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. "C~A"~etaHed~ckl"lowl~dgeand understandin~'i of the three-dimensional otructure of
molecules is important in many bral'lches of chemistcy. The m~jority of, this is

qptained via tbe results of ~maHmcleotlle~zry$taliographiC .analys$s. The application c::l

of the t&ehniques and methods 01 s~all molecule X~ray erystalloQr~pny is however:
" '.' 0

not straight forward. Many systematic as well as randoM factors' could' affect the

collec.tiorl of the m~cassary':\diffraction data. The subseql.lEmtderivstion of the,crystal' Ij

~~,~ $tr~:ture from th'edifrr~qtipn data Is ~Iso not always ?b\:i?~S ,~nawith¢ut problems. ~
,~, " d ()

"hi this thesisj the resul!s obtainad) from ~th~ successful t~finemehtof 1a. crystal
$tructur~$ sr$ presented. These structure determinations. in addition to them

II ... •

contribyting !Q:tha,~~neraib'~"~Yof known crystal st~l.tctur~$"V'r)re undertaken for a "

number 0(, ch~micaiJy important reasons. These Included an investigstion Intp the
(I -:». fi

~ natuf& of s()m~ cI1.amical bonds; the COnfQrrruatiQnal prElf'$rences of'sQmeomolecuh::.s.» G'

hydroden bonding incrystals of trig(ycine sulphata, as well as the identificaVl:lI:1 ,and

0"

characterisation· of $omij reaction produci~J. '

) { (:l._\. . j\_. Ii c-, ',,, 'C, "

'Also, because t1f the advantagas,obtl:'llned from peirforming the crystallographiC"at,
"

lo~ temperatures, a previously unreliabl~ cryo~tat. was signiflr;antly modified and
tasted .. 'the m~dified cryostat proved to be far more tSliable, a~ well as stable snp

, 0"

easier to use. r.~, ,;:, 0 ,)
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CHAPTER 1
IntroductiO~~

I~)

"\ "
" C\

~rom the time when it was first postulated that atoms could interact with each other
~~ \)

to form jnolecutes, ch~;mists have been interested in the nature ahd propertie~l of

these atomlc aggreg/aies. ,~; was s'oon realised ,that II!)O~~ knowledge" of t the
structures of .th.ese ('nolecuills .wbuld be ce,ntral in,.t'..e :'I1ders.t~nding. of their
pro~ertles, As cl\91ljlsts knowleag$ ani:! Uhd$rstal1~1n~ gl'E!w, their concept Of a
mol culsr structure ~ISOevolved, From where iiwas liT n)ore thart en enumeration'
of the ratios of the';JariOUS elements in the structure, t(J!~point wt1ere it also Includes

inform~i?n!JbOU.t ~e connecti.V..I~ between .lh6SU.' ato,s, ant! their I"lletiva posltlens
in three' dimen$i6nal space., 'Tvday the flJnd~edftal laws goverrl'ing molecular
structures are atill fer from w(~11understood and' is 1hQ source Q1,much speculation

II ... ! "~I

" .' " o ,Iit'lnd research in many branches of ehemistry.lihis, howeJVer~.has not jprevel1ted
chemists from u~ing structural inf,')rmation, wi~h graat suoo~ss when, I)' example,

. ·deslilflill~ syntheti9l'Outes to new Ilroducts, Investigating the prop~rties f.·,f mstertals
or when studying the reactions of mf)lecu!es." ./ c

0'

'..J

"rhereo are many techniques available that can be used to obtain structun,
information ~.i6outa molecule of inter ..)st. MosCof these are based on the interaction

/ _ 1_\ f ' • {~

Ij of ele6tromagnetic radiation with a sample containing the molecule, So, for examplij, "

techniques such as infrared spectroscopy, ultraviolet and visible spectroscopy as
'\ "Y;eH'as nuclear magnetic resonance spectroscopy are based on ..the absorptfcln of

eJ~I:,t~9m~9neticradiHtion by the molecule under invastigation. Such techniques can '

g~n~ri'itl.!y ~e used to obtain information concerning. the atcmlc gonnecti~,lty and
i"'· ". (\ ,

flJl"lct{onal nroup$ present in the molecule. The appeal of these methods lie tt~er~~in

that they are relatively ~asy to USi) ,3nd that liquids and solutionIS CaI1'be used ~s
'samples. « . \.1 .,' , , I, , ' cJ,

. \,'!, ' U ~

"\,'" ~
to obtain detalled structur~1 II\informatit:tn, includin\i) interatomic distances ad\lj
stereochemicaL dellS, it i:~nEly~\~liifll'yto u~t~ one of thl~)difff'Etctior\¥based technique~,

, i ... " ("

Of '{hese, singl(, ..crystal " ..r~'r.difft-aot!on has a~\sumed ~~ leading' position, mainl~t
, I, , J

II
"

" I
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"
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It is important to realize th~t 'each atom in the' unit, ce,~1(and "hanC(;t in' the:[~$fal)
C9lJtribuies t~ the intensit)~of each reflection by an amount that 9apen"';i~on its

", o "'"position in the unit cellI its scat~t{pgpower aod, to a" lasse'f extant, try,s -scattering "
angle. Thus each: Fhkl bontain'Sinformation about the entire crystal structure.

U,j'

c " " /.-

The elecll'Oi1c, den$ity in a crYstal is 1l0rmally @pr<i!lWnl9d b~jJ,eans ~f a
\' 0

three-dimen~ional map of tl~e~Iectron-den$ity function, p(xyz), calculated by)FourJ~r
'i - J

synthGlsis at various points itt the unit cell. Fourier summation Methods ~re uStld
because the electron density withhl a crystal is fa' triply perigdic Junct!Cimand hence
csnee t3xpressed\by the triple summation of appropriately Pha$~dw~~s. Thus it is

I ,___; - ') ,~

the simula,tion of the action" of a "lens and is ,.a swf.~~ation of waves ·of known
amplitude Fhkl and phase aM!' The electron"'den~jty distrlb'&Jtlonis given by the
f)

fOHowin~equation:
II

p(XY1.) :=: ~ i~' Fhkl exp[-21ti(hx + ky + Iz)]
,},k/ "') , fi

where V is the volume of the unit ceil. This equation can also beWritten in the frorn :
.. ~ \

))

\i "II C.J 01 '. '... u

'\1 p(xYZ) =v I Fhki c-os[2n:(hx +;Iky +- 12:) -: (J.hk/]
Iii. ;, C) 11/(/ " \\" .:» l{,~ ((

cd '
\1 •. . . ,) . \'. •wherle the amplitudes, Fhkl, and the phases, c4\'1 of the d:wacted beams appe~r

explicitly. Note that while the structure amplitudes are directly accessible by
experiment, the phase angles are not; they have to be obtained in some way ifwe
wish to calculate the electron~density map.

'"

Since the el~ctron"density function may be expressed a~ a Fourier series with the
etructure factol';s as coefficients, th6' structure factors may also be expressed in
;-;""'1

terms of the electron density. rhus the structure factor, F,llil• is the r4~)lJriertrsnsform
of the electron density p(xyz): ~../1 .' I)

i
'CI <;

;/

FI1kI .:;c· J~3(:J(xyZ) exp (/4>;1 dV

J,i
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n, \\ " c" \" ;i

C) l'J , " ' ~ ',,,\,~',, ;\ , "

(wh~E$ <> is 21t(hx + ky'+ Iz», aod DthJ electron density is th~.inverse 'F!1uri~t 0

transform of th~struchlre factO'r: I? ',j 0 ,

o

In this last equation a triple summation is used bf;causafFhkl is, only observed at
" " , " i) ()

clisqret'l pOints .Thus tpEfintensity of a afegg refieetion isproportional to the value"at

that reciprocal,,'atti~ pc;int, IJkl, of the sQ4jfe of t~)e Fcurler (~ransform'of. the electron (\
,~'j

density. Q .,.

C< O'

{}
p (" ,

So far ol11ythe kinetic theory of X-ray" diffraction has been considered. That \';s, only
~_ . 0\, .. ..,J ()

,~, the i'1,terlere~,e effects between t!1e elementary)waves "scattered ~Nithinthe voltJma
of the crystal have ,,been cOT)sidered. In fact, this theory; n~ect$ two important (i'

phenomena. "Firstly,()'When' :the incident wave prdi'pagates through the crystal its
I). l~ ()

o ~ intensity decreases graduaily IJbecause a part of its ~energy is transferred to the
I~ ." \~) [)

.' "scattered o~am. And sec~rtdly, the diffracted waves interfere with each oth~r iJnd -
~! - ,. ,)

wi:th the inoide(lt beam. The theory which takes all these phenomena 'into account
() .~, ,) '-

and analyses the wava~fh;;id set up as e" whole is called" the dynarni~h(:;qry of

diffraction,., ItMIas initiated by Ewald, and later on laue showed that Ewal"j's theory ;S'
,1. " ,/, ~ I) \,

c equivalent to analysing the propagation of e any electromagnetic fie(,d through a (I,'~, () >.1
"1ydi,um having a periodically, vary!,rg complex dielectric constant.

If I.'

" q

Dynamic effects develop gradually in ~ 'crystal, a~~ it ma.y be shown that for

Suffie!en.tly small Ihitll.n,.asses the, inc..iden! bsam is n~t w(,~~enad conSid.,er~~,',IIY. The
diffracted waves are' riot so stropg as to give rise to remarkable interif)renc {"effects
with the incident beam and the effects of absorption are negligible. Und '-...~~ese
conditions (theoreth:lally, thicknesses <10.3 .. 10'" em) the kinematic theory is a fairly

,II - (-

accurate approximation to dynamic theory. In praotice however, the corr~$ponding

eqqations (E,roved t9r be valid even for crystals having climensiQns of sever~t.)tenths
of a millimeter. 1hiSlr!js due to the structure of real crystals, ,\

'Ii u

il
))

"II
Ij

II ,

o
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()A simplified model of a real crystal was proposed by Darwin (1914 &19221 when he
'" ,'\ ::;)

snOW9q1 that it can be ideally schematised like' a mosaic of crystalline blocks with
I,~:'

dim~nsions of about 10-5em, tilted very slightly to each other4t angles of .the.order
\)

of fractions' of, a IJlinute of arc. Each block is separated by fauits and cracks from
oth~r b1ocl5s.The in!er(erence between waves only OCGU(S inside every single block,

L whose drh,ensions satisfy the theoretical conditions of applioobilit~)of the kinematic
theory _ Be6ause of the loss of conerence bet'Neen the waves diffr~cted from
different q,!ocks, the diffracted intensity from the whole crystal is equal to the ~m
ovet tf1$ intensities diffracted from every single block. c>

G •
C;'_~ ,pot. ;"/\1
'1 u ,. \~.:';\'

A gr~~t~d~~~t~gGof the X-ray method is its ability to show some i~tallY unexpected
\ 1 U \1 "

"'= and s~f~rl$ingsnuctures with compl~t~ certainty. ,;\
1\

II

()

,~::)
('

The detail~d structure, that is obtained from an X..ray structure analysis, is Important
to chemists because it provides the chemist with the following 'information about the
molecule:

• The atomic connectivity
• Interatomic distances (such as bond lengths)
.. Conformational information
• Stereocherhical data ,
~ Information about non...bonded interaction (such as hydrogen bondh1g)
" Information concerning the motion of atoms in the crystal

~)

In some cases where exceptional care was taken during the collection of the s.

(1

diffraction data, it is also possible to obtain reliable electron density» information.
This infor~ation is of gre~ use in theoreti:cal studies concerning bonding and
molecular shape. 'I

(i ':\

: In this project, a number of compounds w~~restudied by X..ray \.crystallographic
II '1 ''''

methods, These structures were then used to rlnswer question$"relating to :
t:~,

II

i. The metal..rnetat'bond length in Mn~ReI.dimers.
ii. Bonding in heterapentalenes, \\
iii. Conformatiom!ll preferences in single "(,Wt/10, N~$ubstitutad acetanilide

derivatives.

II
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CI

iv. Hydrogen bonding in Triglyeine f)ulfate. '" u (I

v. Reaction product identification and l~hamcterlsation.
~ 0
1\

In most cases, the structcres GOuld be solved by routine structure determlnaticn
c ,. () ." . l':l (,

techniques. For the purposes of" ·this project, this is. consi~ered to involve the
solution of a $tructure not influenced by disorder or any other s)istematic )9roblern.
, In, a number of cases,' however, these routine methods failed to give data 'reliable
enough to answer the questions at hand. In these cases it was' g~merally possible to

,J

improve !,Ith~ eccuraoy and pre9ision of 'the experiment in order to obtain tho
'information"at the desired accuracy. This was done by reducing the effects of some
o ' ~

of..the knnwtl systematic errors. The syst~matic effa,cts encountered 'in this project
and the ~ethodS, by which ;they were minimised are Ii~tedin Table 1.1. , "

" ;~,'

Tabli1.i: SY$tematICprobiems in x:Niy analysis ' ,. ",-*~-1
=:'~~~~m.='~~~~~~sial'--. --=----= =.

2}", J.mpiric~1 absorption correctlons,
_--.f_3._A..;.,,·p.Pi~!i~!X~~!.EbS?_'E~~CO~!?~-2."

1. Apply linear decay correcaon
2. Apply non-unear absorption correction\\
3.,Perform ~~~y ~llow~peratur!..__ ,
Cl)nsider during refinement ),_..._.--~---.~.~-~~---"~

Thermal diffuse scattering Perform study at low temperature____ ~ i1Ot ~~ , _ _" ~1I"'t'''''''''_~~''' ""'- _'.._.......

o

I,' Disorder ", '" I!1••I,",elude ~jSDrd,. ei, mOde,',llrIreflne,me"nt____ ~ .__ ~!.!rfo.~X.!'!"I~~_~el!'pe~~u!~, ,~_
o

:!J

When .the diffraction experiment is performed at low temperature, the X..ray
diffraotion pattern obtained from crystalline matter would change. The extent of the

"

changes depends on the crystal under investigation as well as the temperature
range through which cooling has taken place. A small chrmge in temperature could
lead to hardly any discernible change in the diffraction pattern. uniess the crystal

~ 0

undergoes a phase change. In tfiis case the diffraction pattern could change
dramatically" depending on the nature! of the phase change that t~kes place. Thus,
for example a disorder ..order phase transition could result in diffus~ lay~r lines in the
diffraction p~ttern reSOlving into sharp reflections. This and other types of phase
transition CO~ldalso be associated with changes in the unit cell, which on iks own
,hat;1a dramatic effect on the spatial distribution of reflections.

o

6

o "o

o· \)
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On tt1a 'other hand, if a crys~a!does ndt undergo a phase cf1snge on coolil1g. the

~n~$S .In "he d~rac~.~npattetlj)ar~ mO:$ "~ubtle,ev~n'f~r large ehanges in
\') .tJrR~ratut'e.'Fir$tIY, thEfunit cell ot .thecrystal Will undef90 a s.Ii.~htreduction in size

II due to thermal t;ontractiol1; This would ~use a $light spreading cot of the're~ections
in the diffractidl1 pattern. One mu~t also b$sr in rnind that the structure .factor

~, " . ,\ /} I ') ~\

\e~pression. as Writ~ni previously refer$"to atoms at rest, with ~ ?Orrespon~? ';to a c_::)

stationary atomiC mod~1.The thermal mq~ionof an at\m cen be taken into ~,cctlunt jf t,

the scattering f~ptor for the stationary atom is.,rePladrd ~Y the scattering fact9f a\
vibl ati~1gatom, t', which has the form: U I !I"

IF

The quantity B, knewn a$,the Oebl'eHWalierfactor, is related to the atomle vibration
'" "(f ,,\l

b~ 0 0
\)' n

B ::::8rr;2u2 II
". II II '
• \' ~.. I .. . ) .. ..

whare u is ~Ile rdbt-O'lean-square amplitude Of" atomle vibrati'8n" The ~ffeot, of ther"
'i 0,1 ,,' . () ('J D ,;.

additional.factor in the str!,.lture factor expression, is t~caU$~'sn incre.aS~df~lI...off of
int~h&itywith respect to sin e Ilv.

n

o D

o

Thus on cooling, high order reflections show the most obvious changesi in the
: (\ ';'. '.' ..

I> sense, thatJhey beeome more fntensEt~ M?re irrJportantly, they q__lijcomemeasurable.
Therefore the number of measured reflections included in a data sat increases
significantly. This results in better, more precise structure refinements, including

\~)im~oved;figures of merit.

With this in mind and because of prClblerl'J~encountered with the CI'Yl)st~tused in
previous projects, a computer c6ntr~;lIledcryostat was also designed and built. It was
then tested by (~ollectingthe Ilowtemperature data used in this project.

~~ " ..
,-::::.:_ \
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Table \\,2" lists the structures determined Quring the course of this prOjee!," si1d 'Jtl:? 'b

fairly representative "of the type of struotqres..amehabl~., to study by small molecule·
• , .. f) 0 ..

X~raydiffraction methods,
(I

(I

"

(I
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CHAPTERc2 "
n

0,

!} II

o

o The object of a qrystal ~tructurr;l det$rmin~Hbn(1s to identify and Ic?cstethe positions
o ~

of all the atoms,within th~ unit (tell, and thus, to completely define the structure of

o

>:) '_'

the crystal. For X-ray diffraction meth09$ thi~ can be accomplishea because of the
FQurier relationship which exists ,between the alectron density distribution within the

(1 I) \'. . ,i' .. . ... , 't

unit caB and the. intensities of the X-ray beams diffracted by the crystal,' The
positions Clf atoms are then assumed to correspond ta the centres of ovoids of D ""

~ ~ ,
qharge. 10 accomplish this in practice it is necessary for a number of distinct stages 0

0)"

to be completed successfully. Anct as these stages are, to be comple1tGdin sequence
(,1 it is important that as few errors as possible be introduced at each stage, Figur~2.1
shQws th& sequence of evenfs that comprises tha;,a\leragl~ modern X..ray structyre

\' . (':'

d:~termination. The prinCipal steps being:

• Crystal growth
~ Specimen selection and pr~paration
• Crystal mounting
• Data con~etion

" {'

(i

:J • Structure sqilJtion
Structure refinement o

• Calculation of geometrical parameters
t,

(i • Graphical representation of the structure

D

In the remainder of this chapter each 'of these steps will bt:!discussed briefly.

n o

" o
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2:.2Crystal.growth
i~ (I,

() (,

It is obvious i~atsuitable crystals should be a~:Jilabla bafor-a the crystal structure of
T>: 0 ..~' .'

a ma\:$rial can be determined. Unfortunatefy, because of the quslity" and the si;tJ\of
" " ! " "

,the cry$~[Jls needed, it is oftan'neccassary fOI',ibrystals to be grown specially for the

diffraClka analysis, III general the growth IShOUldbe ,SlOW'so !hat a reg~l~r
arrangement of molecules or ions, '(;)adir!:":~1to a well-formed crystal, may be

,? II" . ....

obtained. The aim is to reach a pOint at which 'the soluton IS just saturated and then
,'v'

"

to slowly, lower the saturation pOint while limiting tho rate of nuoleatlon, so that only
/I

a few grysfals can 9~9'Mto a relatively iarge siza .._'
o

~ .. . "Tha meth61 most frequently employed is slow evaporation, ,which unfortunately

Oft;"" deposits crystals as a"mioroct'Ystalline crust on the walls of the container J\Jst 'I

at the surface of the $olut;on. As the solv@nt evaporates, the solution recedes,

leaving thf' r:;rt.!§t in a position where it is not effective in inducing gog)d crystal

~growth. Futhermorepit is so difficult to contro] th~, evaporation from small volumes of

s?lution that appreciable amounts of solvent, a few milliliters, are required. t:_)

The second method. commohly used is' slow cooling. Coating rates from elevated

temperatures for solutions oontalned in laboratory vessels of ordinary size are often
too rapiq to produce anything but microscopic crystals. The tate: of cooling can be

slowed somewhat by placing the vessel containing the solution in a large contalnsr :(I

of hot water or by' surrounding it with sufficient insulating material. The whote
,-I

process can also be carried out with advantage in a Dewar vessel. Extrem'3ly slow
II

rates of cooling,. (ian be obtained in a well~inslJlated and thermostatted oven by
"

reducing the thermostat setting~ gradually.

If difficulty is experienced in growing satisfactory crystals from single solvents· by

eithl?r of the above methods, mixtures of two or more solvents should be tried.

Changing the nature of the solvent often has a prgnounced ~ffect em the crystal

habit and the size at the crystals grovl~, since properties ,that 'may inf~'iwencecrystal
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" \.',

growth, such as dans"ty, diele~tric constant, viscosity. sqJ:V~tionand SQlubilty, can be
,L. ';:) (b (I

varied in a controlled mal')ner over wide ranges.

