

- Nén—hydrogen Atoms in Melatonin.

. ATQM

X

7

. Y ‘ :

L) c43T4(6) «30601(4) «126512
ct2) «629216) «6T5T(4) . .4202(2)
c(3) <3187(4) «2059(3) = -.0055(2)
Cla) +238814) - .3953(3) e 43841(2)
c(5) .8116(4) . .0403(4) «0554(2) "
C(6) «11821(4) «6102(4) «377712)
c(7) «9049(5) 20394(5) «1950(2)
c(8) «1418(5) +39791(5) «2971(2)
C(9) .213814) «3265(4) «3650(2)
C110) «3377(5) «1702(4) .4541(2)
ct11) .9128(7) .3303(5) - - .05341(3)

CC(12) «5977{4) +3575(4) «25511(2)
C(13) .3268(7) «7993(5) «1667(2)
N(1) «49061(4) .7658(3) e29441(2)
N(2) .72801(4) «6876(4). - «1235(2)
cll) .066013) «7531(3) «37511(2)
0(2) «3862(3) «2630(1)

-0144{2)

(a) Standard deviations of the least significant digits

estimated by least squares are given in parentheses.
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Flnal Pos1tlonal Parameters and’ Isotropic Thermal

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

- Tab le Iv-3

Melatonin for all the Hydrogen Atoms.

ATOM

H(1)
H(3)

Hi&)
H(S)

H(6)

HT).

H(8)
H(9)
H{10)
H(11)
H{12)

CH13)

H{14)
‘H15)
H{16)
H{LlT)

(a) The isotropic temperature factor has the form

- «502(3)

. «6561(4)
- «535(4)
 «4581(4)

«27314)
.798(4)
.043(4)

c12414)
.282(4)

«62314)
«022(5)
«045(5)
«210(5)
«323(5)
«607(5)
«208(6)

«680(3)
«879(3)
«355(3)
2103(4)
«136(3)
«410(3)

«591(3)

«3521(4)
«131(3)
«577(4)
«71314)
«42314)
«824(4)
«695(4)
«335(4)
«82514)

T=exp(-B(sin 6/1)%).

Z

«280(1)

<370(2)
«103(2)
.08812)
.103(2)

«506(2)

«260(2)
«24612)
«343(2)
«027(2)
«011(2)

.068(2)
4T74(2)

«3741(3)
«157(2)

ok

‘B

1.9(7)

4.7(8)

4,9(9)

4.€(9)
3.8(8)
3.5(7)

C4.3(8)
5.3(9)

2.2(8)

4.6(9)

7.2(12)

6.11(10)

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

(b) Standard deviations of the least significant digits

estimated by least squares are given in parentheses.



IntramolecularDistances (in K) and theiﬁ Standard Deviations.'

“(a) in Melatonin.

Atdms~
C(l)—C(Z)
c(2)-=C(3)

e(3)-C(h)
C(4)-C(5)

c(4)-c(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)
o(1)-C(11)
C(1)-N(1)
N(1)-C(12)
¢(12)-0(2)
C(12)-C(13)

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

Table IV-4.

Distance
.1;502(4)
1.491(h)
1.426(4)
1.405(4)

1.399(W)
1.368(4)
1.397(5)

1.368(5)

1.391(5)

1.368(4)

1.370(4)
1.355(4)
1.380(4)
1.407(5)
1.448(4)
1.327(4)

1.235(3)

1.493(5)

"Atoms :

N(1)-H(1)
C(1)-H(3)

'0(1)-H(4)

C(2)-H(5)
C(2)-H(6)
C(5)-H(T)
C(7)-H(8)
¢(8)-H(9)

'N(2)5H(10)

C(ld)—H(il)

C(11)-H(12)

C(11)-H(13)

C(11)-H(14)

C(13)-H(15)

C(13)-H(16)

C(13)-H(17)

squares and are indicated with parentheses.

k2

Distance

.8U(3)
.99(3)
1.00(3)
.95(3)
.96(3)
;95(3)
.95(3)

.96(3)

.79(3)
.96(3)
1.01(k)
94 (L)

C1.01(h)

L97(h)
L96(4)
L9L(H)
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Figure IV-1

Atomic‘Numbering System énd Bond Distances in Melatonin,
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l.3843;f?As in 5-methoxytryptamlnevthe bonds N(2)-C(9) and
N(2)- C(lO) are equivalent within one standard deviation and
are three standard deviations shorter than the average for
the ring;'jThe bond C(3)-C(10) is seven standard deviations
shorter"than the average. All the'results are ‘consistent
'with the structure of'S-methoxytryptamine. As in S—methoxye
-tryptamine, short bonds in these aromatic rings correlate
with large frontier electron density as: calculated by Hueckel
molecular orbital theory.  The shortest”bond correlates wlth
the highest density. |

The average of all bonds for the indole ring is 1. 385K
This value 1s consistent.with that found in 5-methoxytrypta-
mine. All the intramolecular angles in the indole ring are
consistent within the standard deviations with the results
of S-methothrybtamine. 'Intramolecular,angles not involVing=
hydrogen are given in Table IV-5, and all intramolecular
angles involving hydrogen are gilven in”Table 1V=-6.,

A stereoscopic view of thermal motion in melatonin is
shownhin Figure'IV—2. lThermal.parametersvare'reasonable,
and they may be found in Tables Iv-2 for-non-hydrogen,.and
IV—3hfor hydrogen atoms, as relatedvearlier. |

' As in 5-methoxytryptamine, the indole ring is planar _
within 023 but 1is not planar within the standard deviations
of the‘structure determination. Deviations of atoms from“

least squares planes in melatonin are given in Table IV-7.