Another method that can often give good $,~nglecrystals with ..91.i11igr"am amounts Of

solute is by altering the solvent by vapQcir diffusion C1lSillustrated in Figure .2.2
/1

,
~ II .• 1 ...-; .... ~_~'* _ ..m,

/) I)

o

--.·S,
(/--s:tQ

!) "

,; Figure ,2.2: Crystallisation by vapour diffusion

\\ .', \.' :i t, C'J" () I'

A solution of the substance in solvent S1 is containd~ in 'tube T. /} second solvent S~,

placed in the closed beaker B, .,ischosen such that lt.producss with S~'a mixture, in (/

which the solute is less solubt~)that in S1 alone. ~~w~~usion of 82 lntc T(and"S1

out) will ~?LJ$ecrystaWsation. which ',\~de,. favourable' c~nditions, ca(r r;r~sul' ill the,
grovlih of relatively large single crystals If,82 is more volatile than $11 it is"possibla

for the volume of the solutlorr to increase during crystatllaatlon and thus. avoid the /1
"

",.1 troublesome crusts "that often form when solutions evaporate, In order to obtain
W o.

good mixing of S~arid 82 as th~'y diffuse" together it is heIPfut~~~)ttheir densiti~s.:)~e
relatively similar; or, preferably that 82 be denser that 81, "

" .Ii v,

1\ ,)
I)

Diffusion in the liquid phase can also be used to grow crystals. 'Figura 2.3 shows
(.{) "I, i", (1

ene arrangement that depends on the differences in densitY to maintaln the initial
1'/ , '

separation b~tween sclvents 81 and $2' The solute must always be clissolved in the,
. (" , II .

solvent if)w~icb it ls mdre soluble. CI)'stal3 appear" at the interface betweet1 $1 and

$2' atil,j grow as ,the solv~~nts mix by diffusiqn.
Iii
iI

o

',1
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Figura 2.3 : Crystallisation by liquid diffusion

\i

Satisfactory crystals can sometimes also be grown from the malt by slow cooling.
This method is not amenable to the wide variations in conditions attainable with the C

('I--··)· .' ,/~

mathotls")already outlined, and has~nly limited application in growing grystals of
organic compounds, For certain inorg~nic substances-and metals, however, melting

.\ 0 .' 1_'

and crystallizin~}n a.zone grc.wlf:htechnique is capable of produ~ing very 'a~g~>~~~/i.'~i~:',.,
pure crystals " ",,<')j/ . ':1 '\~" 1):
,~ ., u ,~, \) -;.(fi.;.· :l r'" :(f:D \
( ,:) Cl . ~_ /i '." ') t !'," I'

tblimation Isanother method of lim!~~~applicability, but one ~!l{SO"I!'''lrKf~'''$i~:~:~'It
wall. If a solid vapourises readily/withot)t.>d$I{ ....,mposition, '\fUblimatl('J'l."C~ln be

.i-: " ~\ i". i.!.
considered (asan alternative to other l"I1~t~l?dS, 'f a,gas condenses rapidly, a~~solllj

(l I· " I,T, I, ''(:1 \

on' a relati~ely COld"sU~flce, crystal growth is impaired and pnly a microe{y~~IJine
mass results. H?Wevetl~Jf sublimation is carried "out slowly, so that large crYS~JSocc~,
grow at the expense' Q~ ematler (mes, very large crystals may sometimes bA

.,-, bt' d. 0 alne ,

\\ \~

2.3 Specimen selection and preparation

C\" ~. \ , '

A crystal whose st~~uctureis to be determined must be a single crystal, not cracked
or a conglomel'at~~, This may be checked by examining it under a polclltzing

I,

microscope. If rot~~ad about an axis normal to the polarising material, the crystal'
should either app~;ar uniformly dark in al!;y:ositions or be bright and extinguish, that

I "·f ,

is appear uniformily dark, once every 90°, Crystals made up of two or more

fragments with di~~rentorientations will often r~veal~he~selves by displaying both
da~~and IIllht regiMs at the same time. ~ L .

_. I)'>

\\
\\

II

/1
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Choosing a crystal of sUitable size is also important. If it ,is too large it would nat be
bathed homogeneously by tha collimated beam of X..rays. If it is too small on the
oth$r,..h~nd it would result in difficulties in measuring the diffracted intensities

'\.1 I,i. ()

reliably. Anpther' important effect in determining a suitable crystal size is the
absorption of x..rs)'s by the crystci!I, and it can be sho"Y'1that the optimUm thickrtes$
is a.function of the linear sborptlon ooefficient and is given by:

"," ()

top! = 2/f.l

,

All these phenomena could load tq13erious systematic errors in, the measured
, ((

diffraction intensities.
CJ

/)

~)

If a crystal is too large it may be possible to cut it with a razor blade 01' with a solvento 0

c(;;atal~fibre. Idea:l,Yone s~puld try to find a crystal thflt is; or can be ground into an
approximately spherlcal, shS'lpa,,, as this woul~_ ffifhimlze absorption affects.

_ ',f 1.....';;(

Alternatively a crystal with weh deflti~d taces should be selected, as these faces can
be .indexed;)measured and~sad fO\r calculating Glnalyticaf. absorption Corrections~
However. SOr!W~~stals are too soft, fragile or sensitive for ~jvendelicate cutting and
manipulation and must be useci in the shape in which they grew. )

2.4 Crystal mounting
!

18

I
Ii

Fo~ preliminary studieiA ~;i~well as the subsequent intansity data coUec1ionusing a ..:;~:~\..~?
d~:iractometer, the seleci~d cCY$talis generally attached to the end of a glas~ iibr~ '--~(~
using an adhasive. In casas where the crystal is unstable, the crystal may be put
inside a thin-walled capillary (Lindemann tube) and the capillary sealed. An
eppropriats atmosphere may be maintained)w.ithin the capillary to ensure ,stability.. Q
The fibre or capillary in turn /ls fixed into 3 brass pin using sealing wax. (See fjgureso ,;"
2.4 and 2.5). The pin is used for handling the assembly and attaching it to the
goniometer head.

I) (;

o
';); (J \.i

I)

\
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Figure 2.4 : Crystal mounted on glass fi6re.
o ()

-Crytlll
'",:)'--!.Indemenn Tube

J:(--SeaIiIlC wtu(

I

r,l

·-eraHpin

" Frpure~:5: Crystal mounted in glass capillary
Th~se, mounts are ~,ovleve:r not suitable for ~se in low temperature",studies. The
"ghJeS used to bindtha crystal to the rod and the differeDt coefficients"of expansion

" ,)

Qf the materials used in these, mounts may cause $tres~~~ OCI, the 9!Y,stal, It"has
. '. . , . ,.r"l. . \r~/

been shown (Argoud & Muller; 19a9) that th~sa str$s$ti'~ q:ould lead to s~rong
,::S' d" ,I

modifications of diffraction ints;1"lsities.The .suggested method for mounting crystals
c

(:7 f9r low tempera,ture studies is mustrated i" Figure 2.6, where 'the crystal is attached
to a quartz rod, that had been drawn into a fibre, using a small amount of silicone

(;

grease. (,
',j ')

()

,,~~,~J
Figure 2.6 : Low temperature mount



2.5 Data collection
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The collection ofbrystallographic diffraction data poses two quite diff~rent problems.
Th~: first is the. determination of the geometry of diffraction, from whiC~\1the size,
shape, and symmetry of the direct and reciprocal lattic~$ may be calculated. The

,.~ 0

"
second is the assignment of an observed intensity to every point in the reciprocal
latti9P~which may ultimately be related to the distribution of electrons in the unit cell.
Historically photographic methods served both e(,ds, but automated-'diffractometers
have largely replaced them for intensity data collection. Photographs. however, n

reveal signifiCl.":Jntportions of the reciprocal lattice simultaneously, making them ideal
for confirming the quality of a crystal and for estabishing the crystal systein and
space group of a crystal.

In photographic methods a camera containing a piece of film is placed behind or

around the crystal, with allowance for entry of the direct beam from the collimator.
ThE(Ccameras used are constructed so that the indexing of the reflections is
unambiguous and, with the precession camera. simple. T~e indices of the diffracted
beams and the orders of diffraction may be determined by inspection or by

calculation from the positions of ths spots on the film. With most "cameras, direct
recording of the diffracted beams gives dark spots on the photographic film, In
"recent years Polaroid film has been used for preliminary indexing and space gl"oup
determination; in this an intens;,fier (such zinc sumde) faces the X-ray source and
the visible light emi~~edis recorded on the Pljlaroid film. Such films give positive
images rather than negative ones. The degree of blackness (or whiteness) of a spot
depends on the exposure time, on the intensity of the diffracted beam and. to. some
extent, the conditions of development, of the film.

In a diffractometer, the film is replaced by a photon detector and tha intensity of a
/1 I 'II
( " I

dfffracted beam is determined by counting the photons associated with it. Generally
such detectors can only measure a single beam st a time, and thus the diffracted
beam intensities have to be measured sequentially. 'This could result in difficulties

\I ,

whet' collecting diffraction data for crystals which show significant radiation, damage.
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Diffractometer principle. ",'

Most contemporary difftactorn~ters are of the four..circla type and are completely
(~\ v ,~,

computer qpntrdiled. The essential geometry of a four-circle diffraCtometer is shown U

in figure 2.7. The incident X-ray beam and the diffractea beam, when orientated for o

(.I ':'

"measurement, lie in the horizontal plane which contains the crystal'I)The crystal can,, -

be rotated about thrEfQaxes and the detector about a fourth axis; an four axes must
intersect a.t the crystal. The crystal is mounted on a goniometer head \vhich is
attached to a spindlo. The head is provided witb C6'1tering slides and , hejght~)

__!:ldjustment 80 that the ¥rYslsl can be pre¢isely positioned at the, intersection of the
~~.' 1·,1

th~ee axes about which it can be rotated. The spind!e, on whIch the head is
'I

mounted, can be rotated about its axiS, whi9h Is designated tHe <p-8xis, by ~,he
" \/

controlling computer. The spindle assembly, including the crystal, can be,,(otated
about a perpendicular axis, deSignated the It-axis, by rotation of ring B iru&ida the

, stationary ring A (figu~ 2.7). This X"ring together with the spindle assembly and the

crystal can be rotated at?out a vertical axi,s.designated the (I)-,axis.

(I

(\

,
(\

\.I

(I

Figura 2.7: The geometry of a fOl,Jr~circlediffractometer
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The purpose of the three rotat;pn axes, If', X and o, is to enable the normal to a

selected reflecting plane hkl to be brought into the horizontal plane, defined by the

axes of the colllmator C and the detector 0, so thatit is inclined to the incident beam
() ,) 1'1.... II ., ~'

at an angle of 90° - e. The detector D, u$lually a scintillation counter, is moynted on
fl ". -»

an arm which enables it to be rotated about a vertical axis, designated the 29"~xis:
I) \\

coincident with tlle ro-a),(is$0 that 'it is inclined in the .tlorizontal plane at 20 to the
"forwcird direction of the incident beam; the detector is than correctly positioQed to

measure the intenSity of the X..ray beam reflected from\'the selected hkl plane. The
(.\ I

;, .. (\

fact that the crystal can be rotated about three axes, leads to a degr~~ of"flexibility
in the way in which it can be moved into the reflecting position for sny given' set of

hkl planes."

(._\

/)

Since the crystal is mounted at random, it is initially necessary to deiennine the

orientation of its reciprocal lattice rel~ltive to the fixed reference axes of the
~I ! u

diffradometer, XI VI Z. These referend~ axes are orthogonal, tlght~handed, arid
lJ 'i "":1

such thaf .x fs airected along the forwar(~ dir~ction of the incident X-ray beam while

Z is vertical (figure 2,6). If the hkl recjpr~~cal lattice vector, d"hkl where Icthkll= IJd"kll

has coordinates X, y, Z when the scales of 'P,X and 0) are zero, then it is apparent
that in order to bring d*hkl into the renacting poeltion the rotation on 11> must be tan·1

XIY, on x. sin·1{-Zld*"kl)' and on (0, si~·1 %dWhkllwhere dhkl :::Jx2+y2+Z2. In order to
be able.to (1'Jalculate these angles for a particular reflection it is necessary to know X,
V, Z for the corresponding reciprocal laUif'l') vector, which implies the neces~(ty to

know the orientation of the reciprocal lattice axes relative to the ditfra6tometer

\\~

1.\

reference axes. This can be ~chjeved by se,arching a predetermined e range for

reflections and then deducing the orientation of the reciprocal unit-cell from ,the
. ,:') '\

measured ~, 'x, and e of the recorded reflections. If the C'.ompon~nt$of the reciprocal

lattice vector a- along the diffractometer reference axes X, 'V, Z are a·~1SOy, a·?1 the
components of b" are b·x, b'y, b·z, and the components of c"ar~c~, C~y,c'z' then the

(,

coordinates X, Y, Z of the hkl reciprocal lattice point are given by the operation of
what is known as the UB matrix em the indic9$ hkl

\,)

\\
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Since crystals usually reflect over a small range off) and $ipee it Is the total intensity
reaching tha~etector fr6~ a \given reflection that is required, the crystal is rotated

~? I)

through the reflecting position eboul the (l)"'1,axisat constant speed. For accurate
() ,~ ,

intensity measureme,nts it is important both to.set the limits of such a seen correctly, "
(j for eaCh ~eflection and .10 maintain the intensity of the incide~tbeatn at a constant

o

O! •magnitude within acceptable limits. The background intensity is estimated f~om' ,

tnea,~urement$ at the lim~~sof the chosen o-scan and sUbt~a~ed\frorri theopa,ak ~\\
measurements to yield, the net integrated intensity of tna" reflection. ",<) "

. " . " , o '" \) ~

()

j

o j
I
!,
;~
;
.~

l)

'j
Q

The I' X~··ringpermits complete rotation of the crystal about the x·-axis. but its
,-;)

construction, involves quite sophlsticat~d engineering, which is expansive, and
moreover; its thicK019sSmay inhibit the measurement of diffracted beams as well as

<..

restricting" rotation on the (I)-axis by the necessity to avoid collision with the J_,

collimator. 'J~tfie so-called kappaMaxi~ diffractometer an axis designated l~ is inclin~d p

at 500 to the ro-axis and can be rotated about the Cll-axis; the K-a><issub$titut~afor~ .,

o

the x-axis of tha Eulerian four-clrcle diffractometer. In the ksppa-exls diffrsctofneter
the Ij)·-axisis mormted arl' an arm att~c~d to the K-sxis'so that it can be r6tated on a
SIYlal!circle about the K~a)5is,The whole $K assembly can be" rotated about the

()
r>

(I) .....axis. The kappa-axis diffractometer is in its engineering simpler than the Euleri{:ln
oc

fow'-circle diffrsctometer and has the advantage that the X.;ray reflection from any
hhl plane can be recorded as the plane is rotated th,rough 36011 about its normal.
Su.chan aziml~thal scan may be utilised for making empirical absqrgliQn corrections
to "intensity measurements. With the Eulerian four-circle diffractometer, azimuthal
-scans are also pOSSible, but are limited by the necessity to ay,oid COllision of the
i~rh'Qwith the collimator and by the obstruction ofthe diffracted beam by the x-ring.

(
/-. .._

C',~ .'
()

o



Diffractometer prlJ(:tlce.
() ~ ,

As has already been indicatedl most modern dlffractometers are computer .

controlled and many software routines have been implemented to facIlitate the tasks
()

of the operator. With these routines the operator, havinQ centered the prystal C,)I'1 the

diffractometer, could:

I.) I)

o ')

• Search through a region of space,and use the reflections to det~imine
:-,/ '0 ,"

an orientation matrix' and unit cell."

• Transfrom the oel! if necessary.
• Identify refl~ctions to be used as position and intenSity controls.

,) \
"\' .,-0"

• Se~up a procedure for t~utomatically oolleeting '£fie. data.

\\

. \"t~~ft~reduction
~~~{

)i
f~

Once the net integrated intenSity, Ihkll of a Bragg reflectlon has been measured, it

must be correct~dby some factors. tha..t take into account the relative lengto of tiro"
) _- (J ,_"'_r

/(the crystal was in the diffracting position, the extent of polarization of the 'X..nay \"'c
{_., .... ,,.::J

beam and tne absorption of Xwrays by lhe crystal. This may be done by the following i

(I

equation:

" '

i ,where Fhi<! is the structure amplitude, The L~entz factor', L, takes into conslderatldn

how long each set of lattice ptanes was in th~~~acting pcsltlcn, and depends on
__1'\ Ii

the technl~rJe used for data collection. The polarization factor, p;) origin~tes from the

fact that the variation of the reflection efficiency of X ..rays with the scattering angle

o depends pn!he polarization st"tus of the inOid..ant b~~.~e trarl~~iOn flI~Clr.A. •
takes into account the reduction of ips jnten~ity due to ab~~~r'" 'f'~,e it,~ays by

the crystal. It may be computed geometrically from Pf6n~~hiI';\~~/I~~~ CI J; f,~1of
known shape~nd size or estimated by measuring the variat~~n~i'ile!lSitY of a
reflection as th~ crystaHs rotated about the scattering vector. \\

1/

(J
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2.7 Structure solution
l'.l

" (

F h
. \)

!'om t e equstton '

p(x, y, z)C= ~ L L E Fhkl e·~21fi (Ilx + I<y+ 1%)
, 'il k I"

o

Co

o where V is the celi Volume and Fhk/Jhe structure' factor for a particular set of indices
hi k and' I, the electron density di$trib~t\ion throughout the unit cell may be obtained,

~,:)

provided that both the magnitudes and ~reuphases of the structure faq~or$ ars

known. As has already been seen the magnitudes of the structure factor~) may
readily be derived from the intensities of the diffracted X..ray beams. Unfortunately
th~orela~~ve"phases cannot be determined expe~~lfa~~all~1whi9h represents one, qf
the main obstacles' that have to be overcome during the course of a structure
analysis. This situation aa been called the "phase problem" within crystallographic
circles.

'.::,.

Therefore a vital aspect of any X~ray structure 'determinaticn is the determination' ofo " ,.
a set of phases which corresponds to a trial structure" which is chemically

m.~a(\ingful. Some of the main techniques that have been developed with the aim of

accomplishing this initial structure solution will now briefly be copsidered.

Trial and error methods

A tentative atomic arrangement is fc)und in some way and the phase angles "are

calculated from the coordinates in the model. A numbs'r of arrangements can be

tested systematically; the correct model is usually identified by comparing the

observed and ("..alcuiated st~ucture amplitudes, lhis method was the one l)~~d

originally but is not used much any longer, unless the ..structure is extremely simpnl \)
:1

Direct methods
h , ,

rhe Glcectronden$iW(~·lci$t·bepositive or zero but never negative sinpe electrons are
never less than absent. This requirement, together with the/jinformation that there
are peaks at atomic positiol1f:; but that elsewhere the map is fairly flat (ne/~r zero),
impli@sth~t fhere are mathematical constraints on possible phase angles ~~arle and

\ ..- -~ \",

o
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Hauptman; 1950). The best set of phases may be found by 'dtract methods'. In t.~eee
methods the phases are chosen to give the least negative. electron~denaity m~p.

"Th<"l simplest case is that of centrosymmetnc structures, wherEt the phase problsrn
c, c~ . .

'reduees to th'6t of determining tha sign of each Ahk1, For example, for three intense o

"reflections with ind1,ces hkl, h'k'/' and h+/",k+k~/+I', the sign~L~f"~the respective A
" . (I .., . . . ~>. (r'-'/ r',' _ (I /t

terms in the structure factor expression are related b!l the followingoequatiol'f 1.-

D where s means 'sigrl of (ie. + or ..J and ~ means fprobably"aqual to' and stres$ss"the
(I '-,

imp~rtan~~ of the probability aspects of these equa~ons. If two of thasa ~igns
(pt{stses) are· known; it is possible to derive tAe th~;d. ~om such relationships it is, '
often possible to derive phases for sioios; all rB~en$aBragg refJactio~s.(~J~~~it is

c; (,' \~;.) , 'j'

these intent_~ Bragg reflections that dOlTlinate the election~dG'ti~tty map., it j$~\

o possible to obtsin aO good approxirngtion to that map. Analog~us~.fnsthodsar.a used
., "

for .n(.'m"centrosymm~tric :tr~~ures, ~)
c ,.

F(li such analyses the structure amplitude~]re normalised t~)emoving 'the affe~,~ '."
a "-_ .' ' \1

of fall-off of scattering with angle so that only th(1Jgeometric Ct?~1pOnetitlIt:hltll is 'lett.
\' ',J// (;\

Usualily only the highe~t IE values are ~$~~;any intel1$s;;"high"() reflectior'l$ ~\~

thereby giverf,high weight in the calculations that follow" An ~tnalysis of the statisti~r (,'
distributio0r~the IE valu~s will indicateiv{hether the structure is ce~trosymmetric or

1 ., I \_'

non-cem-"fl~~Ymrnotric.The triple products ~mong high IE values, that is any triplets'
'\"1 ' ,"\ O

with ~~dr6d$hl<l, h'k'f', and h+hl,k+k"l+l' are found and, after fixing the P'ihasesOf
some 'origin det€imining reflections, the signs of as many E values as possible are

(.'. ':/

developed from triple products of the type list~"d above and probabiiit>, formul~"\ , .
Ii'

UsuaHy there are several sets that satisfy the truncated data s:t so ussd. Often it Is
possible to identify the correct set on the basis of the prpbability associated with

i'! , (

sign re'a~ionships. Otherwise several electron-density maps (computed from E

values) mar have to be calculated (~nd'(~earched'for reasonable geometry pf peak
ti- ' \',positions.

c

\1
1\

'! ,Ii

o

f)

(J

o
"

o

\\ ')
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Patterson and heavy atom methods o

,tone or a few atoms in a ,"atructura have '~highatomic numbers and ther~~fore

qominate the scattering, the structure determination may be simp!!fied by firstfinding

the positions of these few atoms. The method for doing thi~' Is··to calcula'tl~ a
Patterson function (PattersCJf1;, j9$4t.' 1935), which uses tria sq~ares of the

amplitudes of the diffracted beams f!nd a cofi'ine function
,) ',l " .,)

p(u, v, w) ::; ~ 1:2: :r\F~kl90~[2n(hu + kv + Iw)l
, h l< I

(/
I!

Whell compared with the equation for the electren density distribution in the unit
cell, tWo main differences b~coi1,e apparent. The structure factors are squared and,

there are no phase terms in the equatjory~)Thus this equaU~n may be evaluated·? o

directly from the experir~w'rital data. Peaks in the Patterson map. can be shown to

represent vectors ~,etwean atorms; the height of the peak beinQ proportlonal to the
q , ~~, ('1 _.

product of the atomic numbers of the two' atoms at the ends pf the vector. SOl a
"~,"}) -:). '; ,}

Patterson map for e ur',it cell containing N atoms will contaln aq,out (N2 peaks,
however, if one or two atoms have high atomic numbers t~e vectors.beiween themt..'r VOPi high and will dominate, the map, Then.)6t~':re, if the space group of a

'~~'~Y'.,.~liSeJ<powrJ1 then the positions of, the heavy ro\toms wi~hin the unit cell can be
/'/ determined. . , CI ,.

"
Isomorphous f'eplacement
Isomorphous compounds era isostructural and capable of forming solid SOI(~tiOns.In
the method of lsomorphous replacement I differences in intensities from crystals of .)"

lsostructurat compounds differing only in the identity of one atom is measured. The.

varying atom, usually a heavy t;}~O~'Q1is !opated by Patterson methods, and from this

phases may pe derived if the t'ructl.Jre is centrosYll'lInatric. QthelWise more

isomorphs must be studied. This m.ethod of soiving the phase problem is of great

'value in protein crystallography ..(Blundell and Johnson; 1976), but is only
. n

nJ

occasionally applied to small molecules.

I

.. I\\

I::/\
\,,/1'
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2.8 Structure refinemf'J'lt (;0

'I

In general, just after the str\Jc.1ure has been"solved, the calCi.:.II~teddiffraction pattern
c_, :-J (J. !.\

d9,es not agreeJ:>ptlmallywith that obtained experimentally, It Is also quite feaSible ,
''':> r: -,

that tho trial s~ructl,;(reobtained dLlririg the solution is not yet complete or coM't,Elins
I D c

~fTle $truciturta~ anomaUe$. These situations may be res?,I,ved by the usa of
least ..squares refi!1ement and difference Fourier methR~s.

r) ,
(.!.,~

') c, '.'(I_,)

, hi essence, the least ..squares procesa involves the adj'Jsting OfJl $O<:j' 0) factor and
, "

!he poSitional an": i.lisplacemant param ....tsrs of t,hl) atoms in the uni! (~II sO}fl.
obtain the best agreement between the experimental IFal and the calculataa 1111
quantities derived from the structure model." In its 'mo.~t usual ()appHcation, the

,10 , technique mil~irnizesthe function.
~ ~
1) R ,.::::.i: w(lP'o I ". G'F=~h2

" /;1

0'

()

(\

't"'\ ~~'ol ' " 1\'2.4 wl\ r .~~0 )1 ,.. (,
11 . I U \

" " "') (,

where A is IFol • IF(:!. For a trjal sat of p&:rameters not too differe1t from the correct

values~~ is expandedas a Taylor ~ariesto the first orcter:l "
(0(~\

- 'IJ ')t ..... n olFol "1". 6{p .+. t.;) ~ A(p) '., i~1 ~j BPj ~
/) II

o

,\ " fl,
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where th® shift ~i is the "correction to be applied to parameter PI; and p and l;'
." 'I .,

r"prasent the complete sets of variables and correctlons. Substituting back leads to
the normal equations q

o

The n normal equations may be expressed neatly in mtitrix form;.,
1\

(J

where ,)

and

b' = ~ w t.\§Jf.Jl!,, J h 8pj
l'

, /",".__/~.
" 0, "I (.., '

The'" no7~al equati(m~; are so,veq\;-liandard math~matical "procadure~, It is
important to remem~~~rthat. the I~a~t..squares procedure provides th~best fit for the

"

parameters that have been included into the model. Hence, it is essential to
examine the fim:ll' difference Fourier map at the completion of, a least-squares

',,'refinement. after several cycles of calculations have lad to negligible differences ~'I'
/ (,

"
(('f ttJ~ FlJ,urier series with IFal. coefficients is represented as Po(x, y, z) and the ,
~~!JJresPOn~ingsynthesis with IFcl as Pe(x, Y. 2:), then the djffereno~tFoLlrier syn.thesis "
.6.p(x,VI z) may be obtained in a~$ing!e..stage calculatlcn from the equation C,'

o II(\ I',

Sfnce the phases are substantially cprrect at this ,f)tage(.\of'" the ""structure
determination" if is in efTa'ctl a subtraction, polnt by point. of the 'calcolated' or trial

I~'
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I)

Fourier synthesis from that of the 'absented' or experimentally base9 synthesis.
I) f·

This map should be featureless, as any peaks or troughs could indicate errors in the

structure model used for the refinement.

I)

The agreement betw~an the scaled observed and the calculated structure ..factor
amplitudes may also be evaluated 'by means of a reliability factor. An overall

reliability factor (R..factor) may be defined as:

R :;;;:( :E IKIFol - IF-eli)!''£. KIPol
" . Ilkl" Ilkl

l-) V
For a well"refined structure model, the value of R approaches a small value (about

,~)

1% at oesf) correspondit19 to the errors in both ,.the exoerimental data and the
I"C

model. Another useful index used in structure refinement is .~heso called 'goodness
of fit' where:

\) "

c 1,\

for n refinable parameters and m observanons, w is the weight factor associated
.J)

with each struc~9re amplitude. S ,is a measure of the degree to which the found

distribution of differences between IFol a~d 'IF(l1fits ,the distribution expect~d from ti1~' ':,o
.). , '>0;>-7c~=",::/

weights used in the refinement. If these weights are correct, which iOlplies that thl'
()

errors Jn the data/)are strictly random and correctly estimated, and if the" i'nodel
!,

'properly represents the structure that gives rise to the data, the val~~,eof S is 1.0.

I)

The very weak reflectio~s in an X-ray diffraction data set have relatively largE!.err,9rs

" and those' fo~ which the background exceeds the peak ,will have negative, net
,'\ - (~

lntenslties, They are undefined and cannot, therefore, be used when refining ag~'!inst
IFol. It is customary to eliminate me ve~fw~ak raflections by usa of a4hreshOl~r i:hat
is, rsflectlons witf1 intensities tess'than sorrie 'po9itiva.Jhr~~hold value such as' 2i,(I) c

\. ,-. I

sro given zero weight. The use of any threshold, however, introduces a bias in the
() "

cr

data' and is indefen~ibla in principle; it is therefore much 'better to rE~fineagainst JJ::oI2
'.' (I I"J

so that all data. can be included. Ac(~ordingly the function
II (\

" i)
II

\\
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a "I) (f~1

)-~I

I)

"\'; 2
jq,f ::: k Whkl(IFoI2° - IkFcF')

hkl .
o ~

c V

IS minimised. This agaik)'eads to a $~t of nermal equatlons as sean b~forelas ~ell
as relatep reliabilty factorE~etc.
G ~

0,
"

When comparing reftned structures It is important to note what parameters were
u

used, in the refinement as weHas the criteria used to evaluate the refinement.
\\ -c- '1\" (\

2.9 Geometrical parameters J)" 'v' J
jr-

,J

o
I,

FOlkJVling a :1~~IfClgraPhicanalysis, the atoli1k~post~j()ns withinClthe unit O$il srEf
normally expressed in terms of);:;actional coordlnatcs. To interpret and compare
mOlecularcstructures chemically, it. is,,usefuf to describe'the structure in term$ of
boncHengths, bond angles, torsion angles etc. Relations used to calculate the
geometrical p'~ramaters incluqg:

c.
11 ('

Bond Lengths:
i

In the trielinic case" ttte distance between two polnts in fractidhal coordinates (X'il Y11
H i.: Ii' n 1'1

:2:1) and (~, y'l,l ~) is given by the law of cosines in three dlmeMSiOrl,
u '

1

/ ;::..{..(Axa)2 + (Ayb)2 + (&0).2 - 2ab&x8YcoS'Y }. '2
.~2acilxL.\zcos ~ - .2bOAy&zcOs(1.

"/)

.
where 8, b, p, (X, P, 'Yare the unit~ell parameters.
() '" \

f:~nd angles: .)., II

The angle e subtended by bonds AB~'aridAC (Figure 2.8) can pe calculated in
Ii

various ways. If the lengths AS, AC "and Be are known, then the leW of cdsines c)

provides a direct means of computing the angle
(,:,,;, "~I \\ '.,.,

.j



If the axes of the unit cell are orthogonal, the angle can b$ calculated from the
tNI

direction cosines of the line $$I"imentsAS and AC
u ~

o .::' oos-1(/1/" + m1 m2, + n1 n2)

'\.'

()

Torsion Ingles ' _
<I ~) _ _ _. '_ _ a _ ("
'~or a sequence of four atoms A, 8, 0; Df the torsion angle ro(ABCD) is defined as .

I.) '_' II

thf+ angle between the normals to the planes ABC and .f3CO (see Figure 2,9). By
,\ f;

cc;mv~mti~tl(Klyne and Prelog; ,1,960)(i) l~positive if th~,sense of rO~li:)tionfrom BA~o
d(.}IBWt'/,O ~i\)'~mBe, is c'ock~ida,olherwise II is negative ..From this def!9illon and
Fi9pre ~.q,!1t~ n be shown tf1(tt "." Q "

» ,/1 I.." " c"I t,:_'

'f/ ..',

\)1:!:) sin,-1(ab20~~~Hsin':J
o

()
o

tI (\
// (

( ,
,....1 \\

Figure 2'.9 : Definition of tl'le torsion angle (I)
I
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Mean planes

In discussing the geometry of a molecule, it may be desirableto-test the planarity of

a group of atoms. This is best done by fitting a least ..squares plane through thf3

atoms of interest, where a least-squares plane is that plane which minimises the

function :£ d~, wh~re dm am the perp$ndicular)dist~nces of the m atoms from the
m "

plane, The calculations involved in determining this plane have been illustrated by

Schomaker at a/ in 1959.

Puckering parameters

A large number of compounds contain cyclic fragments and it is insightful to

compare the observed contcrmatlons of these rings with the known 0 pref.~rred

conformations of such rings. By using puckering parameters this comparison m~wbe

made. quantitatively, These puckering parameters stem frcrn the generalisation, in
~ .. .

terms of cartesian coordinates, by Cremer and Pople (1975) of the expressten
derived by Kilpatrick and others in 1947, to ~rescribe the out-of-plene di~Placernent
of the jlh atom, perpendicular to theemean plane .lofa monocyclic ring. In general the!)'

N,,3 puckering parameters derivable for an N membered ring consists of puckering

amplitudes an ' phase angles. The p~ckering amplitudes relate to C' the extent of

puckering while ~kI~ phase angles refer to th!;')nature of the p~\ckering. ,
(' 'I

(/

2.10 GraphIcal representsiUon of structures

Following a small molecule crystallographic analysis, the results are generally

represented in some graphlcal from -.This is because a large amount, of chemically

meaningful information may be conveyed using a single picture, The exact nature of

the representation ,.will depend on the information that needs to be conveyed,

Frequently, ernall.moleculeaare represented in terms of bal!~and"$tick or ORTEP'
., ),1

diagrams. These diagrams are mostly used to disseminata details about the
~:I

molecular contormatlons as well as the numbering scheme employed. The latter
, ..

having the advantage in that if also includes a representation of the anisotropic

displacement of atoms about their mean positions. On the other hand, packing

o
/)



"diagrams can be used to show int9rmoiscul~r interactions such as hydrogren
.;)

bonding, or to illustrate some interesting paCking features exhibited by the molecwle.
Lastly, various Fourier ",laps may" be 'used to shew interesting features, found in, the
electron density distribution within the molecule.
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CHAPTER 3

Cryostat design, construction and (~sting

3.1 introduction
(\j

"
As discussed earlier in this thesis, 'it is highly desIrable to collect singla,.crystal

diffraction data at lo)\' temperatures. To accomplish this"a numbel' of crycststs have

been designed and built. A number are also available from commercial instrument

manufacturers and suppliers.

~ 0

.~ In gor.~~ral crycstats suitable for use in thQ.collection of a-dlmenelcnat single-crystalI, ./ \ ~:_ r" ...... \

{1iff~t?tABndata (~ybe classified accor't:-{g;to the presence of any windows though
J .,

which the beam of XMrays have to travel as well as the cryogen used.,

Liquid helium (LHe) cryostats generally contain windows (usually Be) to separate

the col~ chamber from the room temperature enviroment. This reduces the preclslon

of 'the diffrac~~meter by absorption and, parasitic x-ray scatter~ng. This is the
c()nfiguratlon generally encountered with continuous flow cryostats (Coppens et aI,
197,~; Alberts$on at ai, 1979) with flc idble, low ..loss transfer lines. In] recent years,

C)

closed-cycle refrigerators 01,)Dlsplexes have also been used in d~igning "C'1foatats
for singta ..crystal diffraction studies \Handrjks~n at aI, 1986). Th~ lower running cost

of these designs make them .particularly attractive for long term experiments. An (;
:1

f.llternative design, exemplified by that of Greubel at a', 1990, does not make use of
r:

any winiJows or a cold chamber, instead it employs the gas·flow prihcipla also used

in most liquid ..nitrogen (LN2) cryostets, Examples of such cryostats include the
I)

Open Nitrogen Jet LT708 marketed by. Qxford Instruments and the Liquid Nitrogen

Cryostat manufactured by Enrar Nonius,

('

A gas flow cryostat ()perate.:; on the principle of blowin§ a stream of 'COld gas over

the crystal to be studied. 'ro minimize condensation the cold stream is enVelOpf\d in
a concentrtc stream of warmer gas (see Figure 3.1).

c'
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'"*-£·· .. ,.,;h.i·."_ ...... ""","-,,"',.."",_,,·.-,'''+'._·_,-+,-,,

/., .....~. ""_""-"" Cold stream

\j

G;

o

l( ~.~~~ Crystal
",]1 cI -c.,

)
Fig!fte 3,1 :Gas flow cryostat nozzle

,',

Con~iderabl9 difficulty was fiJ:iq)ariencedusing an earlier version of the Nonius
I';

cryostat that operates on this principle. In this design, shown schem£ltJcallyin Figllr~
, (? .'

$.2, the cold and warm stream of gas is generated by evaporating the nitrogen in
boiling units. The Cold stream is than kept cold until' it reaches the ':~'"

.: ,/// . Ii' . 0

~~Ivered :tJlass Dewar tuge. The warm stream is warmed to' approximately room
P 'j 'J

temperatura and convGyed to the nozzle of the cryostat by a piace of plastic tubing,
() 'I

Ithe main prq,blams ware traced to the sensing of the cryogen level in the transfer~
Dewar. Tran$Ters(lfrom th~ supply De~;:tr (did .not ~Qkeplace reliably resulting ~qan
inability to keep lila level of cryogen relatively constant. 01; at least two occ.a~~ns
this resulted in dsmages to the heating elements of the transfer Dewar. ~rob!~\iilS
were 'also exporienced with the (temperature stability 'as the cryostat h~lino f9Cility
" Ci'" Ii
for controlling the temperatura. On speaking to other users 'of this and more recent
models from Nonius, SirWi): 'I;' nroblems were ,reported. 'It was thus deciaad to
extens~vely rt(o'dlfy the cryostat. o (}

II

II

1/
i I, ,
/.. /

I'j

()
I) .
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o

Transfer Dewar

Supply Dewar "

o

~\

Figure 3.2 : Schematic diagram of Nonius cryostat

3.2 ModificatiDn concepts/criteria

"

In the original cryostat the level of the cryogen in the transfer l)eV'ar was s~n$ed by

thelmistors, thco:Itis resistors with a large negative temperature coefficient. Thus, "

when submersed in LN2 they have an infinitely high resistahce, Unfortunately

repeated cooli',)g to such low temperatures causa irreversible changes in the

characteristics of the thermistors. Also they often cannot withstand the mechanlcal
\:,

stresses placed on them and they break in two. The behaviour of thermocouples are

well known and they have been widely used in cryogenics for the measuring of low
.' ~\
temp~ratures. Thus it was deciqed that they could ,be used f(~rt~e sansing of the
. u

cryogen levels. For the recording of the EMF's produced by the thermocouples, as
II

Irellas the necessary decision making, it was de~ided to use\~ ,F~r~ionalcomputer;
l~hjs would allow for the greatest versatility in the recording an(j~~cintrol necessary.

, (I

Using a computer also allows for a number of pOsSi?,le f rture eXPi31~Sio~s~~b~vel

sensors were included in,:he suppl¥ Dewa~10 Siva an indil\.tion of ~~\f\!i.l~~~l')?~
LN2 was consumed andto decide when next ~?ra{liI t~r~''f;t~P~~l.p~\t~r,'~\~l, ; /.~

\) )! n: . . .11o ~. ~., 1
I '~, )'1

~\ \/1'1 ~"" ~I
IY . ,,1/r'\~

"

I)
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3.3 Prototype construct/at;,,\
(:,'"<, .s

(j

C.:.\-
o

To test" these concepts a prototype was designed,' built and tested.

C9P~$r..constantan thermocouples were installed in the cSrYostm!t as sho"fO in Figure ,s
3.~;: 0

1 .... --

I'

--TC3
Ti I

".0

,J \'

o "o

" )L
__JJrC6

u I)

--T07

Figure 3.3: Thermocouple placements

All these thermocouples allowed for the monitoring of the cryogen levels' in both the

transfer and the, supply Dewars, as well as the temperature of the cold s'tream near c,

the crystal. Also included is a safety device which is used to sense the possibility 9f
the system running out of cryogen. The thermocouples WEH'e connected to
operational amplifiers which amplified the Signals before sending ,it to a 12 bit NO

"

converter installed in en XT computer. The AID convertor stores the EMF's from the

thermocouples in specific memory locations within., the computer from where they
may be accessed by a control program. Control of additional electrical devices is

also achieved via the AID convertor. l'he basic logic required for the control,of the
" u
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3.4 DlscusslolJ and conclusiof)
" :' {J () r{/'

()

Initial testing of the pn;?t~typeshewed that even without the usa Of()an~itemperature
'0 ._ _)/ " I, (O

control '.facilities, temperature stabilitie's 6t the order of one degree could be il

o ')

~chieved: Tho styostat was" then ~sed to 001l6gt approximately, five dat~ 59tS,

\}nclud'ing those of 17 and 18 in ttli~,thesis. During these data collections 'the cryostat '
remained op9rational for exierided periods of time. Overall, it could be cOncluda;dt;:,

,1)

that this dasigr overcomes the problems experienced prior to modification and holds
r) \' , , ,(~:.~) ....i\~~'~'?c~; ,\)

promise of cbulng bot.h roliabf~ a~d user friendly. Further ifQprdV~m;~,-nt~l\(pnd
expansions"could include the e~ditjon of a te'mperatura dOntr'ol facility. rhf~~~~uld be

('; ,,(I r?!1 "

~cqomplisherJ by including a haatlng coil in 1hecold str~)am,and then controlling the
a, . , 'I

power:~",uppliedto it frox_nthe computer. This would improf~~het~(hpe~ature:1h:.bilitY
of the !~rycstat(,af1dafs~'facilitate the'Chg::'2~:lof ~~e'tp,mp~t\~ur~a(IW~iChthe analysis z>

J~ done. This 0would greatfy 'facilitate hle study of different. phases and phase
, 'i , \) "
tr~.n$ilton~. ' !)
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CH·APTE'R4
c-

(~,The metal-metal bond length in MnRe dimers
o ' l)

I.}
Ii \\

4c1Introd~ctio!!
l,./

While performing routine investiga'tions into the structures of organometallic
(~mpund$, a value of 2.9SA was obtained 'for the, Mn-Re bond length in 1,

, "(MnRa(COMcNBut». Although this ~ti~!~\~iSwas basad on relatlvely pocr data, this
I) ') ~~t.:.

vah"l;e appeared "normal" because: I) . ~)

/" , (I "

(/ ' The value lay halfway be~waenthEtreported metal-metal bond lengths for

') ), rv~n:!(CO)10[2.90S8(6)A (Churchill et a/; 1981),2.895(1)A (Martin~ir/; 1ge2)]

and ~a2(CO)10 [3.0413( )A(Chur~hill at 8(;' iSS})} () "

ii. An X:ray structure determmatlon of MnRe(CO)10gave ,the val'.Ie as 2.9<?A,
I: (l _\ i.\ D '~

(Struchkov st 8/; 1967). ' ....~.
{\ C

o

o I)
'0

()

IJ

1

When the' $trut~tuc"'lwas, however, redetermined to correct for certain errors.made in
\ ,':' 1 ,_._:: I I)

the tassignmer1t I)f the spacegroup (Rheingold at 81; 1986) tho authQ~~)eport~da"
shorter bond length of 2.909('1)A. a value nearly identical to the Mn..Mn bond length
in Mrl2(CO)10' This redetermined value suggests that the bond lengths of

hetercnuclear dimers may not be related in any intuitive manner to the bond lengths

o in the nomonuctear dimers.
()

I_\
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Tq obtain further infdrmatlon on the metal-metal bond j'ength "in hetar:onuctaer MoRe
I' Q 0 ','. (I oI,"dlmers, it was decided to also determine th~ structurea,~ of the lwp refateC!:,

b" I', 8 ~"i

compounds 2 and 3. Bacause of the· v~ri~1y of eubstituents invo'v~d it shOuld also
e o

be possible to assess the influence of di'fferent steri~~and ef$ctronic effects on the
Mn ..R&bond length. '.'D \',., ,,' " II ' o
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4.2 Crystallographic analysis

,

Crystals of 1, 2 and 3 for analyses were grown from acetone/hexane solutions,and
suitable specimens mounted on 918$sfibres for the study. Cerl determinations! using ,

,) "

25 high ..order roflections, and data collections were done on Enraf..Nonlus CA04
~ • (I

four-circle diffractometers equipped with graphite monochromators, Crystals of' 1
c

decayed excessively: in the X-ray beam when using Mo..K\l, radiation, and ned to be
collected using less energetic CU-Ka. radiation. Data reduction included cOrrections
for lorentz, polarfzatiol1 and b~ckground effects. Crystal decay was corrsoted

" c, ',' . . ii. ,"1' Gi
linearly for compounds 1 and 2 I while a fifth ..order polynomial ,was used for
comp'Ound'a. Empirical "absorption corrections (North et 81; 1968b w~re ,applied t'!lI

o .

the intensity data of compounds 1 and 2. Analytical·· absorption corrections,
, . .' .. . . II)

ca,lculated by the ABSORf~ routine of the NRCVAX set of programs were applied to
the intensity data of compound 3. Thi~ routine requires that the faces of fhe crystals

o
(I
(.-' ~ be indexed and measured. It than uses this jnforml.~tionto calculate the" necessary

~-;;:.

corrections by a Gaussian integration method,
(\

r-,

Unit~cell parameters 'and details of the data collec;ti~1nsare given in Tabla 4.1.
Atomic coordinates for the structures are listed in Table 4.2, Table 4.3 and Table 4.4
respectively. The structures were solved using Patterson and difference-Fourier
techniques," and refined by let::tst..squares based on F2. Hydrogen atom P9sitions
were gen~rated geometrically and refined in riding mod.e "in the final cycles of

II .-, .,

refinement. Th~SHf:LX suite of programs were used fO,~" structure solutlon and
refinement. 1/\

\\ II
\\

l~Je'i.1:-Crystal and refinementdata_'~ w ~_.-.--_\~ __

"'" ..... ' .. - .,--- -~.~-""'-.,..._-~-
Compound 1..._ ...__ ._,, .~ """""""",~...__",,,-"'t,"""_ 2

..... -.....,..~-~--
.3

Triclinlc MonoclinIc
io' ..... __ ....... _,_,""'~""~, ...~~:~= ,__ ....."""'""""'~""""""".-~.~"'-__ =<~..-...._.~"._ ..."

Spacegroup P 2ln \\ P-1 . P 2,/c
'·."'_~' __ "'F=-_.4""~><M__'_'_"""'_~ _..:.=oo~'~""~kI_"-~""~,l'''' .""""''''''''''.,~,.,_~;~"..~~~~. ' .... *'_"_I1_...__;>=;<a_· ..... ~ ....~"~.~,~

:~~-~---. - ~,~.-"Jri:~:~~~~~··.lt~~1~ikW~~..~·.~.~~¥~~~~L__..
~~~.~...=..~=.'".~..~~~~='.-,...'~=I§~~~l13).=~=~:.~~~~E~8(~L2:~~~=~.~.~~~~~~.~[~::]

II

I

I
Ii
\
I·
F
I

t
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Figure ~.1:l.abelled Schakel diagram of 1
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Figure 4.2: Labelled Schakel diagram of 2

c'

,5

Figure' 4.3: kabelied Schaka! diagram of 3
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4.3 Results::and Discussi()n
\ L

'0
(') ()

\)

Compound 1wa~1synthesised from MnRe(CO)~oand 'BuNC using PdO as a catalyst,
, while compound "',2was synthesised from MnRe(CO)1Oand P(CH2CIJH~J~.Compound
3 was obtained from the reaction of 1 with PPha• As can be sean in Figl,Jres4.1 to

If ,

4.3, the crystal structure determination of the three complexes 1 .. 3 reveal that
"

substitution had taken place at the Re atom in every instance.