Figure IV-2

Anisotropic Ther#ﬂai- Motion in Melatonin. o

e
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Table IV=5

" Intramolecular Angles (in degrees).and‘ﬁheir Standard

Deviations (a) for all Non-Hydrogen AtomS in Melatonin;

Atoms R Catoms
0(2)-C(3)-C(4)  125.3(3) ©(8)-C(9)-N(2)  131.2(4)
€(2)-C(3)-C(10) ~ 128.6(3) C(9)-N(2)-C(10)  109.1(3)
0(3)40(25—0(5> 132.7(3) ', 0(9)5C(4)-C(5)' 11§.u<3)'; -
C(-C(H)-C(9)  107.9(3)  N(2)-0(10)-C(3)  110.1(3)
O(M)-0(5)-C(6)  118.3(3)  C(10)-C(3)-C(h)  106.1(3)
c(4)-Cc(9)-c(8)  122.0(3) C(3)-C(2)-C(1) = 113.8(3)
C(I)=0(9)-N(2)  106.8(3) C(2)-C(L-N(1)  111.0(3)
0(5)-C(6)-C(7)  121.1(3) C(L)=N(1)-C(12) 122.7(3)
C(5)-C(6)-0(1)  124.4(3) N(1)-C(12)-0(2) ~ 120.9(2)
C(6)=0(1)-C(11)  117.0(H)  N(1)-c(12)-C(13) 117.1(4)
C(6)-0(T)-C(8)  121.9(3) C(13)=C(12)-0(2) 122.0(3)

C(7)=-C(8)-C(9)  117.1(H)

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

squares and are enclosed in parentheses.




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

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

Atoms Angles Atoms  Angles
| C(12)4N(l)—H(1) 118.9(1.7) _H(l2);é(ll)—H(l3)‘111.2(4.6)
C(1y-N(1)-H(1) 118.3(1.7) H(13)ac(il)-H(1u) 116.6(3.9)
N(l);c(l)—H(3) 108.5(1.7)  H(14)-C(11)-H(12) 99.6(4.1)
N(l)-d(;)-ﬁ(u) 105.3(1.6) C(6)~C(7)-H(8) 118.5(1.8)
 C(1)-C(2)-H(5) 107.3(1.8)  C(8)-C(7)-H(8)  119.5(1.8)
| C(1)-C(2)-H(6)  108.7(1.6) c<7)—c§8)4H(9) 120.2(1.9)
©(3)-C(2)-K(5) 112,1(1.8)  C(9)-C(8)-H(9)  122.7(1.9)
C(3)-C(2)-H(6)  109.7(1.6)  C(9)-N(2)-H(10) = 125.7(2.1)
- C(2)=C(1)-H(3) 111.8(1.7)  C(10)=N(2)-H(10) 124.4(2.1)
C(2)-C(i)—H(u) o 112.3(1.6) N(2)=C(10)-H(11) -119.6(1.8)
H(3)-C(1)-H(¥)  107.5(3.3)  C(3)-C(10)-H(11) 130.0(1.7)
H(5)-C(2)-H(6) 104.7(3.4) C(12)-C(13)-H(15) 114.4(2.1)
C(4)=C(5)-H(T)  121.4(1.6)  0(12)-C(13)-H(16) 109.8(2.2)
c(6)éé(5)—H(7) 120.3(1.6) c(12)-c(13)-H(17) 109.9(2.3)
0(1)-C(11)-H(12)  114.0(2.1)  H(15)-C(13)-H(16) 108.4(4.0)
0(1)-C(11)-H(13)  103.4(2.0)  H(16)-C(13)-H(17) 111.4(4.5)
H(15)-C(13)=H(17) 102.7(4.0)

0(1)-C(11)-H(1L4) 112.5(2.0)

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

squares and are enclosed in parentheses,
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| In S-methoiytryptamine the indole ring was planar except
c(7) and{C(B),Were above the plane by 10 standard deviations.
The first members of the_side chains C(Z)mand 0(1) were in
the plane of the ring. In melatonin the benzene portion oflp
the indole ring 1s quite planar, and the nitrogen N(2) of the
pyrrolepring lies in this plane. Carbons C(3) and C(10) of
. the pyrrole ring are above the plane of" the indole ring by
at least 9 standard deviations. The oxygen Q(l) and carbon
c(2) of the side chains 1lie significantly above thevring
‘also.e'It is not clear why C(3) and C(10) snould be out of
the indole ring plane. This deviation from the plane does
not seem to be a consequence of molecular packing..j