C'; r\
Selected bond lenCjtt1and bond angle data are given in 'Table 4.5. From the'~at~,the

following conclusions can be drawn: '
i. The Mn..Re bond lengths ate all close to 2.96A. This value is little affected by'

II "

axial, equatorial or axtal-equatorial substitution patterns.
(( 'J

Ii. There are no bridging carbonyl groups. The ligands on the metal atoms are in
a staggered arrangement with C-Mn-Re ..C torsion angles in the range 45±5~

'I·· t ,

for all threesnuctures.r. T,YP,iCBIM.CO" bond lengths are observ, ad; ie.. M-C(O) bonds that are cis to
} the Mn·Re bond and tron~.toa CO drQup are longer tMn M·C(O) bonq~ that

are trans to a M·M bond or the tBuNCgr~up., "
//
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a' iVrl The position of the Hgillnds:in the cOGlfdination"sphare i~that expacteq Jr9m .~
-.~}hestariCi1e!f.=)ctronicpr~perli~$of:B~~7~~dtne. P~o$Ph~16li~arld. ~ ,~,

k"J c\ (, ('
'. ,\"

"

1\
..'1 0

~~~~.§.ndl.ngt~ (A)7 . -:-:.7" ~:: ..~"::-=-:--;S':--l' i.',

__ ....._._,_ ~ .... M· ~ ' .. I 1'.14.. _,.,..._-.............. .."",_ ....... __ ........ ,..,..::.,_.._.. """" __ ~_ .............

A B' \\ A a I' , j
" ~n~RiJf~ ~:-~~) __~3~1 2:rs6(~_~ ;~=-'2'.9~~(2.).E ~_]~96.~~i:01,;,0 i~'

_~n-~(1)JL.~~._~~{1~t_~ .~",_1~.792~!>__.2lEl~~L~~,_~12~L-,'-_g~~~6!~10,
...~~~~1~""7{)1-.-~~:~~E!,~, :.;~1:..832(13), _.1.a2~~~3) _._1.83.~J4.L. :.!!~qL.-""'l'','
Mn-C(3) ." 'l.845(14) ,,1.824(1.3) 1.83(2) ·,1.76(2), 1.841(5) .
'~'-~"""""""'''''''''''''-':'~,,"_'''''~I~~ ....,..._.' ..;'''''''',.~ -~- , --- ~--#."N'--.~.. - ...-"""I.r-""- ....-~.JJ "'I

Mn·C(4) c 1.826(13) 1.815(11) 1.829(14) 1.1!13(2). 1.SI}:t(7) ,,'ii \'*_. ....,""' _. __ .__ _._.......,_""'."".._,.._... .",,_W"~~I i.~,""._",~ __ """",,~ ",_._~. __ ' .,.""" ... ."."".~_-.~

Mn..C(5) . 1.859(12)'~ 1.819(12).. 1.85(2) 1.80(2}· 1.832(5) 1 ,;:"
~;C(~l==~:f~!~,3[()1~2(t1L· !;!~tii)- ~2:~95114~".:=~f~-=·G"

Re~C(7) "/ '~<~,!991(12) ••1= 1c9fJ4(12) 1.96(2) ,,1.91:l(2) ~.926(5) C'I'~~.~~=-.,=:~~I[tI~tr~W_1~9~~~~~~1~§13~~1=r~49i1~f~~~T96~~~L_~
~e.c(~ r:/.~~~~~m.L',__}:88~~J1__ .-~.~~.(~L:t."".=,~j;,,~~..@.._ 2'~,Q(5)_
~~~r- _"3!98{~·M'~~~72<J,L!L_~~._~_:i)..Il ..~~-:...._"'t__a-J...-..

,,' ,C~JJ) _~.!!~(1~)_'_+'_'~t~~~j\L4)"'-'~2~W- ·2.3~9(i}:~-T*·i:3·-~1{1:)(l
I .--Ir~.l"....-'-..~'..~':- - __ .._L_._:-~_.~.;;g~ Q

/>: ,," \1

The crystallographic data indicate~~that In this ,~~\~/thaM:M b'od~lehgt",s giY'~1i~le

information .a.'I0u~ the jIo~itiO(\ or '~. gl'e~of S~b.sltiluliorr 011~e~&."...••~.!<,r~.~~U,._hOU.(.)Q.tlit,
has been shown that bond lam9thart~l,g~Il tak~f>laceas $teflc':cr(jw~,~fo Increases, ,
the amount of sterlc crowding in t.\I.Xf~\II~xea"I ..3 is minimal. This of course provides _,

I) <:,::,J_? "_ ,,'" \: 0

strong evidence for a bOri'd length of :1:2.96Afor MI1Re(CO)1(!as originally observed,
II " \) "

(StruchkOv/ et 81; '1967 ) If should be noted thClt]~if!:iculties ~ere. eX~~,rjenc~d by.
Rheingold and co-workers in analyzing the MI~:.,t{e(CO'1o data (Rhoingold st a/~ () "
19Sa):-They dealt with the diSOrd(;)rassociated with the Mn and Re positions by f6~r (fO "'.

() -"

different strategies," all giving a Mn·Re bond length of approximately 2.91' A. No

;l o

r)

disorder was observed in O1.J1' inv$stigations, primarily because s~bstitwt;bn had::'<;nly .
'~) 1"'-1 ,-~} I) .,

t~ken place on the Re)'itom. Our data ,sLJggesfs that their' bond length should be

treated with CSJ,Jtion.
(i
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CHAPTERS

',I Bonding in heterapentalene type compounds"
iI

1.1

5_1 Introduction
o

If pentalens were to be reduced according to the scheme in 'fjgure 5.1 the product
0'·

',I

would be expected to have a planar aromatic structure.
'\!

(I :!(

'.\

(\"
I',I

Figure 5.1 : Reduc.tion of pentalens

HypotheticallY tlc1isreduction could be achieved by replacing some of the carbon

atoms in· the pentalen~ rramework by other atoms. The first structure 'of th;;:, nature, , "J
reported was that o~ thio-thiopheo, (Figure 5,2) '[Bezzi at al; 1958Jwhich w~s

I

obtained by treating di$i{';0tyl~acetone with phosphorus ,p~nte1sulphide.

I
1
I 1S---~~,-~S~--~~--.S
Figure 5.2 : Thio-thiophen

(J ,',

1/.J (;>

Be;ai et /if reported the structure to be characterised by no-bond resonsnce which

conferred upon it an aromatlo character. The electronic structure of this compound.
, . /,11:..\, {,

was soon investigated [GiacomeHi et at; 1959] and this led to the structure being
'/ '.' 1

described in terms of the resonance hybrid between foui\ structures (Figure 5.3)

[Mammi at at; '1960]. When consideril i9 the stabilization of cemers with six valence

electrons through electron-rich three-center bCirlding, Gleitar and Hoffmann ('19t,)8).
suggested that thio ..thlophihene contains an electron rich (~hreeMcenter bond. This

[1
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I.) 0

bond being TLlrttler stabUised by the fact that all thr~e atoms form part of a 1t..electron

<.'.)

:1/"/
s"'~~---ss

,-=-_ I! Q.

Figure 5.3 : Resonance schema for thlo ..thlophen
ji

"

o

Subsequent) to this, a number of the structures of ,related" molecules have been

determined. lihsse structures differed from thio ..thiophen in substltuents as well as
o , (1

"t~,e type and number of heteroatorns in the pentalene framework. All' e>;hibited the,

o

, (\

linear tri-atomic seque~ee that is characteristic of this group of molecules.

Our interest in these structures $tsrted from Collaborat~on with Reid and co-workers <'ii
) "\\ ,il

to '~1aracterize ~ .numbsr of reaction products, which, based \;1 0,0, previous c,

, )
experience and NMR evidence, were expe(;ted to' contain neterapentalene

. , < " "
1\ fr.am~works. We report here the results of these std.lctural.anl':llyses,' rt also became
',I

clear that th~ nature Qt' the bC'lnding in ..these compounds is still net well undert;tood
I G

and that rio simple predkitive method, existed for predicting bondAength,s in these

compounds. Finally a clearer understanding was sought by comparing a number of
"\,\ re

new structures, wifh known structures from the literature. To facilitate this

comparison, the bond orde(of each of the bonds in the pentalene framework was

need~~dln order to compare structures containing different at~~~ types.
(}

o



55

\,'1

5.2 Crystal structure of 5, IJ..Dihyfjro-1,4--bis ...,i:to1yJimino...2SA,4..thitr2,3,
disele"a ..4a$6a.diazacYCIOpent[~J1Jpentalene. ..

'0

I
- a

The Jitle dbrnpound 4 crystalllses In the' triclinic system and contains tWQ molecules,

A and B in the asymetrlc unit. These molecules differ conformationally in terms of
.J C' ',,)

the orientation of the aromatic rings relative to the rest of the molecule. Both

molecules exhibit the characterlstlc structural features of heterapsntalenes, with"

long Se-S bonds and wida Se-S"Se bond angle. All other bond lengths in the
"

heterspentatene framework are intelrmediate between those ()f Single and" double

bonds. ,,-,
,,;)

r·········j
,,/ "'\c .1\1". ,pN.,. "N,. ..N". //"- ..,J , .I_.'-~~'l 'lr" ~r~>",.'1<:. )~'''L

/ . Sa S Sa '.,'/. 7::.

o

4

The Se~S bond lengths in molecule A, 2.5044(12,lA and 2.5309(1!Z)A, are greater by
. . ~

14.1 and 15.3% respectively than (~so~centre two\C~lectron) covalen~,Se-S single

bond lengths {2.195( 15)A, Allen et el;1987]. The Sa~S bonds in molecule Bare
'I

2.5007( 14)A and 2,5639( 14)A in length and thus longer that the Se"S· bond (2.195A)

by 1..3.9 and 16.8% respectively. The lengths of the corresponding bonds and the

size of the correspondlngbond angles in the two halves of th~~trlheterapentalene

framework in A and B are very Similar, differing from one anoth~r t>y at most 0.963 A
'I" .' r-:

and 1.42u respectively.

Compound 4. crystallized from dlchloromethane •.(.1cetonitrile\. (1:3), as <.. red

needle~shaped crystals, t'(l.~A56-460K (decomposition). Cell determination, u~ing

25 high ..order reflections, and data collection were dona on an Enraf-Noq\us CAD4

four-circle diffractometer equipped with a graphite monochromator, data reduction
"

included correction for Lorenta and polarisation effects using standard Enraf NOr;1iuS

routines, and absorption effects were corrected for el'\1Pirj~IIY (North et 8/; 19~8).()
Three standard re1~ectio'~~monitored ~very hour showed on}~andr.)m fluctuations. Ij

~
Unit gell parameters and details ot the data collection are given in Table 5. '1. The t r

,I
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o

, structure wet')solved by direct methods using SHElX~)and refined wSing
SHElXL93. Ail non-H atoms were refined with ani!~tropic displacement paraJil~ters.

"'H atoms were placed gaometri~,HY in the finar cycles of refinement and allowed to
refine with a 'common isotropic displacementpararn,etar.Figure 5.4 shows a la!?,aHed c

"SCHAKA~,.diagram of themolecule and indicates the atomic numbering scheme
o....}

\\ .. . . 0 . l!

used. Atomic coordinates and sel&cted bond lengths are listed in °Table 5.2 and
Table 5.3 respectively. The selected torsion angles listed In Table ,5.4 iIIu$trate the. ,. <~
conformational differences between the two m~lecule$ in the assyme\ric unit.

o [I \)

/
1'/
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0.71069
'Tl'i,cllnic

.-..i.......... ~_..._...._........-~,
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Spacegroup P-1
'~4-IW;o~..-..",_,__, __ ", ''-'_ ~~ ,......

alA 12.428(2)
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1.46
-1.200

Reliabilityindices
R1 (I > 2(')"(1)) 0.052
wA2 (I :> 20(1» .. 0.133
R1 II (all datat 0.116
wR2""(aILdata) ,0.145

'f, .,,_ _ ~.-. _"'OI+Po'~qU=-,,",, __ - ,.,..."....__

S 0.922
',"""_"'~"'-_""'_-.'o'O _ _";,_",,~~,_,,,,,~ .._- _ _....,._,_~_, ..... __ ...........~.,..

o

I) ))

4'

Figur~ 5.4: Labelled Scl'Hakel diagram of 4
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5.3 Crystal structure of 3,S-DJphenyl ..2,2'-pyridylamino·1 ...thfa..6,6a:e'.. '.dise'enapenta/ene~ ", U

The title comp~t~(1d(,5, cry$tallise~', in Jhe trielinic system and contains 'M'O
I~ d

independeht molecules, A and e uin t,he a'ssym6'tric unit These molecules differ

conforma~ionaly in. terms of the, orientation of the aromat!~ rit1gs' relative to the
1\' 1/ '."-3" \

pentalene framework of the rest of the molecule. Both molecules exhibit th~J

characteristlc structural features ,Qf heterapentalenes, with long "Sa-Se and Se ..S "
""bonds and >wida Se":S6~S bori6~ngle,il All other bondJ,engths in the heterapentalene

framework are intermediate between those of single and double bond,;;.

Ph' ,~~.::",~~,/~~~:.~.,~y\~" .•,_. ,/~,:N"", :, \~ ')

,". 1'S." "'1] ,,__ '1 0' //
,\. .,' I <c-, ,./':I ',.~" ,/~~L~_~S ~ ~

• Ii

5.0
'/
I

',I c '\ I' 1/
,

The Se ..Se and Sa·'S bond lengths in molecule A, 2.465(2)A and 2.498(3)A, are

greater by 5.3% and 13.8%respectively tt('an the (wo~centretwo ..electron) coyalent
\,~ <'~"

Se~Seand Se~S single bond lengths [2.19~(15}Aand 2.340(24)A, .A!'en at 81;1~r].
the Sa-Sa and Se,s bonds In m~lecule e ~~~2.4S8(2)A and 2.495(3)A in Ie,!!'
and thus greeter than the" S\~l,"-~el(2.340A) Sfld Se~S (2;195A) by 6.3%, and 13..f %1'

II '

respectively. The lengths of corre$ponding bonds and the size of the corresponding
~ -

bond an~~es, in molecule A ~~hdmolecule B are very simila,r'~f1iffei1I1g f~~m ~e' ',' 'I

another by $t most O.023A ang 'O.90"resp(;)ctively. .' '. 'II
~f •

Compound 6, crystallized from cycle-hexane, as reel needle-shaped crystals, m.p,o " I
482 ..4e~.K Cell determinatlon, using 25 high-order reflections, and data collection

were done on Sl1 Enraf-Nonius CAD4 four ..circle diffractometer equipped with a
(' "

graphite "monochromator. Data reduction incltJ'oed correcuon for Lorentz and
~( l.

POlarisa~J()n ~ffects qsing standard Enraf Nonius routines, and absorption effects

were corr~~t~~ f~f~'mpirlcany (f$orth at a/; 1988). Three standard' reflections

monitored evary ~our showed only random fluctuations. Unit cell par~l1leters and
\' "

o
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\. () J.) I, ;"

de!~ils of the dal~ colleo\ion <IIr~giv~n in Tsble"s.;. The Struct~1l was solveaby
direct methods using SHeLXS~6 !,8nd rafin¢!d using SHELXL93./! All non ..H' atoQ1s

IIwere refined" wit~)"anisotroptc ,~'~dl~pr$cemEmtI, parameters. '.H at~bm$ ware 1;lsC',od

Il~ometricallyin tile ~inalCYc;19S ot ~nement and !lUowed10 reflf..·ewith a ccmmon
isotropic di$plfj'~ment parameter. ~~ure 5.5 shows a labelled ~~CHAKAL,diagram

I,

of,the molecule and also indivates the nLlmllei"ing scherre u~ed. ;~tomic,)ooordinates "
and selected pond lengths are fisted in Table 5.6 ~rtd Table 5~7respectively. The

seiectGo torsion anglas fisted in iabJe 5.8 illustrate the conforthational differences"

61 "
() j

\-} :,

between the \Wo,molecu1es in the sssymetric unit.
()

(;

C"!

"~::-;;t::~;I g~pOI'1 ~"' :~~ ••__ ~ ~i

I) -..-..-~""'4":" v~' ',! .. I' .._.

o WavelengthlA 0.71059
_~ ...M...-"--"-~"'---l

(I

Triclinic o 0

15.~86(11)
"-',~ ..-- ....-_.,,~~,_,_ I'

15·~09(a)....__-~,~"""'-;

94.57(4)
~~<"-"~",,,¥,--.~,,,,,, ~TY·~'il';"""'"Ri'l~'-"="\.",,'·--."""""'-"

Ii,

c' B/o \1 i 92.31(4). -
--......,_-~~;~~i\':.' ---~~

yf , 100.58(4)___ ~""'~=<=>'_--=--:''''''_' __""'''''__ "",~_"""~"""""" __ lL.U"","",~

c Volu~e/A3 \ 2004(3)
~~'~-~-'-~"-~:7"--'~ '--~. 4-. 'H'~';_~~~l
;==-",~ •.~-'.'---"'~- ~ -~", .. " ..

pI Mg.rr{l 1.652
'''''''~-IF~-~''-''---''--~''''''*'- -~.-----;~~-----

':I Absorpt~~ncOfmicientlmm·1.. 3.804 '
"Y F«()OO)i~_'_:;"--~- ~--- ..984-~

.......-~_~~""'~~ __ ... ~'_,..i.l.. -"""=.~,_........_ __.._~.",,~-_,,,,",,"""',,".

Index .ra~lges:

I
,,h" ii' -12'412 c,

k . ·21"'1'21 '

l~~l~~~;""i';~~:':_~"_:"·:=.;1~~:-

\::i

, Cryst~1slze/min3 0.06 x 0.5 x 0.2..~".~ ..~.~~,.,--",-~~..,-~- -,-.~.~.,-~~"'".,--, \]
Ranoe 2$Os30
~ __ ~""'''''"''~P--''''~-+~'~~~~·''''''=~'''ff ~ ..........~~.~"""'--
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r:;." ))

!J



a=
/.1

" 62 r;:;:

"!)

'}()

()

(!

r.?

Figl~re5J;i :Labelled'8chakal diagram of 5
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(1

__ -+__ 407(7) 'L _ ~~J~!r-o--.....~8(~L __
'·233(8) __ .?846(S} ,_,;- j3241(4) __~.~6(2)".~

-+-_~1-<0!?(8) ~I , :~_~51~(5} 6131~. ' __ ;:.~~'@L
'_--I __ :!.~!?~)'. _E~3(5} _ .~.!~a(5)~._ ~__ 64(2.:-F'~-4

4624(4) '). 53(2)c __

Ji547(~L_ . 395~t__ ""._-2..4J12.~~ .
__ ., 3?32(4) _, 41(2) _~"_

')

o

.:

"r-------"'~ ".~...,...,~---~-.-----___..........._.._----.._..--...-.-------- ...

o

_~ .._.··········,_~""'...-..~~u_~·~ ·... ... .' ,... 1=' j...u..~ ......__ ~~_~ __ ......c_...