All the atoms of melatonin 1lie approximately in the plane
of the indole ring. Deviation of all the non—hydrogen atoms
of the structure from a least squares plane through the in-
dole ring isvgiven in Table IV-7. As in S-methoxytryptamine,
the aliphatic; and the ether side chainslunfold 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) . r

The angle ¢ of melatenin is 175. 0°. It will be. remember—
ed from Section III that this is the angle between the ethane
. bond of the side chain and the indole ring such that if @ =FO

70(1)}18 polnted toward C(5) and is in the plane of the ringl

.The minimum energy conformation in the absence of outside
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forces is with ¢ = 90°, hut:thevenergy;separation between

) =.9O‘o and ¢ = 180° 1is only 2. 3kcal/mole‘; Within the ap-'
proximations of Hueckel theory, these two conformations are
equivalent 8 ‘

The ether side chain lies almost entirely in the plane
of the indole ring. A-least squares;plane_through '
C(ll);Q<l)-C(6) 1s parallel within one degree to the plane
of thelring.i The conformation about thevethane bond
C(l)-C(é) is almost perfectly ggagsand,staggered“ This cor=--
responds to the minimumrconformation energy expected as cal-
culated by exuended Hueckel molecular orbital theory. ‘The
possible conformations for C(3)=C(2)- C(l)—N(l) are shown in
Figure III-6. A rotation angle of180°;“between N(l) and C(3)
-correSponds to zero conformation energy;and the trans- stag-

- gered configuration. This conformation angle in melatonin
15188.4 « The conformation of the nitrogen—containing side
chain in melatonin is very close to that expected from Iu c'el
’ molecular orbital theory calculations, and the energy bcpara—
tionsbetween the minimum (0.0kcal/mole),wand that found for
melatonin is 2.3kcal/mole. We may contrast this value with
the very large separation energy found in 5-methoxytryptamine
of 12.8 kcal/mole. -

In 5-methoxytryptamine, the nitrogen side-chain.mOVed »
into a higher conformatlional energy state in order to com-

plete an intermolecular hydrogen bond between N(1) offmole-
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_éule_(x;y;z) and N(2) of molecule (1l+x,-y,1/2+z). The abili-
ty of N(i) to form an N-H-N hydrogen”bohd wi£h N(2) 1s des-
troyed 1in melatonin by the acetyl group. |

" The acetyi.group is planar as.we can see from Table iV-7.
‘The‘anglés about C(12) and N(1) are all close to‘120°; The
plénar aéetyl grdup is nearly‘coplanar'with the’ihdole ring;
 the-dihedré1 angle between the two ﬁlanés is 7.79} The ace-
tyl group may be partially in resonance wilh the indole rigg.
The bohdé C(2)-C(3) and C(i)—C(Z) are signlficantly shorter -
fhan expected for a carbon=-carbon singlé’bond;9‘The tetra-
hedral anglesvabout c(2) and C(l).aré_lafger than normal by'
about 20 standard deviations for C(2) and 11 standard devia-
tions for C(l).

Instead of an N-H-N hydrogen bond as found in 5-methoxy-
tryptamine, melatonin-forms én N-H-0 h&drogen bond. The '
oxygen 0(2) of molecule (X,y,z) is hydrégen bonded to N(2)
in the indole ring of molecule (-x,1/2+y,1/2-z). The dis-
tance of separation is 2.903%, and the angle N(2)~H(10)=0(2)

' i1s 163.6%. The ongen 0(2) of'(x,y,z)‘is also only 2.9668
from N(1) of the side chain in (-x, 1/2+y,1/2-z), and the
angle N(l)-H(l)-o(z) is 161,3°. Thus, both the nitrogen N(1)
of‘the:éide chain and N(2) of the ring in molecule (X,y,X)
are hydrogen—bonded to oxygen O(2).in the glide rélated‘moleh_

cule (-x,1/2+y, 1/2-z).
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These distances and angles for the'N-H?O hydrogen bond .
are in general agreement with those found_in neutron diffrac-

tion WOrk;lo

These hydrogen bonds aregueaker than the N-H-0
. bonds of'amino acids or proteins. The N;Q‘distance for an' |
N—H—O,bond in these compounds is 2, 79‘+ hléﬁ The 1deal

N-H—O»angie is 180°, and for each 6° of deviation approximate-:e'
ly .1 kcal/mole of straln 1s produced in the hydrogen bond;ll.'
.’These N-H-O hydrogen bonds in melatonin with distances of y
about. 2 93 and angles of about 160° are rather weak bonds,__-
Also, the nitrogen—hydrogen distance is- sometimes used as a
criterion of hydrogen bond strength If a strong hydrogen
bond 1s formed the- nitrogen-hydrogen distance should be
1onger, as the hydrogen is donated to the oxygen.. The dis—‘_
tance N(2) H(10) is .79%, and the N(1)- H(l) distance is L848R,
These are the shortest intramolecular bonds 1nvolving hydro—>
gen in the whole molecular structure, but least squares esti-
mated standard deviations on these bond lengths are + .03 K
Since_these estimated standard deviations are the minimum stan-
dard deviations for every structure,vthese short N-H bonds -
are probably not signifilcant withinythe accuracy of the struc-.
ture determination. | | |

~ The crystal structure of melatonin is heid together byf
a rather'Weak 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) 1is hydrogen bonded to the
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ring and’side chain of the glide—related‘molecule aﬁ (-x,y+1/2,
1/2—25;_ The closest non-bonded approach 1ﬁ the §tructuré o
not involving hydrogen.is_3.758 2, This iﬂteractiQn is
between}0(2) of (x,y,z) and C(13) of_(fx;y}1/2,1/2-z). A
diagrém_of intermolecular packing inlmelatonin_is shown in
Flgure IV-3. A list of final observed and calculated

structure.faCtors for melatonin 1s giveh in Table IV-8,



Figure Tv-3

S I‘Int‘érfmo'leﬁcular '_"I_’jac':ki.ng‘ in Melat’Onin"f{
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' Table IV-8

' Observedand Calh‘cu“lated "St'ru‘ctufei.Fac,t_;'idifs' "fbr"_ r\’le-_l_'a't.on.in“.,
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| E‘.,Conclusion
The molecular structure of melatonin agrees in many
aspects with the crystal structure of 5-methoxytryptamine
~ which was'related in Section I1I, The indole ring in |
_ melatonin is not planar, although the benzene ring is. ‘The

atoms C(2) and C(lO) of the pyrrole ring are warped out of

the plane of the indole ring by 1.8° ., _Short bonds in'the‘
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indole ring correlate with a large frontief;electron‘densityf‘

as‘caiculated by Hueckel molecular orbifal'theory. The
shortest bond correlates with the higheSthi eleetron den-
sity. . | | -
Ih'eontrast tov5-methoxytryptemine;'melatonin essumes
a confofmationvin the solid state very close to that ex- .
pected»from quantum mechanical celculatione.r Acetylation
qf”the primary amine group destroys the ability of 5-meth-
oxytryptamine to form a stroﬁg N~H-N hydrogen bond. The
N=H=-0 hydrogen bonds formed in melatonih.ére very weak, and
the molecule is able to assume the minimum energy conformas
tion'calculated for the isolated molecuie With no inter-
molecular interactions, Partial conjugation of the acetylv
'group'with the indole ring may help stabilize this:preffered

conformation,



160

Since S-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 1is reasonable to assume that serotonin could
be bound in the "granules" by hydrogen’ bonding.lz‘ This
idea is partially supported by the fact that serotonin forms
an addition complex with ATP13 It is possible that this
addition complex is formed by N-H=N hydrogen bonds of sero-
tonin with adenine.ﬂ | | | |

The dual conformation theorﬁ of Gaddum is completely
consistent with the x-ray work, Serotonin could -assume
a higher energy conformation in a biological environment
conducive to the formation of hydrogen bonds, and a lower

energy conformation similar to that calculated for the iso-

lated molecule in a biological environment where formation y
of hydrogen bonds would be difficult.

It is hoped that these molecular structures will help
vthose who are trying to piece together the truth of the

serotonin metabolism,
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Appehdix A
~4.Derivation of the Orientation Matrix §iJ

The orientation matrix g. for the trial and error com-

1J ‘
puter;program is é'function only of‘thé cell dimensions of
the crystal studied and the direction cosines of the normal
to £he molecular plane relative to the_uhitary-monoclinic
vbase'véctors, gi;‘mentioned in Section II. The derivation
of the ¢omponents of this matrix relies heavily upon'use of.
the dqt and cross véctor.products. Siﬁce'in many cases it

is possible to deduce 1ndépendent1y the;brientaﬁion of the
molecuiar'plane in terms of the Miller indices of a Bragg.
plane ﬁhich ﬁhe molecule is nearly coincident with, the firét
stepfin the defivation”ofrthe orientation matrix is the de-
velopment of ‘an expression fof this Bragg normal in.termsp_
of'its.diréction-cosines.