Table 5.8: Selected torsion angles CQ) for 5 . ".'. . "~~"--'-'-'-'-'-T-~;'~"lZ::.-'~.--.-...--'''--~-''~_='_~'if ~__ ,

. E1tA).C(8A)~.9@A)·C(1~~8<!~J~~C(~B).C(1gB) ~(4),.~·

C(4A)·C(5A)·C(15A).C(16A) "I 108.2(6) C(49)·C(r)S)·C(15B)·C('i69) ,,110.1(6)'
.' "Co '_,-, •• -' __ ~_-"~_~~_I_~~~~~~~<&b(_"~-'''''''''''''~'~_''''-' ..~

C(4A).C(5A}.C(15A)-C(20A) -69.8(71," C(4aH~(5a)"O:(15B).C(20B) I) 6919(7)
--~'-"-,.;(,~~, "-~-4' . '__""'~--'-~~"1J''''"'''j'--~~
C~~~21Al:E<2~23A} ~8.2i: IrB)'~?c1~).C~)~~(~B), ~M"!~~9(~L
C(4A)·fJ(21A).C(22A).C(27A) 25(1) '(; C(4B)·N(21B)·C(22B)·C(2713) ·t.~i.j
~ .~~_ ...,,__ ~_~. ~",_'-_,*,., ..""".,,"~"""" .. ·.~~_~_.-~t...,.__ i..-=4_.~

I.' ',

o
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5.4 Crystal structar« of tl..Ph9ny/-2-:phenyl ...2..(5"Phenyi.31!. ..1,2*r
;,dlse/en()I.3 ..ylidlne)acl#tamide:~ ,. "'~'" ,,' ,

()

i{
(;,- ,

The title compound 6 crystall'lsss in, the monoollnlc system with .one molecule in th~

asymmetric unit::Although the"!'l'1olecu!e centalns a. planar framework, and could be
considered as the heterspentalene depict:d in Figure 5.6, 11he.Se-Sa bond'ie,rg1th of \~
2.387a·(9}A and the Se-O dlstanee of,':~.~~8::A would seem to indicate that this (i)

:, ' Ii -1"- 0 {)

st[ucture should be, considered to be mtlpocyclic. As such the Se~Se 'bond length is
(~ only slightly lohger tt~at:li~acovalent Se",fu1ebond length of2.340(24)AI'~I(Alien at,pl;

\, \\ ' ,,,I (,,':' .

'\~ 1987) .., " "
:'- I,

,[I ,
,'1;)_1, .J
\,1

U " p~~'.,I H

Ph~TI).~(;rr ...·~
v- 1/ 'II

II rj
"Sa-~~fk q~
t{"

6

o

(l

Ci

'it

'. '.~'

()

CompolJnd 6 crystallised from a mixture of dichlorom~thane and hexane as orange

crystals; m.~}472-473K. Cell determination, using 25 high-order reflecttons, and

data col,lection were, done on an Enraf ..Nonius CAD4 four-clrcle diffractofneter

',I

;1;

,')

equipped with ta graphite monochromator. Data reduction included correction for

Lorentz and polarisation effects using standard Enraf Nonlus routines, and
absorption effects were corre9t~d for empirically (North at af; '1968). Three standard
reflc(ftiorls monitdr~tii~veryh~~lshowed an average decrease of 9.8% and this was

corrected for linearly. Unit cell parameters and details of the de,ta collection are

given in Table 5.9. The structure was solved by direct methods using SHE~XS'a6
and refined using SHELXL93 by' least-squares methdds, based on F2. All non-H



\i
, atoms were refined with anisotropic displacement p$ramet~rs. H atoms were' placed
geometrically in the,,'final cycles of refinement and allowed to refine with ~ corrrnon
isotropic' displacement parameter. Figure S.7 Sh~ws a labelled SCHAKAL d~~~~\~m

"',\
of the molecule and also indicates the numberi'1g scheme used. Atomic coor~!nate~
and sal(:lctedbond lengths are listed in Table fi." 0 and Ta~le 5.11 respectively. 'co

l";

o

f ,-
o Index ranges:

h -13-1>'13
k i/ ·1'414
I ~1.-4.21

_"'....,:,:~~_,. __ ·".. ,._.E*"'_....,,""'''"''',.,_''''''''''~ ....'.~·~1.''.-- " ....... '!<"'~7",""=·~~-'-'(:H''''-·:·:c,.:...--.---<--'''·.4,._'''-'

6172Reflections collected
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o
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Figure 5.7 : Labellad Schakel diagram of 6
It (f)\

i) "o

" I, fAI
i) il

'Se(2)~1 ~ . 3757(1)-- ·1269(1~ -_. 420(1;-"- --~(1)""~-~.
0(3)".', .--ii' '1906(3)" -.'- 211(3)~~'..... - ..1..398(2-.> '-~'" fim~'·.''''···''~~l
C(4)~~'-+~ ~5s(4)" . - ::908(4)-- ~-";i'367(2) - -'(Ar~4i(1]-C'-~-
)~(5rl~ _",3462(4)':b_' ~~~-=-:.-=~:,8ooi~_~,:-"-·'~:i9Er=' "
C(6) , 3012(4) ~419(4) 326(2) 36(1)cm-~-----' "~-~22I3(4LI _..62aW~-~-..'=-~~~J~~-·-....t..-~"~,~2i]=-4" c'
C(8) , 1563(4), 305(4), '..738(2) 41(1j , ,

u-._·_~I_ ...""'-'I.I4b -~,_....__ ._~~.. ~~... _~ .. __ ._~"""'~-_.

ti~;~~.:~tg~i!:=~=j!!~~~~!~~~
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5.~Crystal structLl'; of 1r4..SiS(etl,ylimino)",S,6 ..dlhydrO,*2,2aX·::3 ..' "
trise/ena ..4a,6a",diazacyclopen,~aIQtlpenta/elJe. .o

\:1 n
(j i

11

The title compound 7, crystallises in the monoclnuc crystal system, )and exhibits the

characteristic structural features of hetefspentalenes', with long \~ewse bonds and
',,' '.' . Of!

wide Se*Se*Se bond angle. All other bond lengths in the h~~erapentalene framework
,I)' !)

I, are intermediate between those of single and double bonds.
(,) II

(>

iJ'

7

The Se~$e bond lengths in 7, ~.5960(6)A and 2.65~0(6)A are greater by 10.9% and
~ \' " ,> '-.

;)

13.5% than the (two-centre two ..electron) .covalent So"Se sing!~ bond length

[2.340(24)A, Allen et 81; 1987]. The lengths of corresponding bonds and the size of

correspondlnq bond, angles jn the two h~,lves of the trlhetifapentalene fram,work
. ~ ., d

are very similar, differing from one another by at most O.06A and 2.20 respectrv~ly, If

(!

Compound '1 crystallised from dlchloromethane ..hexane (1:3) as orCinge

nr{adleMshaped crystals; m.p, 448.-451K. Cell determlnatiom, using 25 high~order
Ii '. II

re1~lections, and data collection were dona on an Enraf-J"onius CAD4 four-olrcte
, () '.J 'I

diffractometer equipped with a graphite -moncchrometcr. Data reduction included
" \\

correction for Lcrentz and polarisation effects uDing s~!andGrdEnraf Nonlus ~l'~lirjes,
and absorption effects were corrected for empirically (North at sl; 19(8) i~rhree

'\

standard reflections monitored every hour showed an average decrease ok ..J:S%

9..nd this was corrected for linearly. Unit celi parameters and details of the data
I' '.\

collection are given in Table 5.12. The structure was solved by ~irect methods using
. ~

SH~LXS8~ and refi"ed using SHELXL93 by least-squares methods, basedon F2,
/ \ . (\

All: non..H 'atoms were refined with anisotropic displacement parameters, -H atoms

w~)re placed geometrically in the final cycles of refinement cmd allowed td refina with
"

(>

a common isotropic displacement parameter. Figure 5.8 shows a labellt>d SCHf'KAL
il "J.'1 {I

\\

I, ,

II

,
I

)
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I'
I.• '
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diagram of. the molecule and also indicates the numbering scheme used, Ato{l1ic
coordinates and selected bohd lengths are listed in Table .5.13 and Table 5.14
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Table 5.13: Atomic coor9inates (?{ 104) and ~Hivalent isotroplo dispI9C'.ementparameters \ )ft.:~•
x103)for ., " , "( \' " \\ <)

~ _ ___.,___ .__... ....~ .... ... _~~ ~._.,~ .......... ..-.Jo:.....__~~"''''''''~~_. /,*"","':' O~'_'~'"f'.-''''' _ _'''''''''

<:J xis, 't._'~~..)y/b,"", zic U"
....... ~"'~- __ ·""_ ........ IOt..-~ _.....-; " ,,_;,o~~ .. ~,.___.;~._...._ ......._.... _.~ _-I-'<iI4.)- .....\""'!9..-.!>.~ _
$0(19 OJ 268(1) ,.8446(1) , 2022(1) ,,"(1)

_~", __ ,... ~,>t""'-" .-,-~~-~,-.""""",,-:.-"''' __ "'H~"'_ ,...-.'",",,' . ··,·---...__.·~'"t~.."",,~-";;I'_""'---'_'~
Se(2) 1851(1), 8454(1)., '" 39a2{~!) II , 31(1)~~~L~:__,=:~"~-.'~445(1L-=,ji 13048(1)''·"~..~-c -~=~I~~(~L: ~6(1l_=~ ,.
N(1) ..151(4)' 6486(2) " 1212(3) 45(1) co

.~",,_~ ... ,~:loi ,.,_~_ .... _-rt~, ...• .;._. __ ",~~._. __ ,,_~ _"~ __ _'_ .. ..-u,.""';"~\." _·""_~"""·~~l!O;t ....,,...·,

fi=;=-~~'S=~'~~~m}!_=-'~~~~:-~i~tJ
~~C(1t_.._=~_~ ~49(4)__ ,_~.~_'0~L(2)~, ~~__Jw~7~Qt_"~,~~_~~)"A'~~"'"
C(2) 1798(4) 1099(2) 3845(3) 31(1)'....__ ~""'~r-"","",,_""""'''' ""'_.__ ......__ ..._,_,_.".,.""'_. ~""",'':'''''''''~'''_'''''~' ..''''''''''_ ....,...__ ~_,. __ ~_~..~.~;. """"""~_""_,""_,_--, __ ,,,,,,,,,-

0(3) 3174(4): 6694(2) 5678(3) _36(1)~""*,,"'_~'!__ "_"-.4_"':' _.....,.~ ..",-,>~" ",~"·""""",-~~..,.""",o_"_ .. ,,,,,-_ .. ~~, ·"-·~_ ...""''''_'"'·~'''''''''', __ "·''',' ..''c...·''!~~ .'__ ,... ~"",A" ....__ ""'__ •._~-."".-

C(04) 2114(5) 5486(2) 4223(3) .c41(1}
C(5}~"'--~'~~"-"---12eO(5)'~ ,~' 5574(2}"- -"3068(~~~'-f"'-::'-44(1)-~~-
--,-_. --~--~<-'"'., -~---~ . ~--~~·-~),---h\·",--·~"~~-,·-~~~
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5.6 Crystal stru~tureof 2,3.Qlethyi~6,7.dihyt1rb...5t1"2aJi4"'$elelf8 ..2,3, ':0

48"7a·tetraazacyclopent{gOindene..1 (2l:!J14(31:i) ..dise/on(~.o
) (j

The title compound 8, crystallises in the monocllnlc crystal system, and exhibits'the
u

characteristic structural features of heterapantalenes, with long .se~N bonds and

wide N..Se~N bond angle. All other bond lengths in the hsterapentalene framework
"

are int~rrnediate between those of single and double bonds.

r.~1 \' ('"""."'" '1

Se:f"Nj( N~tSe
N -~---Sa~,~~.NEt ./ ci ..~"'..Et

8 o

Compouttd 8 contans elongated Se-N, bonds of length 2.030(5)A and 2.042(5)A
• C)

whi~h are, graater by 8.6% and 9.2% reSpectively, than the tWo-centre two-electron
1'·<'-' ;.

Se-N covalent bond ,pf length 1.87A. based on the sum of the coValSf,jt radii of Se
"

I:jnd N (Pauling; 1960). the lengths of corresponding bonds and the size of
corresponding bond angles 'in the two halves of the iriheterapentalene framework
are vf;ry similar, differing from one another by at most O.027A and '1.29respectively.

'.'J

Compound 8 crystallised from dichloromethane-hexane (1~3) as yellow needle
shaped crystals; m.p, 468-469K. Cell determination, using 25 hjgh~order reflections,

(and data collection were done on an Enraf-Nonius CAD4 four ..circle diffractometer
~ ~

equipped with a graphite monochromator. Data reduction inclucfed correction for
Lorentz and polarisation effects using standard Enr~f Nonius routines, and

',) <.1

absorption effects were corrected for empirically (North et el; 1968), Three standard

reflections monitored every hour showed only random fluctwations; "Unit cell

parameters and details of the data collection are given in Table 5.15. The structure

was solved by direct mMhods using SHELXS86 and refined using SHELXL93 by
least-squares methods, based on F2, All nbnmH atoms were refined with anlsotroplc

displacement parameters. H atoms were placed geometrically in the final cycles of
(I

(J



1;,',

refinement and al!ow~ to refine'~i;h a common isotropic displacement p~r~meter.
"

Figure 5.9 shows a labolled SCHAKAL diagram of the molecule and alsoJndicgt~s
o ,_,' i) ,> ','

'the. numbering scheme used. At\?,mic coordinates and sele~ted bond length(~,a{~,
listed i'n Tablo 5.16 and Table 5.17 respectively. ,eC

, lTibie 5.,15: C~jstal and refinement data <)
C?'!IE?und·~-~z;~r S 0

, ............-"'-'ftr ....-'~-

~!:!16~4Sel _
429.15 '---~-- ..'

co tt~~t)erature/K 293(2}
._ ~.-------,.., ...._~ ......-.- ..."""""""-. ~'_._"
Wa.:~~o.!h/A.. l' __ "I. ___l).710f~ ~__:_
CI.yh&l system (. Monoclinic'__.,...-I_ .._..__.....,......__...-.._ ~ ...~.............
Space group P.2'1
alA 5.322(2)~~r.,.=----~~-=10:s31(3)-~==
cIA 12.939(2;

,~-"~-,,-,*,,,_..-~..._.

c 90

(I
o I:::;

" \\

il u ~(l.:-"'-,..

(I

',l (\

(\

()

()

ReflectionS Mllectect
c",.-,c,_<,-~~"~"~,,,,,-,",,,,,_~_~--;+_~~,.,_,~,~*~_. ~

Independent reflections " 2193
'"'-;'f~'=--";""""",,"'.;.;.1~, ' ' ,,,,,,.,,;,,,,, ...~','_'.o.t.,,~~'-.-T,,,,",,,-~,=#""",~..,_.-.,' ~",,""'~"_~'_#-H_''''~''' •.'~_''=''''''''''''''''-'-''''·'-''''''-'-~

.1!I!!'-_*_~,_~_.~:_~, 0.076
Oata/restraints/par~n1eters 2193/0/154
.. ....,~':.l ......~" """"' ..."'_,........"._.._ ....,. _ _.,_ ....... _~_" ..~

Max shift. flz " 0 0.001
Reslc(J.1SIdensity I eJ?l"~= ti

(Ap)~I~X 0.'13::\
~£).m!r'-,_","~__ ~_, ",",,"+~,~.~~~:.~1e...~"~_
Rellability"indices
R1 (I > 2o{I» 0.037
wR2 (I > 2~'r(1» 0,069=-.·=-~~l==

~7~7
O~14

. ' .16~1)8~__ »_
4379 r;

.~
i
'Ii
I
'I

"
l,
j

I

I
(( () I
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5.7, Crystal:~tructure of s..l1....methoXYP!Jenyl.2./1:'methOXyphenyl
..imin(jw3,2,j~i;~henyl.1p6,6a4.~·;frise/enapent,/ene.

• (.I

\)

(.I

(j

The title compound 9, crystallises in the ~of\oc~inio crystal $~~temt and ,,exhibits the \\

characteristic structural features of haterapf.'nta:enss, with the Sa-Sa bonds !<mg

,~) and the Se-Se-Se bond angle wide. All other bond lengths in the heterap~ptalena
\)

framework ar~ intermediate betwe~n those pf ~ingle 8lnd double bonds.

The Se-Se bond lengths in 9, 2.54~{2)A and 2.598(2)A are greater by 8.6% .and ..
': (, 11.0% than the (two-cenfre two-el(~ctron) covalent Se-Se 'sil)gle 'bontL:;..\Zt~;;?

\~, ,(, ~:4\'-1
(2.340(24)A, Aillan at at; 1987], The lengths of corresponding bonds and the sIze of

1/ (\ II

corresponding bond angles in the two halves of the triheterape.ntalene framework \:\

djff~r somewhat but this would be consistent with the assymetric SUbstitytiO.n pattern
on the pentalene framework. . \

/( Compound 9 crystallised from benzene as purple needle ..shaped crystals; m.p,
Ci,~

506-507 K. Cell determination, USing 25 high-order reflections, and data collection

were done on an Enraf-Nonius CAD4 f,Quracirole diffractometer equipped with a
gr~phite monochromator. Data reduotion included correction for Lorentz and

polarisation ~ifects using standard" Enraf Noniu$ routines, and absorption effects

were corrected for empirically (North at cal; 1968). Three standard reflections~ ~
rnonltcred every hour showed an average increase of 3.2% and this was corrected

for linearly. Unit cell parameters and details of the data collectipn are given in Table

$.18. The structure was solved by direct methods using SHELXS86 and refined

(Ising SHELXL93 by least-squares methods, based on F2. All noa-H atoms were

refined with anisotropic displacement parameters. H atoms were placed

. \

geometrically in the final cycles of refi,pllment and alio~ed to r,ne witt! a common

\o 0

".')
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/1 I "'-'-'''"I <;...s~''# a ,c ~

;!f~ffo~iC J;$pla~emant parameter. Figure 5.10 shows a labelled SCHAKAL diagram
of t~ molecule-end also indicates th'e numbering scheme used. Atomic coorginata$

G

and selected bond lengths are listed in 'fable 5.19 amt Table 5.~Oi6spactiveiy.
);,,~ 5.1,8 CC;YstaTaiii(rolin.~'.;'~1del~ .•.•._ j II

Cl)mpoun~,._ , i ~ 9.. o

Empirical formula ., C~H:ll O..Se3,---.."..-_ ..__ .- ,---"",,--..,__..,j
Formula weight I g.mol·' 604.31
__ . w...._~_. ~~~[:'-~_

0.71069

o

I]

J 0
\o

o

o
,\ ~'I

r:::::;)

()

Index ranges:
h
k
I

\\

o
(r~)tShift, AZ_ _.... ....
NesldUaidensity I sAd'
(6P)nltl~' 0.931
(ar)",I~) -0.464

_ ......~""""'-"t ...~ .~_~ ........,...~,--:;: ..-.!.~ •. ~t:;.;_".~.~--..,"~'"

RfJllfilbillty mdlces
R,1 (I > 20(1))
wl,2 (I > 20'(I))
A1 '(alldata}
wR2' (all data)
.<""",,,,,,~-<,.,,",~.',",,,,,"-'-~-""_''''r..»~~~''~~'.''' ..~.:''''

SII ,~~~'H ~.",~." •• _,~~~~~" •• ,~.,~,b.~.~>,.,__>....~,~,",".,.

I
.j

"'= 0.052
0.099
0.196
0..111

,) ,;'! I) o r-,
c:

1\
1\

,II
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5.8 Crystal structure of 1:4-B!s-l2-etIIOxyphenyllmltjJ,.S;fi.dlhydro ..2,
3",('jlthla ..2aA.4.se/ena.4a~6a..diazacyclopenta[£{I}pentslene* 'I ,. . n

,.

..The title compound 10 cryatallises ln the triclinic system snd contains two
[J ()

molecules, A and B in the asymmetric unit. These molecules differ conformationally

in terms of the orientation of the ar0matic rings relative tQ .the pent~!ene framework

of the rest of the molecule, Both molecules exhibit the characteristic structural

features of heter~pe~talenes, with Ibng S..Se bq~dS and VVrideS·..Se ..S bond angle.

All other bond lengths" in theA1eterapentaiene frar;nework are il1termedj~te between
I} , II'" (\

those of single and double bonds.
o

o

\ U ,',! o

10 Ii>

(I \'

\\
I}

The SewS bond lengths in molecule A ,,2.478(4)A and 2.493(4)A ate greater by

12:9% and 13.6%. respectively than the (two-centre twd;;alectron) cov,alent Se"S

sIngle bond':length [2. 195(15)A, Allen sf 81; 1987]. The Sa ..S bonds in molecule f;1 are
,~:_, (I V c.

":2'.467(4)A and 2,.518(4)A in length and thus longer that the Se ..S bond (2.1'95A) by'
"" 0

'12.4 arid 14.7% respectively. The lengths of the correspondlnq bonds and the size,

of the "corresponding bond angles in the two halves of the triheterapentalf.lioe

fram'~work in A and B are very similar, differing from-one'another by at most 0.015 A
,~md0.60 , and O.051A arId 0.16° resp~;:tively. (.~ \"J "

·1

Compound 10 crystallised from dichlQrometH~me as bright yellow needle \\shaped"
, D

crystals: m.p. 485-466K. Call determinatigo, using .25 high ..order reflections, (land
~\ .,

data cOllection were done on an Enraf ..Nonius CA04 four-circle diffractometer
Ii .

e~uipped with a gr~phite monochromator. Data reclueti6n included correction for

Lorentz and polar~$ation "effects using standc&l'a Enraf' Nohius routines, f,lnd

absol'ptiot1 effects were· corrected for empirically (Nol.1h et al; 1968). Three. standard

reflections monitored every hour showed an average decrease of 5,7% and this was

1,1
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"

corrected for linearl~. Unit cell param~te~qfO~rjatail$of the 9sta C911~~ticnare
, given in Table 5.21. The structure was SO)\r~d by direct methods using' SfiELXSee
and refined using SHELXL93 by least"s,quares mathod~, based o'n F2. All non-H

-o

atoms were refined with anisotropic displacement parall1,aters. H atom$ 'tIsra [~ced
geometrically in the}inal cycl.es of refinement anlaH8wed to f(;:)fineV1~itha common
isotropic displacam~nt parameter. Figure 5.11 shows a labelled SCH/~KAL diagram
Clf the molecule an~ also indicates the numbering scheme used. At\.~mi:c®ordinates .