Knowledge of the brinbiples'of the feciprocal lattice -
will be assumed to permit brévityvof development. Severél'w
good bboks which elucidate thevconcepts of reciprocal space
are available, and a few of them ére listed in the bibiio-
graphy.l'2f3 |

The reciprocal lattice vector g(hi) = Lhysy (11211,3)
wherehi represents the ith Miller index and sS4 represents‘u

the ith reciprocal space base vector, may-be'dotted_with the

direct'space monoclinic base vector set Ei since the direct
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space and the reciprocal space vector séts‘haVe the same ori-

gin. The result of this is (1)
‘eos_e1 = hi/lg(hi)l |§1| | _(i:?fl,3) ' (l)

The direction cosines, cos ei, of a Bragg plane‘normal rela-
tive to the direct space vector basis set bi is a function B
only of.h.,-the ith Miller index, and the length'of Qi'and
: d(h ). The length of o(h ) is a well-known property of re-
ciprocal space, and Io(h ) - 1/d(hy ) where d(hy) is the per- :
pendicular ‘distance between the Bragg planes involved

It'is convenient'to normalize the;gi such that
Yy o= gi/lgil. These y,; are the unitary monoclinic base vec-
tors'mentloned.in Section II. The vector;g(hi) may also be
expreSsed in this vector basis, and g(hI) = Ingv, (4 = 1,3).
The compenents, ny, of g(hi)vmay be ex?;eSsed'in terms of |
: directlen cosines. This result follows ir we dot a(ny) wiﬁh
vy fi;; ; SR | -:and {solve. the aesulbing set. of-
_linear equations remembering that the vi are normalized di- "~

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

ny ¥[(00531 - eos e3cos'8)/51323]|2(h1)|
n, = [¢os§:2]|g(hi)| | | (2)
”ns = [(cose3 - 00351COS$)/Sin281|g(h1)|V
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" The expréssion for the ni may be normalizedeith divisipn'by
[g(hy)|. The normal a(hy) to the.Bragg plane hj has now.beén
vnormaliied and expressed as a function of its direction co%
sineé-and the cell coﬁstaﬁts of the crjstal" This nofmél is
one vector of an orthonormal vector set into which the geo-
metry of a planar molecule can be graphed. Another vector |
e —.Xxigi (£ = 1,3) can be defined, This vector can be‘
dotted with g(h;) and the result set equal to zero. Thié"

w111 give us after e, is normalized the expression (3)

1

>
0

1 l/le |

(3)

>
i

= l/l_e_ll ,

A, ® =[(cose

3 1t coss2)/cose3]/lglf

|e l {2+[(cosel+coss )/cose ] -2(cosel+cose )cosB/cos&~:3}1/2

If coSe3 = 0, the expression for Ai becomés infinite. This,'

difficulty is overcome by deriving analogous expressions.for

'Ai having different coSei in the denominators of the terms

involved and branching the computer program to avoia divi-
51on by ZEero.

‘The A, = aj, (i = 1,3) of the orientation matrix. We

can define a third vector e, = Zuigi (1 = 1,3) such that

alhy) X 24

sion of the answer in terms of the Vyo

= €5, Solution of thils vector equation, expres-

and normaliZation of
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PROGRAM NORMA(INPUT:OUTPUT;TAPEZ'INPUToTAPFB OuTPUT,TAPﬁa)
DIMENSION HH(50) sHK(50) sHL(50) sRDHKL {50)+sDHKL(50)
DIMENSION COSA(50)+COSB(50)sCOSC(50)9A(50)sB(50)sC(50)
DIMENSION BAT(50)sANGA(50) sANGB(50) s ANGC(50) _
DIMENSION A1(50)9A2(50)sA3(50)sSUM(50)sBVECT(50) '
DIMENSION BSQ(50)sB1(50)s32(50)9B3(50)9R(50)1s5(50)»T(50)sC1(50)
DIMENSION C2(50)+C3(50) a
IN=2
LOoUT=3
NPUN=4 o
READ(INs300) AAsBBsCCyALPHASBETAsGAMMASNHKL -
WRITE(LOUTs300) AA,BBsCCyALPHABETA,GAMMA ,NHKL
READ(IN®310) (HH(I)sHK(TI)sHL(T)sI=1sNHKL) ’
'WRITE(LOUT»310) (HHII)oHK{T)sHL(T) s I=1sNHKL)
PI1=3414159265 : ‘ :
TWOPI=24%P1
RADCON=P1/180,
CONRAD=180,/P1
ASTAR=1+0/(AA*SIN(RADCON®BETA))
BSTAR=140/RR
CSTAR=1e0/(CC*SIN(RADCON#BETA))
BETAS=180,-RBFTA
DO 10 I=1sNHKL
BAT(I)—(HH(I)*ASTAR)**2+(HK(I)*BSTAR)**2+(HL(I)*CSTAR)**Z
1+2. O*HH(I)*HL(I)*ASTAR*CSTAR*COS(BETAS*RADCON)
RNDHKL (1) =SQRT(BAT(1))
DHKL(T)=1,0/RDHKLI(T)
COSA(T)=(HHIT)*DHKL( 1)) /AA
COSR(I)=(HK(T)*DHKL(T))/RB
COSC(I)=(HL(T)®#DHKLI( 1)) /CC
Al1)=ACOS(COSA(TI))
R(1)=ACOS(COSR(T))
ClI)=ACOS(COSC(T))
ANGA(I)=A(1)%*CONRAD
ANGB(I)=8(1)#*CONRAD
ANGC(1)=C(1)#CONRAD
10 CONTINUF
WRITF(Lour.anO) ' '
WRITE(LOUTs410) (HH{T)sHK(TI)sHL(T) sDHKL(I)9sCOSA(I)sCOSBI(I)s
1COSC(I),ANGA(I)oANGB(I),ANGC(I),I*loNHKL)
NO 20 J=1sNHKL _
Al(J)= (COSA(J)-COS((J)*COS(BETA*RADCON))/(SIN(BETA*RADCON))**Z.
A2(J)y=COSRI(J)
A3(J)=(COSC(J)=COSA(J)%*COS(BETA*RADCON) )/ (SIN(BETA*RADCON) ) %#2,
IF(COSC(J)eFRe0s) 12415 :
12 SUM(J)=COSRB(J)+COSCI(J)
BSQ(J)Y=(SUM(J)/COSA(J) ) *#%2+1e+1e=2 *(SUM(J)/COSA(J))*
‘1 COS(RETA*RADCON)
BVECT(J)=SQRT(RSQ(J))
WRITE(LOUT395) BVECT(J)
‘B1(J)==(SUUM(J) /COSA(J))/BVECT(J)
B2(J)=1e/BVECT(J)
" B3(J)=1./RVFCT(J)
GO TO 16
15 SUM(J)=COSA(J)+COSR(J)
BSQ(J)=le+1e+(SUM(J)/COSC(I))%#2=2, *(SUM(J)/COSC(J))*
1 COS{3ETA*RADCON)
BVECT(J)=SQRT(RSQ(J))
WRITE(LOUT»395) BVECTI(J)
B1(J)=140/BVECT(J)
B2(J)=140/BVFCT(J)
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. - : 168
B3(J)==(SUM(J)/COSCI(J))/BVECTI(J)
CONTINUE ‘
R(J)I=A2(J)*B3(J)-A3(J)#*B2(J)
S(J)=A3(J)*¥R1(J)-A1(J)*R3(J)

B T(J)=A1(I)*B2(J)=A2(J)*B1(J)

300
310
320
330
340
350
395
490

410
475
500

Cl(J)—(R(J)—T(J)*(OS(BETA*RADCON))/(SIN(BFTA*RADCON))
C2(J)=S{JI%STIN(RETA*RADCON) :
C3(J)—(T(J)-R(J)*COS(BETA*RADCON))/(SIN(BFTA*RADCON))

CONTINUE - ,

WRITE(LOUT$320) ,

WRITE(LOUT»330) (Al(J)oAZ(J),A3(J)sJ=1,NHKL)_

WRITE(LOUT»340) : ‘ o : ' .

- WRITE(LOUT»350) (B1(J)sB2(J)9B3(J)sCLlIJ)sC2(J)sC3(J)sHHIJI)sHK(J)
THL(J) s J=1sNHKL) L

WRITE(NPUN500) (B1(J)sB2(J)sB3(J)sCL(J)sC2(I)sC3(J)sHHIJI)sHK(JI) s
1HL(J) s J=1 9o NHKL ) : o : :
END FILF NPUN

REWIND NPUN

WRITE(LOUTs475) NHKL

FORMAT (6F 1045515

FORMAT (3F5,0)

FORMAT (41HTHE COMPONENTS OF THE NORMAL FOLLOW BELOW)

FORMAT (3F104,4)
FORMAT(5x.2HR1,1ox.2H82.1ox,2HB3,1ox,2Hc1,1ox,2Hc2.1ox,2Hca)
FORMAT(6F104491X93F3.,0)

FORMAT(1F1043)
FORMAT(4X,1HHo3XslHK,BX,IHL’BXo4HDHKL95X94HCOSA95X,4HCOSBo

1 5X»4HCOSC5Xs4HANGA»5X »4HANGB » 5X s 4HANGC ) :

FORMAT (3F5¢044F10e493F10,1)

FORMAT (10HA TOTAL OF,s15,23HCARDS HAVE BEEN PUNCHED)

FORMAT (6F104551Xs3F3,0)

STOP

END
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PROGRAM OMOO( INPUTsOUTPUT 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
VARIABLES, ,

CARD 1(6F10459215) AsBsCyALPHASBETASGAMMASNDATASNATOM

AXIS LENGTHS IN ANGSTROMS AND ANGLES IN DEGREES. NDATA IS THE
NUMBER OF DATA READ IN, NATOM IS THE NUMBER OF ATOMS YOU READ 1IN
CARD 24 (5F10e3+110) XORsYORsZORSANGMAX sDELANG4NCOS

XOR»YOR$ZOR ARE CRYSTAL COORDINATES OF CHOICE OF ORIGIN FOR AN
ATOM WITHIN YOUR MOLECULEo GRAPH THE MOLECULE TO SCALE ON A
CARTESTAN 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 DEGREESo
NCOS IS THE EXACT NUMBER OF .CARDS 4.