\ - "

and selected bond l~ngth$are IIste!;!in Table 5.22 and Table 5.23 res~~ecti\jely.Ttlt-J
selected to\~$iOnan~I'les listed in Table 5.24 illustrate the coliformation1al ~iifference~
bl:ltween the two p:1~1~cules in the assymetric unit~) .,

"~w! /
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o
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(I

o

II
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0.182Max shift, tJ:z.
R~sid'uald;;SitY-/';,A3---
(L\P)nulx I

(h~)n~.(I_,__ ~~.~ _

Reliability indices
R1 (I > 20(1»
wR2 (I :> 20(1»
R1 (all data)
wR2 (all data)[~~ -= ,,_....:: ..

o /l

1.257
·0.9"1

0.058
0.165
0.121
0.173

·_l_Io=ot~~.~.,~~"

1.072
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5.9 Crystal structure of 2,3..Dlethyl ..5,6,7,8..tetrahydro-2aA.~" this-
2,3,4a,sa ..tetraazacyclopentlt;dlaz.ulene-1 (2H),4(3H) ..dlseI0(1s.~ .

The fitle compound 11, crystallises in the monoclinic crystal system, and exhibits
II

the cheracteristlc structural features of heterapantalenes, with long $MN bonds' I.snd

wide N..S-N bond angle. All other bond lengths in the heterapentalene framawork
..are intermadiate between those of single and double bonds.

11

~J

C9mpound 11 contains elongated N~Sbonds [1.8'7€l5(13)A and 1.9032(4)Alwhich
.are greater by 9.7% and 11.3% respectively, than the two-center, two ..electrcn N~S

bond [1.710(19); Allan etal;1987]. The lengths of the corresponding bonds and the

size of the corlJ3ponding bond ang,~~ll'n the two halves of the heterapentalene

framework are very similar, differing from one another by at most 0.027 A and 0.83°

respectiv~ly . o

The title compound was recrystallised from a mixture of dichloromethane and

hexane (1:2) as clear crystals, m.p. 413-414 K. Cell determination, using 2f)
high-order reflections, and, data collection were done on Enraf ..Nonius CACM

four-circle diffractometer equipped with a graphite monochromator, using standard

Enraf-Nonius routines. Data reduction was done using the PC version of NRCVAX

and included correction for lorentz and polarisation effects. Absorption effects were

corrected for analytlcally, using the /'tBSORP routlne from the NRCVAX suite of

programs.ThiS routine required that the faces of the crystal be indexed and
(.

measured. It then used this information to calculate the necessary corrections by a

Gaussian integration method. Three standard reflections monitored every hour

showed only random fluctuations. Unit cell p~.rametGrs and details of the data



nv

(\ ()

Si'

If IT

--'- " ,,)) "
colleq![(orl"aregiven inTable Q.25.The structure was solved by diract methods using

~- 0

~HELXS86 and refined using SHELXL93 by least-squares"methods, basad on ;:'2.

) All non-H atoms-were refined with anisotropic displacement parameters. H o -ms '
w,ere placed 'geometrir.aUyin the final'~yclas of refinement and allowed to refine with
a common iSI~tropic displacement parameter. Figure 5.12 shows a labelled
SCHAKAl di~,~,ramof the molecule and also indicat~s the numbering scheme used.

"

I)

II

AtomIc coordi~ates and selected bond lengths are listed in Table 5.26 and Table"
'1.'1 I) <J

5.27 respeCtivElly. c,

I'J

,--,-~---
Table 5.2~; Crystal and refinement data,

IJcompo~--,,_-=--[__ t1-··-----·---·
~mpiri~.1 fOlm_u:a ~_Jl_ Cll~~ASJ_
Formula weight I g.mofl 302.47.. -.......,...._.,.,.__.,._ __.,..""'.- -~
Temperature/K 293(2)
wavelength,A "~0-:7107---

o
Cryst~1$yst~rrl ~_._. _~noc~~ __

, ..... '__ "'\iI__ -r-~_~~_~~!..__ ~
5.615(2) ;i'~~--~-,.,.,

10.0665(10)....-.-~_..........__~>l.-.

~E·04a2(iO)
90

2.5.s:(l~40

i
II
I

"

."'---..... ~' .........~.,..,
Index ra'nges : '.>

h ~10~~10
k .1-)18
, -23->23

"'~~"''''''''''''''';~_'''_'''''''''''''=--'_''''''"_'''~'~'_'''''''''=''''<~'''''''''''4 .__.._....--..\<,"'-.9'~- ..""..._"~~_""""_="_"'"
RefleC';tiol1scollected 5043
"_~~''''''F';!-"" .•~"",~-=<.""".ar- ... ,,,,;t.~~,,*,,,,,-,''''''--;''~~~";\'.~;~, -~'~'_~~.~~ .. _"'~~""-"""'-""""'-""-"""~'fi4

IndEl~,endGntreflections. 5043

Dai~~~strai~s/~~~~rn,"..~'",~}9!~7E!i~!C=~~'~
MG:'{shift. M. \).009ReSiduaTdefl;itY/eJ;'::J"~" ~~_""__~_"."~,,',L~, •.,.,.
(A \ 0.'.:0.66t..~PJn1ax ~

,;.- -0.2"1
~~J~I'I"I!!I~Io-~='''"'-'''-~'~_''"' ~~~~ __ -4A_\,-",-\~_"''''~''-~,"",'''''~I~f

\1

o

\)

(J
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Figure 5.12: Labelled Schakel diagram of 11
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5.10 Crystal structure .Of 5,6,7,8. Tetra/lY.dro. 2,3-dipheflyl. :lIa;t"
this ...2,3148,88...tetraaz~ojtclopent[ggJazulene..1l2H},4[3H} .. o

diselone. o

G

The" title compound 12 cry~tallises irf';;:the triclinic sy,~tem and contains two

mol$cules, A and (~ in the assymetrlc unit. Th$se molecules differ cQnformationally

c:?~I'(~erms of the orientation of the ~romatic rings r~Jative to the pental~ne framework
of the rest of the molecule. Both Molecules exhibit the characteristic structural

I' 0
features of heteracentatenes. with lone SoOSebonds and wide S~Se~S bond ancte.

/ ....... '\
), /<.»

"All other bon~ lenoms in the heteraoentalene framework ,re Intermediate between

those of slncle anct double bonds. \';'< > (j
o ~

o

(i 12
.'\\

D ..... '
The N·S bond lengths in molecule A 1.910(3)A and 1.900(3)A are greater by 11.7%

"

and ,11.1% respectively than the (two-centre two ..electron) covalent N"S Single bond

length [1.710(19)A, Ailen et 81;1987]. The N..S bonds in molecule B are1.90·134)A

aDd 1.901(3)A in length and thus longer that the N~S bond (1.710A) by 11.5% and \)

(1.2% respeCtiy~IY. The lengths of I!~e corresponding ~\onds and the size of the
corresponding bond angles in the two halves. of the hatera'oentalene framework in A
and B are very similar, differing from one>another by at n~~\tb.010 A and 0,31,1, and

r:

o.oo9A and 0.30 respectively.
III

Compound 12 crystallised fror~~\Mt)CNwCHiCi2 as light yellow crystals; m.p.
419420K Cell determination, u~irlg 25 high-order reflections, and data collection

were dane on an Enraf-Nonius ,,CAD4 four-circle diffractometer equipp1ed with til
graphite monochromator. Data reduction included' correction for Lorentz and
polarisation effects t:'Jing standard Enraf Nornus routines. and Hi i, ,;,j "iH): i

,-::::

"



()

90
o

5,(JO Crystal structure 9f 5,617,8 ..Tetrahydro 1M 2J3",dlphenyl ..2sA.4..
this - 2,3,4/J.,Ba..tetraaZaCYf/opent{iiDlJzulen~ "1l2Hl~4[3HJ_.,

, dlseiolJe. '

_,--)/'_':~ ./

The }itle compound 12' crystallises in the ".triclinic systeT a_nd contains two

molecules, A and B in the assymatric unit. These molecules differ conformatipnally

()
(I

,
in terms of the orien_t:Oon of the aromatic rings relative to ,the pentalene framework

of the rest ofdhe molecule. BotH~Molecules exhibit the characteristic structural

f~~tures of heteraoentalenes. with lone SoOSebonds and wide S~St'::-Sbond ancie.-- ." , )

All other bond Jenaths In the neteraoentalene framework are Intermedlatel:k:tween

those of sino!$' and t~ouble bonds. D C ;:\
./

1- 1\ (J-

I.}

!)o

\\12
J"~(
1"1)

~o

The N~Sbond lengths in molecule A 1.910(3)A and 1(~OO(3)A are grea'ter by 11.7%
(n)

and 11.~% respectivaly;than the (two-centl:~ two ..electron) covalent N-!( single bond
length [1.71O(19)A, AII~n et al;1987]. Toe N~S bends in molecule B are1.90734)A

,-....-p \' _ '.' _ ___ ' _ Ii

and 1.901 (3)A i~"~;~8(hand thus longer that the N-S bond (1.710A) by 11.5% and
J.

11.2% respectively,\ The lengths of the corresponding bonds and the size of the

corresponding b6nd angle, in the two halves of the heterapsntatene framework in A

and 8 are very similar, differing from one another by at most 0.010 A and 0.30 , and
/) "

o.009A and O.3~ respectively.

!\

Compound 12 crystallised from MeCN-CH2CI2 as Hgrlt yellow crystals; m.p.

419-420K. Cell determination, uGing 25 high-ordq:t reflections, and data t~ollection
were done on an, Enraf-Nonius CAD4 four ..circle' diffrac;t(j)meter equipped wJth a {)
gra~')hite monochromator. Data reduction included correctiqc /or:~,~~orentz~and
polarisation effects using standard Enraf Nonius routines. and lab$or~}tit'tli (1;.~(~(;;tt;

1\
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were corrected for empirically (North at al; 1968). Three standard reflections

monitoi2~d every hour showed only random. fluctuati~ns. Unit cell parametar~ and
c details of the data colleeuon are given in Table 5.28 The structure was solved by
. n ~, "

dire'ct methods uSing" SHElXSea and refined using SHELXL93 by least ..squares,

methods, based on F:l. All non-H atoms were refined with anisotmpic displacement
DC . 0

parameters. H atoms were placed gechrietrically in the final cycles of refinement and
"

allowed to refine with a common isotr6pic displacement parameter. Figure 5.13
(~!shows a labelled SCHAKAL diagram of ~~~arnol¥cule and also indica~es the

\,

numbering scheme used. Atomic coordinates and selected bond lengths are listed in
(I ~,!

Table 5.29 and Table 5.30 re~pectively, The selected torsion angles usted in Table
5.31 iIIusttate the oonformaticmal differences between the two rnolecules. in the

9symmetrhfunlt.

!f

\\

\1

Space group . f' ..1
~·"=''''''''''''''''"'''''''''''''''''''''''~_'''''''N-e--='-_"'~''~~'''I_· __;;>/",*"=;·1'''''''''''_'_''.."..J-l,,~~~_""",•.•,,._~$>"""'~''''_

\) (! ~~_~_~_. • "'_ '. _ •• = .~:~~~gt_.~.~.~'..
(,' bfA'· . 14.313(S)

...:...=_"= ....~_"""'..!"',,.~~""~"''"''"". 0-0:' '.". .._.. .• ,.._.,.,_.. -...........__,-.,"--l;~_~.""".....".'>.~:."'~eJA .. !' 14.530(,5)
",,"*~.~ ...~4""_""""""'·~1=I _-"·,,tt·, .......,,"-"''" "..~ ...~ ._._~,'""'''' .......:.~,

89.11(4)\\ "iJ _#\'*~ ~,~~"",*,-,",..~~~-..._~""'~..... ~_~"""'"."'.._~~ __ "'._.......,..._.".~.~~=~..
l~f 86.27(4)~[A~~=-_-=t~_~~~:=
z '4
........._,'.~"""""'-;'>-~__ ,.__ __,.""'''''''_n~~'·__ .- '-"'~"~ __.~"1-~_~."';'.-""'''''~~~'~

r I Mg.m3 1.(:\70.
~__ J~'"" __ ""~"""'"""·_'''''~_''''_·fl.'''''''··'''~_':·~''''"'·-_"''''''-'''*''' , ..'=",_,-"'""".,.,.. .•. -'._.~""""'~ ... ""-".-., ...>'.""~$'-~ •."

Index ranges:
h o n1-,,11
k ..18-~1a 1
I , w20,.)'18

'~-'-~""'~~="~ .•~~,~.,~~..,.~.-".,~~~~,-~,••.~- •.•".,~~-.~->,~,..;,.-....
Reflections cO!iocted . 9942 .
,... ,"",,,,-,.,~=-- ....-,... ~~ .._ .•.-... ,w·,,-,,,,=ou.= .....,,_~c..<.~_~.,,,*~ .......,.....·.,,,,.,.~~~-~,._.."'-'=--""~ __,.""... .-"".'''"''".

') i\

o
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Ind~pendentreflections 8411
",",,~_-:"~ __ 000iI."'_'~"""""_' .~-~~~_

Rint 0.02
±-_ pd.... ='"'.;.~~'~_"'_"'- .. _"'!;o" _"~-'I,,"'...~~-,bi""_'_~ __ ·__ ._"'_

Oata/re&ir&intSlparameters_...,..'......~_~_.,..,~_~ F#:<+-- _
Maxshift, Az ·0.003-.~~--.
Residual density I ek3 c'

(AP)mll'. 1.169
(lo,P)mltl ~O,800

..._.._~~~"""~ __ .... ",,,,~~,_. <;"_t".,.f¥e'.~'¢l~~·.~_ ... "._ .. """

Reliability indices
~1 (I > 2a(t» .' 0.036
wR2 (I ::.20(1» 0.099
R1 (all data) 0.019
wR2 (all data) . 0.105 '"'lJ·""'~~~""",,,,~_~i'O~_~...._-..._~::~-,_._t __ ......,~,_·_

S 1.07

\}'

o u

/1

1

Figure 5.13: Labelled Sehakal diagram of 12
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\ \ 5.11 Crystal stru~Jtureof 6,\"..Dihydro-2~pr,enyl..5t!."'2sJ..""'thfa·3 ..se/ena.
112-dlazacyclopentlt;t!.1lndene ()

()

The titfa compound 13, clystallisas in the triclinic crystal system, and exhiblts the

characteristic structural features of heterapentalenes, with elong~ted SeaS and S-N

bonds and wide Se ..S~N bonn angle. All other bond lengths in the heteraoentalene

framework are intermedis'te between those of single a(Id double bonds.
\,

I'
1\
\\

The Se~S end S~Nlbond lengths'in 13, 2.5891 (10)A and 1.817(3)A, are greater by

18.0% and 6.3% resp,~tively than the (two-centra twe-electron) covalent 5eMS and

S-N single bond lengths~t2u195(15)A and 1..71O(19}A, Allen st 131;1987).
\J
iJ~ II, "

Compound 13 'crystallised from hexane as green crystals; m.p. 368 ..370K. Cell
• 0

determination, using 25 high-order reffections, and data oollection ware done On an
II

Enraf-Nonius CAD4 \ four-circle diffractomete'r equipped with a graphite

monochromator. Data reduction included correction for Lorentz and polarisation
")

effects using standard Enraf Nonius ro~tinesl and absorption effects were corrected

for empirioally (Nbrth)et al; 1968). Three standard refle~tions monitored every hour
n

showed only random fluctuations. Unit. cell parameters and details of ~he data' c

coJlection are given in 'fable 5.32. The $truetlJre was solved by direct rr'letho~s using
l'

g'HELXS86 and refined us"jng SHELXL93 by least ..squares memods, based on F2.
D

All non-H atoms were refined with anisotropic displ,acement parameters. H "atoms
were placed geometrically in the finel cycles of refinement and allbwed to renne with

~; <~--\_., , \", ,-,

a' common (\ isotropi~1 displacement parameter. Fi~~ure 5.14 shows a labelled

SCHAKAL diagram ~b(h(~~"I')(ecu(e and al~O indicate.s the numbering scheme used.
//

\)



0.34 respectively.
Atomic Coordinatesand selected bond lengths are listed in Table 5.33 and Table 'w

o

f> C' (; .:

',,'.1

,}_l

~~~~~~~ -_ :--J
Empirical fonnula . C13H'2N'2sse.1
Formula W~!_g~~OI" (' ~_~07 .£:;-

,~~ 293(2)__ ... '*!····"IO __

0.11069
Trlcllnlc,--.-;--,-._!\._.........,._ .....,~,.,..;_..-
P~1

.:...-_:~_ . ..t:i_.,.:""""""", ":~ .......:.~.~- ..........~'_

r.69a(2)
.--t-,...-",,"' )_.-......*-----.,.'"

7':818(4)
-.-.....--~---.- 'j__ ...!!:.6.S4(2) ,..:;_"

(XJO ~O.24(2) ,f}P~~--~--'--~--·\:"-·.__. 97.89(2)'---
._ .....__ ~~_~i_""'_'*'.l~" ........._;-;~_~"...._.".. ...

yf 'l~' ; 117.60(3) c
.-.-"~~'''-''''~.1.'.. , '''_'''~W~ .,~-'"~.- ••--...,.-,,~~~

VolumefA3 ) " " .6,15.4(4)~~~-;.-_~.~J_~~ ~~_'Jr~
,~ __ ,_...;..~, 4- _,i, ~ H""'~

P I Mg.m·3 !.' 1.658~ "'*\_,....._. __ -.~ ''''I~ ' ,I" . __ """'"

Absorption coafflcientlmm" , 3.197
.-.. .."'..._. ........~....__"'.~__ ,.,....._'·h~ ...~ ..__ ........-•••\_""*_,,_._..,,----....)'-

FCOOO) 30a---""-_.._-------+
Cry,stsl slle/mm~
..;"...__ '••••1'.4'.~_..........,_·_, .......~,:,·""..·'"""·=~,,*"-~ .....~_...__ __ ,.,.,-A>,.-.";, .. , .. ,,%<.__\...... "

" Range . 3!';Os30

~'~i~·xf.nges7-·-7 - ~:,c.~~-_-'~
\,..t~ .~~~_C__~1,~=~I~_.~_~_~_~.,,~
~~!!!.~rISt.?ll!£!e~.___ ~_~!~~,~,~.,_
RIn_t_' '__ ,__,_", ~_*__ ,,~••_~~'!:~~3 ._,~,_"_
Independent ret1ections; 3573,,, ..._ .......-;.__...~.., .._ .._-.'""""~.__ ,.,_~'''.''''_t)...,. __

,Data/restraints/parameters 3573 I 0 1155
.t __ .~.""""_~",~",_""",~, __ ,,,~,",-~. "~~~'-~"""'f"'-""~="""';';~~~4~

Max shift, AZ ·O.l'01
R~sidualdensItY ,';'k';--:: .~---~.--'~~~'
(AP)nlal< \~:. 1.011
(Af\)l1'ln (I -1.026R;oa'bmiy"lndioo;-"--'_"-' -,.~~--"-~.,,-<,,~

§ ,R1 (I > 20'(1» 0.()49
t/ 'IW~2 (I :> 20'(1» 0.129 ::j

Rl\) (all data) 0.123

IWR2(all data) 0.143
.<~~", "~~,-,-,=,.~~,.",,..,_ .....,._ ••,","",;(,,,,,,,,,,.~'-_ ..""_n-="''' ....",~",",.~"""-_",_--..-"".""",,,.,

S 0.9'14"
_~,-<""",~...,~~"''''=''-'"¥t_""'''~'''_·'''~·w_·~·'' ·_~....:", ..~···o __ ''''''' __ ''*'~',".".... """, ..._.c,,,,,.,, ...,.JJ
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Figure 5.14: Labelled SCHAKAL diagram of 13
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5.12 Discussion
o

The characterIstic structUral features of hetarapentalenas inc,le a planar bicyclic

system and a linear tri-atomic $eq~J(;mcewith elongaied bonds. These features have

been observ~:d in the hetsrpentalene structures (listed in Tat)le 5.35) that have

been determined during the course of this work, as wall as in the known structures 0

listed in Table 5.~~. l'.~~!lengths of the bonds in"'the heteraRantalane framework in "
these structures are listed in Table 5.37 using the labelling set out in Figure 5.15.

" /)

n '!

/1
A convenient way of 16o~ing at the bonding in these he~erapE?ntal~ne systems is in' .

(1 () o ~

terms of a o ~J,I{aletonconsisting of.both localised and delocalised bonds; where the .,
u

('J system in the tri ·~\.~~raatom sequence is equivalent to that in trihalide/~ons and
.' P.'

may be referred 'to as.a three-center fout-ei,~ctron bond. Futhermorer there is also a
" ;;:

delocalis~d 7t system r:Omprising the ten electrons in p orbitals perpendicula~ to the

plane of the two fused'"ringS, that \~$,a 1C system analogous to that in naphthalene. "
Hence the parti9) bonds in the linear tri ..heteraatom sequence are both (j and 1t in

, ." u

character, but weaker than the other bonds in the molecule and "therefore more o
I'

suscepteble to changes in bOf1.g length when, the (j' system or the ,'It system Is

perturbed to soma degree.
(\

II
This dependance of the bond lengths, on the 'substitution pattern in the molecule

has been discussed extehsively in the" case "of .,6a..thio·thiophenes (Hordvik and 0 I)
I .j .;, <, c'

Saethre: 1972}, and can also be seen in the bond lengths listed in Table 5.37.
, ,) ,- !i

o

o

o
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" ~() ~ '.i Taille 5.37 : &',1S£lVe.d heterapl!nfulenf! b(md lengths. (; ,r-- j, t -
! ", llnS9~ , :1" Bond ~I gf.uw.!re j ~;;~'\ If,] _; I 3.! 4 .1 ..5 I '~s r 7 I 8 i 9 r"! se f 11-1

{. (l) i ,SNle:-S I 2,47:l{1) L 2.51)7(2) U3S1{3j j 1.30'2(9) I 135G{9J i 1.4.02{~!)1 l..~~3::;{11}J 1.830(8) I 1.9Qe(6} I ,I r (/;

I-fliJ ! S-Se-S } 2.461{2} ! Z372{~ ,,1.689{5j I 1.3fC'{6j .i.34()(5; !Ac1.399(6) l'';'~ .i' i.sa7(S} I' 1.899{4J I t,~ /7'
I (ill, i,\? S2§e-O " 2.444fl} ! 2.04'3'81_h__!~S18(12j ~, t.307(14} .. 1A42(14) :' 1.J91{14J i :t~~2),lli ..1.82:,{f,~J I, 1 &i8{lD), I I
I (i'J) ! S-5-S I 2349t~) I 2349(1, I 1.12G{4j I t:S12{5} ,~::1Ae6!4} i 1.406(4} I 1.S72(S} " 1.720{~) i 1.7i1(5) ! I ..~
! ('I; I S~Se-Se I .2;~9(3) F 2.5OOt;5) 1 1.856(29) ., "lSN4{3f} I 1.421(31) J 1.395{3C} ~ 1.311(26) l 1.811li~= .~ 100+!23} I. I" ;~;,1
,t (\'i} I 5-S-S i 2.4'=(2} 1 2.237(2) t 1.693(5) ,1.362(6) 1,~5} I 1.S93(6} I 1.3P..5(6) I 1.6a8{.5) ! 1.747(4} I i t
t,,' {vii) I,. - 5-S-S ' 2.371,{4}~",,' 2.2>;)/,(4) , 1.67~8) ! "".377<"t2,r! 1.430{11) i, 1.412{12} " 1,.361(12} ,,1," 1.666(1~ I 1.755{8) I, ,'s' " ' ;.t {,.iiij { S-~S ,2.S2Bi1} I 2.287{1} 1.fS9(2) W 1.J78{3} I C'M23{3'} i 1.~~} '. 4r375(3} ! 1.6...~2) I 1.744{2; Ii ".I
; (tI) I s-s-s 2.49S{3) _t 2.21S't3} I 1.6e9(7}.. I 1.3&l(9) ~ 1.448i11j ! 1.3S8{S} Y-;.374(11) "l. 1.€96(5} ! U41(5) I 't-- (it} ,~Se.Se-Sd _C~"Z·54aI3} ! 2.563{7? . U71(23; i ci.375f24} ! ".432{23} 1 1.414{?2J '1.397(23) , 1.S11{22} I 1.8:39(20) I --r'_!
: flG}. i S-S-S __ L 2.350(1) ,!.61'1(:2} 1.347(3} I 1.6?3{2} I 1.737(3} \ I t

(iiiiJ ! N-S-rJ ".~~ , 'i.s-:mm) t.414{10) , 1.374{S) ! 1.1Z6{8} ~ 1.844(9) 1': 1.826{9} !
: {lCli} _!~~"!J l 196:;1(6) ! ·t.~4g{&} 1.31S{9}; 1.441(9) 1.337(9) i f.71!fl} I 1.2ZO(9} I 1.217{9; __

{xr,;) I C1~-S-N ~9~4(6j i -1~~\6} ! 1.316(8} i 1.446(7) ,1·S34m 1.329(1). 1.414m • 'i.337{8} I 1.rdl(6} ~. 1.223(1} , i.217m I. 0

., .{JrJj I N.g.tf' I 1.932{5} l 1.S43{S) : 1.33U(~ 1 ~A39{7} i 1.334{7) ! ~,::2"(1} I_ ~.,;:r;4t8} I ~.3atJ} f 1.7131'6) I i.225{IW I 1.7;21(1) I
! . ~:n} ~ ~[-Sg-N 1 2(r4~'6} i 2.022{6)' i 1.293(9) I 1.41o{9} ! 1.326{9} I 1,33f{9: : 1A4S(13) I 1.294(13) ! 1.852{1} t 1.67~~~ ; u~
1 .e I Se-S-Se i 2.SS!l9(12) ,I 25C44(12) i 1.877(S}, I 1418{5) l 1.~20(5) I 1.'334(5) ! 1'.412(5) J U;S4{5} I 1.ne(4i r 1.27t{5)'~ I 1.276{5} J
; 4b i sa-s-Se ~ ~.&~9(14) J 2.5001(14) ~ 1.900{5} i 1.4C7(5} I 1.323{6} 1.S29{5} I 1.417(6) ! 1.aa9(5'i 1.728{5j I 1.272(5) i 1,2>;;"2(6) !
t Sa ! 5-Se-Se I 2;";S8i3} i 2.461J12} ! 1,854(5) I ,!.35Si8'j i; 1.41Om 1.402{B) i M27(8) 1" Ui81 (6) 1.B19(5} I (l I f
:,' 5t;;:, I S-Se-E:e ! 2.4S5{S} i 2.4&!£2kjl", 1.861{Sj t 1.36€{Sf' '1, 1.409(8) , ~ 1.411(8) I 1.652[6}. I -'1.C7J{5} ~ i II'
:, 3 ! O·Se-Sa ,I 2348 I 2&<17(9) 'i.872i.4} I U5e(5} I 1.432~ 1.353(5) ~ 1.461(8! I 1.239\5) 1.~4}! ! . __ -"-
..... 1" ! Se-Se-Sl! I 2.6560{6} ! 2.S2&J{5} GB95{3} i 1.«J8{4} ',', 1.328(4) 1.321(4) ~~ i 1.a67{~) I 1.259(4) {Ol.26t{2}
I 6 ill N-Se-ti , 2.1J42:(5} t .2.03C(5} I,' 1.31f.l'(9) ! 1.440{SU 1,33'1{8,) ", 1,344;.'1} II 1.~):-;{3} ! 1.831(6) I HI38(5} I U329(1} _

~~ : Se-Se-S~ t 2598(2J t 2542(2) l .1.S72i4J .. 1.~61{6] ! iA26{9} i 1.399(5} " I 1.893(4) ,. !.;. ~

!__!O~ f S-Se-5 ~ 249Si4} f 2.478{4;" r-:;.141(4) 1.40fJ{5L I f.337(5} ! 1.324(5} T-~!5} 1.732{4} I 1.850(4) I ~~_ 1.~:s)i
. 1;;{) R 5-.se-S I 2.518[4) ! 2.fl97(4j 1.742{3} I 1AJJ9{S} ; 1.326(4) 'II~ 1.320(4; ! f.417(5) i 1.745(4} _! 1.849(3) ~ ~.268(4} , 1.284{4j, I
[<1 I N·S·N ; 1.8765'!13} I i.OOJ~:rf4} 1.291(2) I 1.428i21 1 1.346(2} ; 1.342~2} I 1.42S{2} I 1.300{2}:) I 1.7149{13} ; 1.6197{14} t'" 1.S819!1i(l

L 1~ 01 N-S-N i 1.900(3) I 1.91~i3) 1.Z.:rl{4} I 1.425{4} 1 1.344{4} I 1S.~{4} ~, 1.4'i9i4) J_ 1.3q4(.~c·?1 1.7j9{3} if' 1.a24(3) i 1.826{3} i.
i 12b I N-S-t'l 1 1.9'J1{f) I ~,300(4) r 1.4f8{4) f 0,t,34O(4) l 1.344{4) ~. 1.410{4} I. ~~i'(j(~)~:/! U12(3) ! c 1.825{3} I 1.825(3q

, ~ , N-S-Se 1 1':8~7t3} 1 819{3} ~ 1.300(5} i 1.416(4) I 1.400(4} I· 1.314(4} ( 1~.l:1{~} ! 1.715{3j 1 ! I
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\ftfhen considering the bond lengths listed in Table 5.37, it i~ clear th£lt tha bond
I) . c::::,

lengths within related heterapentelene fragmenf.s are similar. What is not clear.

'h~~ever, is weather th6:'1 bonding in molaculas containing different types Qf atoms'u '(I I) \)

within" tne heterapentalene structure is comparable. This question may be

addressed by determining the orders ofth~ bonds that make up th@heterapantalene
I/.-

fragment. fc/

o

The orders of bonds can be evaluated by using th9 empirically derived relation
(~a\,jii1g; 1960.> D ~~\._ cs ,1,\ c~\~ffi

o' I (fl'l -'..~ (ffog10 n ~(, ''';:''(r::::'

(/) " (I' ", \," ,

'Where.-)t{ti~ th~: orde; of the bond of length r, r~ represents (;the sum of the cd~~nt ~
radii of the atoms involved and c is an empirically derivl:ld constant. TatSle 5 38 lists "I,

') ',) ". <',\ :c. 0 (j. 0 :;,

the orders of the bonds listed i!') Table 5.31, as evaluated I.Ising tt:lis relation. T~,e "

values used for' the constant c and cine" covalent radii are those suggested by
Pauling (1960).' and may be in need of sOme refining. The, results are nevertheless

very informativ(D. For example;' jf one 160ks ,at the sum of thA b6'nd orders ofbonds\,1<

and 2, it is ~onsi5tently clo$e'~,~I.mity. This rasult is consistent witIJ what"would be

()

Q l)

expected for- thrae ..center four~electr()n bonds. "Another interesting observatiot1=,'lJ

relates to the order of bonds ~ and' 7. It is otear that two different,,,;::tr:J10untsor
delo8alj~Jltion are present. Th~Jwo extreme cases are illustrated in Figure 5.16 with

tht#erage bond orders for the' two cases are shown in Figure q;17. l'ha
asymmotry observed in the bbQd orders can be ascribed to <'the asyrr(~etrk!

"substitution pattern found in most 01 the studiE'IOcempounds,
C;J

va

Figure 5,1€J; Types of delocatlsatlon observed in heterapentalenes
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These average bond orders may be used to predict the ex",ct~d bond lengths irr
i_, \~ ':.

other relat&d cornsounds. The bond order ceJculations may also b~ refined by
;'::; c

improved estimates of the empirical constant as wall as the covalent radii of the·.
atoms. ,':t would be .inte-'festing to sea if the calculated bend orders cduld be. ufJedto

,~I ,J;' '" ;'

predict the bond l~ngthsin tell~rlum containing heterapentalenes. The advsntage of
\,~ _.I h

"consictaring these structures in terms of the observed bond orders, instead of bond
,<';1 ',\' 0

lengttts, lies therein I;haflstructuras containing different types of atoms' may raadily
be compared. 0\
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CHAPTERS

Confor'mational preferences in siAgle ortno, N-
substituted acetanilide derivativesw

. \

I)

i)

o

"
c, 'The relative spatlel' disposition of the moieties attached to the nitrogen atom in

"single-altho, N~substitutetf acetanilid~ derivatives has long been of interest

(Staskun'; 1980 and ~ert et al; 1984). The dispositions of particular interest is the

preferred conformati\)m' of the amide carbonyt g~oUp(Figura 6.1) as well as that of
1_, < - ",' i; 0, /

the alkyl substituent on the m~myleqe bridge (Figure B.2).

o
vs

E:l,ndoconfonnation
Figure 6.1: Possible orientations CUt19 carbonyl group

l?

vs

FJgure 6.2 : Possible orientations ('if the alkyl group

Previous studies have include.;! investig§tions into the preferred conformation in the
II~ ['

solid state as well as in solution. Tl1e aetermination of the cr1rstal, ,strt:lcturesof 14

and 15, contributes to this gtowing body of knowledge. The ob4served ~onforrnations '~
~ .. "

mHY be compared by i~ferring to the torsion angles defined in Figure 6.3.

o
(,It'

'/
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if \~lhen tl1e crystal structures of compounds 14 ~nd 16 were detsrmlnsd, the amide 'P

carbonyl (!r'()UPwas (Qund in thij exo--conformation in both structures. Further, the \)
• ';' l)" ~

ortno substitl;J~nt,?<,on tne phr.myt ring, and the R group attached "to the nitroQ§l'l
ii ,\ .('/. ,:'1 ,) \\

c atbm via the methylsi1e brid~~ ware found on the same side of the amide Bla:r~,'0 ,,::<i liP

" This is clear from Ihe fapt,, t+ .th,e 101:$Ionangles (8 anil b in fig, ure 6.3) listed in
Ta~le 6.1 have the sa~e :Fign, ThIs re~ult dl~?rs, from that" of ~oeyens and" ',; 7

o co-workers (1987), wh~ iny)~~,inV~$tigatiO{/into me'$truc~ures of three singI1e..ottho, /
c N-subs!it.uted amide. derivlltiv S,,{xvii), (xviP)and ~XIX). found .lhE>0,rlho su~etilu'ln!f'

;, and theoR group on opposite 'f.fes of the amide plana. (The torsion angles a and ~
\' I

f~XVii), (XViii), and" (Xix) listed jn Table 6,1, have opposite t;j~n~}.In all fiv~,
"structures conSidered, the amide carbonyl group is fout,d In the eWcpnfbrmation, It:
would, thus appea,r t~t while the :conformation Qf the ,-T,l;,_'",\ ca~bonyl group is
ind~pende"t of the na~ of the acyl group, the preferred Cb'~:J,)mation of the alk~' o

substituent, "R;' m~y not I~~. A mclscular mechanics study should be ~bleiJgj;;W9a~if
the r..onformatio.n adopted by 14 and 15, is indeed a low-energy confor.mation, or

.? " 1.,1J '.'

merely their preferred conformation in the $.olidstate. (\

1/
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() The crystal structures "gf 14 ahd 15 w6re determined from data collected on Enref

Nonius diffractomete~, using graphit~ monochrom~ted Mo-K& radiation, In each
~ ~

case the cal~,Vas deternined from 2ff accurately measured Qlgh ..order reflections,
(J _,"-:J

Data reduction included corrections for Lorentz and PQlarjsati~m effects using ,0
o

standard Enraf~nius ,routines. Stanaard reflectiC)~s 'mpnitoreq, hourly showed only
P (i. \ "-"'-",:, ;:1 _ _ _ ;)" ,J c-

random fluctuaticii~'~nlt cell ,parameters and the detail;; of. the data collectione are
, given ln (T,able6..2. the structures wei's solved by direct methods &$in(4SHELXS86:
and refined by least-squares methods, br,,,r;ed on F2, ,,}using SHELXL93. All

r1on-hydrQgel' atoms were refined with" anisotropic displacement parameters, whil~ "
",.-.,.-: ~) - 'II " ,-

H atoms wero refined h ( riding ,,moae with a common isotropic displacement

parameter. r=igl~re6.4 and Figure e.s show ~CHAKAL diagrams Or the compound~
arId indic~te the labelling schemes used. Atomic cIi'ordinates are IisteQ in Tables

D u

6.3 and 6.4 respectively. 1\
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p!Mg.m~ 1.305" '1.19'
~'"~""""'*~",~~"_,_,_,_,., ......... .~,.~.~.±~~ __ <=> '-=·,-=,""~~,,,,,,.~_,,,,,_,,,,,=--_, __ .,;,t""""~·4' _4-'-~ .. ·..c ..,,·_l\·.:-·,~~.....;u~····· - ',_' _ .... ~, ..,. ... '. -

Absorption coefficient f mm" 0..276 0.074
'··_'~_·;i·,""""""""~",_;,,,,~",-_,,,",,,~oJI:".··,,,,~·,,,*,,,~',,,,,~_.-,,·,,,,,,,,,,,,,, ."'t":"''''",""",l>"'___''''''_~,,"~'>=;'-''''''·, ~",",,_,' c._, __ "'~~"f'#.'~"""''''''_='~

F(OOO)" ",' ,544 512
",.~,,_.,._ ....... ~.~ •• '<.'. -..,~ ... _=<....,.. __ ';. __ ~ ....... ""~.-"',.....,.,,_ '""_.'._ .... "'--."»':".~ __....._-'~'_~....,'n,.,

Range ' JL 2.5 !'; 0 t" 30 3 :::;(I ~ SO
~"""".~"".f,.,....,.'"'_''"'._- ---_- "'__ ,""""',,_.... _,_""'_,_.L;c~ ""'_·=,"_, ~""~'""·=""""'-~r""
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Figure 6.4 : Labelled SGHAKAL diagram of 14

o

Figure 6.5: Labelled SCHAKAL diagram of 15
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CHAPTER 7
(I

X-ray: diffraction study of TqS
'\

Due to its electro-optic properties triglycine sulphate (TGS) has been studied
. : .~

extensively. Of particular interest has been tlid' effect that doping the crystals with
" ;f .. ~

impurities haf"on its ferroelectric propertles, (Ravi et al ;' '19~1~)"Th(:_Jinfluanca of

laser ligt~t on its X~ray diffraction pattern h.'J~also been investigated (Zhukov et a/;
(i,

1991). In this st.udy it was found' that the intensities of some of the Bragg reflectioc,s

increased significantly when T~S was irradiated with laser light perpencil;;lular to lts
b..axis.

"

The alm oNhis study was to try and reproduce the results obtained by Zhukov and

co-workers in 1991, and also to investigate the H..bQnding network present in TGS
u. (.

by means of a low temperature diffraction stiJdy. It was hoped t~latthis could lead to ~

some unders!anding of the influence of laser light on the diffraction pattern. c.'

l U
\1/

Very large crystals of the title complex were grown from aqueous, solutions

containing stoichiometric amounts of glycine (NH2CH2COOH) ~fld sulphuric acid

(H2S04) by slow evaporation. Crystals selected for analysis were grounp into
spheres with radii in the range 0.2 to 0.3 mm, using a Nonius crystal grinder. Cell

determ\lnationSI ~sing 25 high':'order reflections) and ~,ata collections were done on

Enraf-Nonius CAD4 {/our..circle diffractometers equipped with graphit~

monocbromatora and Mo ..K<.~.\radiation. The low temperature data was collected

using the cryostat described in chapter 4. Because of the shape of the crYstals used

and the relatively light elements pmsent in the crystals, no absorption corre6tlJns
were applied to, the data.

\)

Unit cell parameters and details of the data collectlons are given in Table 7.1.

Atomic coordinates for the structures are li$ted in Table 7.2 and 7.3 respectively.
II Ii

The structures Were refined, starting with coordinates retrieved from the Cambridge

Crystallographic Database for a previous' analysis (Soh~ns et tal; 1985), by
p) o

least-squares methods ~flsed onF2 using SHEI~XL931'The ORTEP diagrams s~own D
,!
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in Flgure~-7'~'land ,7.2"Showthe numberil4g scheme q-;~d in thQ ana!!',Dis. In both,
, \ ,.J '", I' r. ,? ,,)
structures" ft;e positions of tne hydrogen atom§ not 111')~!oi~e!.din' hxdrpgen bonding