CARD 2Ae (3F104393110) DELXSDELYsDELZsNXsNY 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(F4e29F6463))

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 SELFCT THF CARDS YOU NFEED

CARDS 6« NATOM OF THEMse 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/AAsBBsCCy ALPHA’BETAQGAMMAQNDATA’NATOM
COMMON/SCATER/SLAM(21 ) oFTBL(21)
COMMON/HKL/HH(ZOO)9HK(200)9HL(200)’FOBS(ZOO)

DIMENSION XEX(30)sYEY(30)sR(30)sTHETA(30)sOMEGA(36)
DIMENSION XU(30)sYU(30)9ZU(30)sYOD(30)

DIMENSION B1(50)9B2(50)5B3(50)5C1(50)sC2(50)3sC3(50)

DIMENSTION NNN(50) sMMM{50)sLLL({50)9X0(20)+20(20)

IN=2

LOUT=3 _

READ(IN9300) AA,BBsCCsALPHASBETASGAMMASNDATASNATOM
READ(IN»s330) XORsYORsZORsANGMAX>DELANGsNCOS

READ(IN+295) NXeDYsNZsNXesNYINZ

READ(IN9®320) (SLAM(K)sFTRL(K)sK=1921)

READ(INs310) (Bl(L)oBZ(L),B3(L)9C1(L),C2(L)9C3(L),NNN(L),MMM(L)’
ILLL(L) 9L =1sNCOS)

READ(IN»®340) (HH(I)sHK(I)sHL(T)sFORS(I)sI=19sNDATA)
READ(IN350) (R(N)+sTHETA(N)sN=1sNATOM)

WRITE(LOUT»300) AA+BR» CCoALPHA9BETAoGAMMA;NDATA NATOM
WRITE(LOUT$330) XORsYOR»ZORs ANGMAX s DELANGsNCOS
WRITE(LOUT9295) DXeDYsDZsNXsNYsNZ

WRITE(LOUT$320) (SLAMI(K)sFTBL(K)sK=1921)

WRITE(LOUT»310) (Bl(L).thL),Ba(L).c1(L)1c2(L).c3(L).NNN(L).
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290
25
30

35

40
295
300
310
320
330
340

350
410
430
440
450
460
500
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IMMM(L),LLL(L)sL I,NCOS)
WRITE(LOUT»340) (HH(I)oHK(I)oHL(I)9FOBS(I)’I—19NDATA)

WRITE(LOUT»350) (R(N)sTHETA(N) sN=1sNATOM) -
PI=3,14159265 o
TWOPI=2,0%P]

RADCON=P1/180,

NANG=ANGMAX/DFELANG

X0(1)=XOR

YO(1)=YOR

Z0(1)=70R

OMEGA(1)=0.0 ‘ ' .
WRITE(LOUT»430) NNN(1)sMMM(1)sLLLI(1)

WRITE(LOUT»440) - XO(1)
WRITE(LOUT »450) YO(1)
WRITE(LOUT »460) 20(1)

NO 40 L=1sNCOS

DO 35 N=14sNZ

PO 30 I=1,sNY

PO 25 M=1,4NX

NO 20 J=1sNANG

PO 10 K=1sNATOM '
XEX(K)-R(K)*COS((THFTA(K)+OMFGA(J))*RADCON)
YEY(K)=R(K)*SIN((THETA(K)+OMEGA(J) ) *RADCON)
XUCK)=(XEX(K)*BY(L)+YEY(K)*#C1(L))+(XO(M)*AA)
YULK)=({XEX(K)*¥B2(L)+YEY(K)#C2(L))+(YO(T)*RR)
ZUK)=(XEX(K)*B3(L)+YEY(K)*C3(L))+(ZO(N)*CC) :
XUsYUsZlJ ARE COORDINATES OF EACH ATOM REFFERRED TO MONOCLINIC.
AXES WHICH ARE ONE ANGSTROM LONG

CONTINUE

WRITE(LOUT»410) OMEGA(J)

CALL FANG{XUsYUsZUs11)
OMEGA(J+1)—OMFGA(J)+DELANG

CONTINUE :

XO(M+1)=XO(M)+DX

WRITE(LOUT 9440) XO(M+1)

CONTINUE

YO(I+1)—YO(I)+DY

WRITE(LOUTs450)  YO(1+1)

CONTINUE

ZO(N+1)=Z0O(N)+DZ

WRITE(LOUT460) ZO(N+1)

CONTINUE .

WRITE(LOUT9430) NNN(L+1)sMMM(L+1)sLLLIL+T)
CONTINUE .

FORMAT (3F1063453110)

FORMAT (6F10455215)
FORMAT (6F104551X»313)
FORMAT(7(F4e?sF6e3) )

FORMAT (5F10435110)

FORMAT (3F5¢051F1042)

FORMAT (2F1044 )

FORMAT (8HOMEGA 1Ss1F10,1)

FORMAT (19HTHIS IS ORIENTATIONs315)
FORMAT (4HX ISs1F542)

FORMAT (4HY I1S51F542)

FORMAT (4HZ 1S51F542)

STOP

END .

SUBROUTINE FANG(XUsYUsZUsJ)
DIMENSTION XU(JYsYUC IYeZ ULl 1)
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DIMENS ION X(3O),Y(30)92(3O) : '
COMMON/CELL/AA+BBsCCyALPHA,BETA, GAMMA,NDATA NATOM
COMMON/SCATER/SUAM(21) s FTBL(21)
COMMON/HKL/HH(ZOU)oHK(ZOO)9HL(200)9FOBS(200)
DIMENSTION SUM1(392)sSUM2(30)sA(30)sR(30) -
DIMENSION FAT(200) +SINLSQ(200)sBAT(200) - \
DIMENSION SUMFO(201)sSUMFC(201)»SFOBS(201)sDELF(201)sSUMDELF(201)
DIMENSION TEMP(200)sSINL(200)sSCAT(200)sFCALC(200)
DIMENSION SUMSFOB(201)9ASUM(31),BSUM(31)
P1=3,14159265 ,
TWOPT=24.%01]
RADCON=P1/180.
ASTAR= 1.0/(AA*SIN(RADCON*RFTA))
BSTAR=140/8B
CSTAR=1. 0/(CC*%IN(RADCON*BFTA))
BETAS=(180.0-BETA)*RADCON :
THIS LOOP CALCULATES ISOTROPIC TFMP FACTOR
DO 5 I=1sNDATA
BAT(I)*(HH(I)*ASTAR)**2+(HK(I)*BSTAR)**2+(HL(I)*CSTAR)**Z
1+2% O*HH(I)*HL(I)*ASTAR*CSTAR*COS(BETAS) '
~ SINLSQ(T)=BATI(I)/440 . ;
TEMP(T)=FXP(=-3,0%STNLSQ(1))
SINL(T)=SQRT(SINLSQ(I))
5 CONTINUE
I=1
6 CONTINUE
DO 10 K=1s21
KK=K ‘
3 IF(%LAM(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))) ‘
=I1+1
IF(I=NDATA) 636914
SCAT 1S .SCATTERING FACTOR AND TEMP IS ISOTROPIC TEMP FACTOR
14 CONTINUE
TEMP IS AN AVERAGE ISOTROPIC TEMPERATURE FACTOR FOR ALL ATOMS
PO 20 1=14NDATA
DO 15 J=1sNATOM
X(J)=XU(J)/AA
Y(J)=YU(J)/RR
Z(J)y=20u(J)/cCcC
SUMI(J)-HH(I)*X(J)+HL(I)*Z(J)+(HK(I)+HL(I))/4.
SUM2(J)=HK(T)%Y(J)=(HK(I)Y+HL(T)) /4, .
AlJ)= 44%COS(TWOPTI*SUM1(J) ) *COS(TWOPTI*SUM2(J))
B(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=RSUM(J+1) :
THIS IS THE UNITARY PART OF THE STRUCTURE FACTOR FOR: NATOM

FAT(T1) = SQRT(SUMA#%2 + SUMB#*2)
SCAT 1S THE AVERAGE SCATTERING FACTOR FOR NATOM . :
TEMP IS. THE AVERAGE ISOTROPIC TEMPERATURE FACTOR FOR NATOM
FCALC(I)= FAT(I)*SCAT(I)#TEMP(T) :

20 CONTINUE



25
30

40
50

350
370
400

NO 25 1=1,NDATA
SUMFO(1)=040 -
SUMFC(1)=0,0

SUMFO(I+1)=F0%S(I)+SUMFO(I)
SUMFCEI+1) =FCALC(T)+SUMFCI(I)
IF(I=-NDATA) 25530530

CONT INUE

CONST= SUMFC(I+1)/SUMFO(I+1).
WRITE(3+350) CONST.

NO 40 L=1,NDATA
SFOBS(L)=CONST*FOBS(L)
DELF(L)=ABS(SFOBS(L)-FCALC(L))
SUMDELF(11=0,0

SUMSFOR(1)=0,0

SUMDELF (L+1)=DELF(L)+SUMDELF(L)
SUMSFOB(L+1)=SFOBS(L)+SUMSFOB(L)
IF(L-NDATA) 40550450 '

CONT INUE
R1=SUMDELF(L+1)/SUMSFOB(L+1)
WRITE(3+370) R1

WRITE(35400) (X(J)YsY(J)sZ(J)sJ=19NATOM)
FORMAT (28HTHE SCALE FACTOR FOR FOBS IS91F10 5)
FORMAT (15HTHE R FACTOR IS»1F10.5) ‘
FORMAT(3F10,2) :

RETURN

END

BRRLP
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: ‘

A. Makes any warranty or representation, expressed or implied, with

respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or A
B. Assumes any liabilities with respect to the use of or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

. As used in the above, "'person acting on behalf of the Commission’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that sqch employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his. employment or contract
with the Commission, or his employment with such contractor.




; .
A “

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