" were calculated geometricall¥, and refined riding on tf:'~eatom tp which i(is bon~tid.

The remaining two hydrogen atoms are both inVOI\~<l\~~hydrogen bonding and their .
" positions were in~rrEfij 'frbrn the d!ffetenca Fourier ri1aps, (,calculated using the'

low-temperature data: shown in Figures 7.3 and 7A. These positions were refined
[;7 ,'" "

isotropically using e"!oommon"isotropIc ,pisplacement parameter for tall the hyc;irogan

atoms. Table '/.4 lists the coordinates of all the hydrogen ato~s as determined fro~m Ci

the low··temperature data.(The hydrog~n bonds present in the crystal are illustrated
in Figure "liS. whilst the"~iacking of th~ molecules along the c-axls is showrr in tHe

l .<l .~_;;.-\ " II

packing diagram in Fi9t)~~;7.6,Il is interesting to note .that at-a first glance a!bthe ((

'glycine molecules in "res are pres:~t in t~e zwitterionic form ~f glycine (,
(( ~, ;j Jl' C' " .!',(H:;N+CH

2
C0

2
-)· ;;) ,',( , . ,j

I) ~_. _' _,,,',,,ih\"''''' __ '~-'''''~'_''':''''~~ _ _'''''''~''''''''''''''f~~'~\::'''_'-'-_''':'_~,__. ""_"_""",,,,~~ .. ~_. _.__ ' _ ..........
, Table 7.1 :, Crystal and refinerncnt data' . "l~;

~~]~1§~~.:l{I±F~~~~i~~~--rliBi~~::~,"/",~
"·TomperatureT~t··-,·~..-:;-,-,-~-~-,·-29,·3.:(2,-j::-~,~~-t'.":---,' "·:{OO,(2}-r'-'-''''' \.' . <~.(l~~'.\"".~,, *' ._~__,....._~'.~~,...~~-- \~___ _ .J.,_ _"..~I '/ "- \ It,

Wavelength rA +.. O.7tQeO; 0.11069 .r: "J.
~ __ ~.l-, ... '-~.,._. "'>'4"'-\"~"~""_'~""_'~,"""""'~'-~ _.;_...~~,I<"'~"""""'''''''''''''~~'''''"''''_'''''_·''_'H''''_'~' ·_.),,,,,,_.t __ =-~~'~ c, --1(-'
Crystal system .' Monodlnic '0 tj Mono,9linic . " ti ,

","W<~'~"''-''''-';w.= ..... ~~.~._ ... ''_'"",,~_~~ ,....-.• ' _,.,... ~~"" .. ~' ....-'tM~'-'""""· ",-",-~,,_. - .0.,_- ._- __ '~'-;-"'1-"'-"""~_~.: ....

~!~~.QI'2.~£,,,_,~~__,. ~_'.~--T-...~~'_:~!~L/::*~__~~_~~_~,2;' ,,,.6~_"_,.

'~f~~:'~=~::===r=:_:~~~~~~:'=;:::~-;~;f~~-=:u
~ • "' .._"_'<=r---___,#~-"'.",=,,,,,"i'_.~- ."'. '·'~""''''"'''-'·~·J_~._·~_._''n''~''''''"'~~''''.'''''~·· _..,."' ..........~-".,....._= ,'.....,,_."' .....,.l-1""l .. ~1.'-M~-'T.,.~·';·~" ...-)n.-~-~"'''-.''''~'

f3/~ 105.554(6) '-:f105.16(l~4)
voi;Jme7;~3~~"-'~--- .''~640:1(7)--'--~'~-63?:ci8(4j~'~'
,~z,--- ....~,-,.-~--.- ..•~~~.--"., '-:-'~-2'~---"-~'-*'~'~'""~2~~-'" '"'.
",.j~""-.,.,•.,-,_'....,,' .~=',"_"'_"_-'-"''','--"''_'-' ..~ .•__.•_._c=.~__----=-~,"~_ ."'-"<c·,.· ....·.~. -i,,~'~.·" ..:..:... ..~ ..__.-_._=--=-U;o-~ _... ,~"'--'."'".~"'-"~~ ~ ..~ ...... , ~·~----'·'-'·=·,..· .• i.,.....~,_~""'_y..·.,· ,~<"'.. ... _~,•.•L._ .• ,_ ...._. ~

f'1 Mg.rn·3 1.671 1,699~AbsrupiiOn~f'Of;fiicicnt4jmnl~1.~'~.~~-4-'O'311..~~~,~-~,-.'- ~~~O~315_~ ~~c~~

"".~_"'"""......... ~.'.-."~ ... - .~ .... ".~_ .... _""'.--'.-'4.,.._'<=,.'"" ... , .... ,... ~ } -.,~,._ ...."-.. ......=~"".=,,.-.......~~_,.""'~""-= z·""*_',,,oi#"_~~_~"--'" "",,,,~C'''' . ".'''' ",<.Q=

F(OOO)" ~/ 340 .' .340 j
,·.1c'rystal (Jiam~ter7m'nl"'~-4~''~~~44_'~, 0.6 ','~~'..-~..,". - .,. .~-,~"., _. 0',4" " _'.'_,~~.,
...~,.=.._,.,~'"'~,'.~-.~--"'" ~,~ ....._"""'_ ..._ ..Ia>." -"_'_'~'-'-.' -- ... ,~- .. ""_--.".-.- ~,_.~.- '~~Q-=-='i'--
Rtmge 2.8 s 0 ~;35 2.3 ::;0 ~~62 ('

,. '4",. "".-.,--~~-, >~._~_._".,.~_ _'~_''''''-''·#''_'··'~''~'~~'''_4''"~~'' i"(

Index ranges: "', "D ,., ' I) ,11 .)
.. h .. ..14··)<1.4 «22 -, ~1 ,..
k ·'1-,~20 . ~1 _,) 31 .. j
I w7,..,.9 i;' ·10_.·-~13

;-'''''.----'-''''''.'''~;..-=~<=O--..,-,...---'-!'.~~-....~~~ ...--,~.,'-""~' _"'"~.;...........-=:..' .....=~'..,..-~ ....,.-,-~--'''._-·''''·=1'!'- \ __~.:~,'~'t._~._",__"'_,._""""'"
Reflections collected ' )306(; '{s.'$~2) ')

""" .",.",-'_' ..~-,,-.~. ,.','.._-"~",--,,, ,,,,,.-.-..•..~~.~~," ...... ~". ".'''~'~' -"·,,I~"'...~.- 'r>: ..'
Independent reflections , 92~3. t_J. I) •

~w""""~,~·..._,=",-·~~,,,,..,I*,=,,,,·~,,,,-,,,,,,,,,".........._,.,.·~-, -- _. '.' .,_._"""........._....._~ •_ __."-;O; ..... , ... '~_ ... _""'~="'--"''''''FO=~.~.~._''-='''' ...''''''.,~,,,~ ~,<Hi~.~__;_.-- ......_F,;"'=c~ ...,~ .........-~~ ...~.1
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Figure 7.1 : Labelled ORTEP diagramof 16
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FigureJ.2: labelled ORTEP diagram of 17
LI . d ()

r~~'';.~Jl=~~~Jilnai.sT'~~amieQU1yalcnt~t:p~ al.ii1~::.~~~;mmei::~''_~
f__ ~_ _. _ x/a _. ¥/~. Q~ z/c ._U~L__.~~.L:=- '-;~~,--.=-_!C ~:~ri_=·fa~=--
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D In a previous invC3at!on, inet'ease,s of up to 3b% it'! ~he integrated intensIties of

the B'r~~g reflections Qf TGS" whe9 irrsdisted by I'~ser. 'light {A =, 630 ,flrn~ Ii

perpendicufarto the b~axi$ have been reported.1ZhukOV "at 1:1'1: 1991) .Itwas also (if

reported that· the i~t~nsitY msximum was == ju!St aft~r ,wifffhing the l;ase{
radiation ~n :al~dthat" the mo~t nOiiceable changes where obsrrvlid for loW~ahgl,~
reflections. ,(~~ ",' /! " il ,

II

In our t:lr'Ialysis TGS Crystals\~'ere irraqiated wi~~laser IiQl~J;.f(~rTfabattery~power~d

sofid s~lte,diode laser ("- ::::~70 nm) mounted on thl9 goniometer head as shown in
, I " ~,,' '" c il "

Figure 7.1. Before any measurements were made it was ensured that the additional
\)

strain placed on gonio;r,net9rhead by the 11l~~mtedlaser did !jot ~lJSEl_ the cent~red
crYstal to move within the X*ray beam. Cara also had to oetaken thtbughout the
titudy to ensure that the i~~er and its mountdld not ~use any collisions DoatweenC- "'"

r. :' 1\

the various diffractometer arms. ;(1)

)~--\
\ ';.
d~'''__'1

I)

i[ ""II'
~.-~j

, 1"°.1_" -J': 1/'" " L~s~~diode~~~~~.:'~·'T,~ ),': '.
~Go~iom~~~ -..;--'. Battery" " "

Figur~7.7': ~~~~ia<it~ounted ong6niometerhead
\,
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To,~~t9bIjSh if the effect of the laSf!r o~ the d\ii',"i\I?"on'~~t~m is j rotr pic or not, th~', 'Ii
directioRS from which the crystals, warb )(r~diat~d~1'Jt~~chosen a m~,~dom."'In aU"th~ )

(; ,ilt~ '" 4/~ff~~.Of ~~e laser ta~l~t.lono~ thel/lX..tay O\fffraf'tion Of,thre~' ra~dam1y orie:nteql ,..~ II c

'spherical dystsls ware Inve$tlgatel~,Alt~iOUghno detailed I ej tlremsnt$) were 0 ,~

recorded it was est~bli!ihed that I~saf light does Si9;ifii.~!lI;Ya~lerthe ObS~tved Q(

WhiC~ in~Widual refle~jCJns are ~!Jrectadd~p~nds on the ~~"nJ~ti\?n) of the J~ser;/: II ()

, "beaml~ith' respect to the unit cell tilf th~ crystal."That is U1B ob ~d (phenomenon i~\ o'\1 ( ~) r 1J 11 .\:_

"snisof OpiC. It was also noted ~h~tthe o~ser~~cJ phe~e r o,~ does not rer-nain' "'~\::=,
, re~arsibl(1 indefinitely. In othct~f)MfOrdS,afteV$oj:ne p~~'1~aIdiffr43cte~ intansi,ty ""

baGome~f ir1sensitivaoto laser Iigt~jt., " ('" /).;;(;/ I ' ",
\\ ' " J! I 1-' f ' ,

, II (~, \i, ,1., (7 ':;":;,,,..::,~f (') u , o

.. fhe ..: .CIY,.i,f.talstructure?f TGS i,",t:i,": C.haraotertsed by the pres,e.,~ce(~.I~.ie,two hYdrO,aen ,,/. ,
bO~qe~(r.omp!exes shown h, qtiguras 7." and 7:~. The pac~ ing' ~\fI~hesacomplexEt$ t

,ca!1 baseen in the packing r~iagrams shQlj\~nIn "figUreSO~.':G and 7',,6. The sort of ((

hYdrclg~n bonding a,een i0"tas has ~ISo been .observ r i~;~the~cry~fSIS wlth '
i nonlinear properties.~or S}:a~hple in the 1:1 co:;nplt~x forme. ~b9tween,4:ni~rop~ridil1~ (1

"I) N-oxi(~I;T and 4-nitrophel)01 ,iI(Fl.lquen et cll; 1992). It haa\ been .suggaswd, that

hydro~n bonding plays alh important role in acentric material~ with nohIinet:1f
pr,opertias. 'It is cgnceivabli$ that the cha~ges in th~, Br.agg intahsities ob~ervett

under tho irl'fl'Je~ca of laser radi~tion is due to Chflnge~( in t~e hydrog~n bonding Q " \,~

network, "" f, oJ c.' . I,' ,f)\), \1 ," "',D
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Th~ crystal;';structureof 5..~tbylamino..3...p~toly!...0
1A\ff.,2~4..thla ..s.lenazol ..1...yUum Bromide.

o

The s;ructura d9te~~ation of the litle ~mpound" 18, obtained ;Y intermoleoular ,"
., "I) ,J. !1. :", ".~ u

oxldativa coupling of compound (xx)(J~ith bromine (Lcd; '1992), was undertaken to
(I) ~)

'confirm that Se~S c;;oupling in 18 had indeed occured,:lrathar that Se-N coupling
o

whic.~ would lead to the lsemertc salt ,~xxi). The cation in the salt is ,s derivative of
,\ . ,)

(j o \\ c

the ..,/0", 2Awthia$elenazol ..~!:"ylium Cation, a new heteroarc'i;i'latic system whose "
L- <::.::r L. (I'Ll '

" deriv~'tlves are being employed in a rl~~"\!;ysthe$is of hYP;)fValent heterocyclic
, (I C .,~~;

II \'. '.0 ,,'. ,_.1

"col1JBPurl'ds (l..ai; 'IS92). T~e length of the Se..S bond [2.tR93(S}A] is nearly ths"
'0 same as the accepted covalent Se·S bond length [2.195(15)A; Allen, Kennard,~=I ,)

Wat$OI~,1B~~mmer,Qrpe~~d Taylor, 1987]0The, C(2)"S9 and C( 1)*5 bonds ~ar£t

essentiallv, C(Sp2)~S~~nd"c(sp2) ..~ Si~?I~ bonds, reSP~~iV?IY.,The cation in the salt
'" ,,18 'is planar and the heterocYocl~O)r(i'ig bond lengt~§ indicate that there is some

1,1. ,_' _. C'._ _/) 0 __'

1N:lfectrori delo<ie(isation extending over the C(2)t N(1), C{1 jJ N(2) $eqt:l~11C~,with

the q(2~;N(1)aOt~,the C(1 )~N(2)bonds Sho~er than ,~heC(1~w.?-pnd. 0

c:
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Me
(l

Co "

N"r(SH
,," ItL.:;"N,

'-"
Et, l\ ' r '"-'" .f ' " (xxi) ,,"" , c o ..•..~

The title cor\1poun?!18 was'o~tajn;d as Y~~IO: nea~le-st:aped crystals, f~m the
t, I> . ~--~<·'·:::'I 1.).; 1\ P ,; :,. Ii '

reaction mixture, after washing with acetonitrile; m.p. 511.,~ p13K. As the crvstals"

proved to be unstable in the' .x-ra~ beam at am~ient temperature, data ,~!li\~
'j 1.-'0

collected, at 123K. Tt11sW~$ done ,!.Isinga liquid nitrogen gas~flow clyosiFtt mounted "

,,91'1 a CAD4 diff~potometer," ~quif)ped ,with standard" Enraf" NbnilJs d~t~" cOlle6tion"
() . l..' .;) ,:_,

.. routines. Data raductio~, inCtudin9'Loreptz, polarisation and snF.i'lytical absorption

corrections was done using the ;;PC 'version Qf the, NRCV AX set of progrt:1ms. Unit,

celi dimensions and details of the data Qonection are giVAn'In Tab 1'9 , 8.1. The
, . ·0 . /) ".... .'. ->

structure was solved by direct methods using SHELXS8S and refined by full ..matrix
least-seuares methods basec on. F1 using SHEl..XL93. At! non~hydrogen atoms '.'

'were refined with anisotropic displacement parameters. Hy'drogen atoms were
pl~ced in ge('Jm~t~ica(llycalculated po·sitior",i;,.anq EiUowed to refin~ in ridirl~ mode in 1 i

, "". >" '.1 ;-J,'_~

the final. cycles of refinement. ~igure 8.1 .Sh9WS a labelled ORT~,djagram of the
molecule and the $.tomic"cuOfdinates are listed in Table 8.2. \,,,

~8~!.i::frySi.I.iiii~~.m.n!,~~~_:_l
-f~~~~~t;rmuia--:,:~r-Cl1HI3~~2SS;~-~1
..~~~., ,,~~'_~.4p.~~~_,,~_ _~"~'~"_~~_'H'~'~'~~"I'
Formula weight I g.mol·1 364.16

m;j",,,.,,,",,,,,,.,,,",,,,-~"0F'~. __ ·...d1'~~_"'-,,,-*~8."'····' "~,~~~"'''',,",,'''=:~'''''''_=_

,I Temperature I K , 126(2)
jNa~~§gtiI!.F'·~·='M='~7~·\~'~-~o:7;o69"~'c'''''~"
.Crystal system MonocliniCt~i~c.~gro~i=~~==~=~=~=o~· . p_~"{~_,~_~,L.~~!-.'i-~_'~ __ "~~~~~ "_~~,,,1f.~?~~L~_>~

1

1'A 10.4340('10)"/A-~~'~~~~-;;'-I~'-"j-·j7A5O(2)·-~'·-~---~--·~·--~··~~""·'~·~l~-.~~.,"'~.'-~~~"
·';;···-·"~·"~·~~··'~'"·-·--'~lL··'···~~:9·9:~~~1)~~,-

""'~'·.·"',_-"-, .• """""""--"",,,,·~_··",", __.~·~-,:,,- ••• ,,h-""-,---<""·~""'~"-'-i'';=''i,",,' ..e=.........c~,,,,=~+,,,""""~""""~'~~-""_"
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Chapter 9,
, i'The crystal structure of :~~benzoyl.5..me~tlyl..o
2,1..ben~i$oxazdte.' CI

/'\
(.__.

II f~,~\\
~~l

The title compound 1.9was identified on t,h'TIbasls of a single crystal X~ray ~)tructurEJ)
c:,~, (I ,.

determination. It had belt,n optained from the treatment of ~xxii) with excess sodium
, (_-'"

dichloroisocyanurate (XX'HJ) il"! methanolic 'aqueous ~~dium hyc:troxide."
(J

(i

a

o

o Ii

Ph
0..."~-~1

. J

.::; ~.<";

I 0No I) ,'N
IH I'

(xxii) \\

, !i
The yello~~rystal selected for the anafysi's afforded data reliable enough to aHow

, .. /

'~',for the rg;l~l\.4ment, using isotropic displacement parameters, of the positions of the"
'::i I, ' ',.' it

hydrogen r.t~oms, located U'sing differenoe Fourier maps. Ttle fused ring system

within the title compound is planar, with its atoms deviating from the mean plane by
at most 0.01SA. il"he C(2}.C(1)~C(8)-6(2) torsion angle (.11,.8(3)O)indicates that th~

"
carbonyl group deviates somewhat from the mean plana of the fqsed ring "system"

, ,) (,\

The C(1}·C(8) bond, of length 1.4;~·r(2)A,shows that there is some.)delocalisation of
electronic charge taking place between the fused ring system and the ...carbonyl

gr9,~Ap. In generafC1T~~:::bondlengths and angles of the titl~ compound are virtually
(I _ ,_- , II

identical to ( ).the) corresponding bond lengths and angles in

~ ·benzoyl·2, 1..b01.,Jispxar,;Ole (Sut)daralingam and Jeffrey; 1962).

" I

I'

i\ t::,
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Cell determination, using 25 high~ordel' reflections, and data cQIIE),ctiortwere done

~n .an Enraf-Nonius CA04 fouDN':ircl: .cliffractome:e,' e91~;;:1~d WiH'9)f graphite
monochromator. Data reduction include~ correcy&{s f~r~t;:;-..~~~)iZan9 pOIEu'isati~)rt

effects using standard Entaf:,~oniU~1ne$. Jsorption cifacts.)'Iera corrected for
empirically (North et 81; 1968)',Three standard reflectic)ns monitored every hour

showed only random fluctl..lations~it cell "parameters, as. well as de'fails of the data
aollecti0Q, solution arid refinement a~\gjven in Table 9.1. The structare was solved

\,~"
" by direct methods lI~ingSHELXS8e anc:f\~jned using SHELXL93 by least-squaree

methods, based on F2. All non-H atoms were refined with anisotrppic displacement

parameters: Figure 9.1 shows a 'lat:,f)HedORrEP diagram of the molecule and also
indicates thee numbatftlg scheme used inlhe analysis. Atomic coordinates and

selected bond lengths are listed in 'Table 9.2 and Table 9.3 rospsctlvely.
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Frable 9.2: Atomic coordinates (x 10~)and equivalent Isotropic displacement parameters (Aa , I
I" X10'l) (or '19 !I .>-F~--~-.t=-'~'----~-"'~]=::"-~'-~--l~~"--'''--'-''----A". __ ~_.»~_.,,¥~·"~'-I
!E:~=§~t~~=Jj1t-~~;~'jk{~~=Jit~f
u6'~"~~'''~~'"-'''~''fw,~~~!:j~;~.~:".7~-'-~~~~~~"'~~ -·-"~"{i~g}·,,·,~-..~~(\~;~n~~~.",,~,(I
._..._.,..~=--"._,,=-,,_~~~ ~._~~~._. ",,-_~_·<=_~4"'·r_"".':",""'''':''''~ ~_~"",:"_.~_,,;,-_~~.,., ...,.,_,... ,~~,-,_" '_- ".4;"""~~"_""'''''':.''':''''''''''=_''="''""'

C(3) 1801(1) 65e6(3) 1272(1) 48(1)
-o,,=,,<~ .. "'''_-'· ~.~~......... _~':""-''','''"·:=;''_,h~~ ...~~·=,,- _... ...,_,._~""'_.._"'''-'.'''''"''"''''''"'.,;.~~.=--.._~.''' ........ .-.·.,.•"''-''-'- '''''''''''_ ....'c"'--'=_.~~~···-. ...... ,_.._ ,",.:.,:,.",'"''''''''''';__'-;C''':'_'~~~''"''~_"''~''''''"''''.-=<\''~

_ C(4) 1780(1) 933'1(3) 142(1) 53(1)

I,~1~L~,,_--__:'~~~:_-l~~~~~~~E~'-=-Jl~;F~-r-~3~~~~
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Chap.ter 10

li

'"v j,~\ 0

Concluding t;iiscussion "c- '"

In..~ecent yea~~. apprm:imately 10\0 ~w ~~stal ostru~u~s .have bee~ added

annually to the Cambridge Crystall(pgraphic database. This faef is a testimony to the
\l '

,importance of .etructura; data within chemi~try. In general, these structures,

determined "by 'triall mdlecule crystallographic methods, form" the basis on which
o ,,',

che'll1ists have now founded their I<nowledge of moleculer structure. In thi$ thesis,

the results" ,of 19 successful\ly mfined structures have been presented, These
structur~ determlnatlons, in addition to contributing (,to the body qf know~ crystal

, '(I • I, _-" ,'.' i ~

"structures,c were °uod~rt.aken for a Jlumb9r of chemical reasons, -:and the issues
.addressed incruded the nature of som(£~hemical bonds, conformatiol1i::1 preferences "

It ~I

in ~olecules, hydrogen ~pnding in crvstsls as eWell as the identification and

chat~cterisation of reaction produq}s. ,
, ,. ,j

Improvem;nts and developments in crystaHograpl1i~ methodology as well:J~$
o " , (':J

advances in tht;l flatd's of computing and automated diffractometry have greatly~ ~.

reduced the effort required for the sLJcce~~ful campiijtion of a structure

d~termination. It. is""hpwever, still far from being as routinely, apfi/licable as, for
( 1'1

example, proton NMR spectroscopy; The reason for this is that both the precision
and aecura(~y of each' crystallographic analysis may be influenced by a(humber of

"
factors, beyond thE;!9,ontrol of the crystallographer .

•c ~\ ,.'

When, for example. O1.. asuripg thl; Jntensitfe~ of ~t X-ray diffragtion patlar~ a

~UJtitude of problems may be encountered. Th~~)may b~, ~te,~orised as
Instrumental problems, crystal problems and user problems. These Include rsndom

(',

errors such as misalignment of the instrument, fluctuati(.lns. in the power of the X ..ray
\~ n

beam, failure of the detecting system, d1on-unlformity of a low-temperature gtas

stream, if u$,iSd, crystals moving on their mounts (,and intermittent X-ray shutter

failures. There are other errors, such as those derived from cryst~lcdacay in the

X..ray beam. whi.ch are 'systematic and may be corrected from by measuring
oj ~i {)

periodically a few standard ref!eotio~s to check on the,,constancy of the expe~imental

\1

o
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set~up. The absorptiCln~e X..ray beam,by th~ crystal is also ~W$fematio.and' may

be rninimi,$ed by the ..use ~f either ~mpirical or al1a,yii~1 absorptiol;l correction !J
I, ()' I) "

metl~odl? For the latter the faces of the crystal are accurately measured 0and q

I) indJ~ed, a~d this info'~ation thel' ~sed to dete~mine approprrat~, correction f~ct6rs, \\
Ii, ' "', \:,\

for elsch reflection measured. 'There are also other t}lpes of errors that are mora .
.. dllll~IIIO co~eot for unless lJloril information is available; thesa iI:lCIUd!l}"ultiPre c

reflecl\on, extinction' and' th~rmal diffuse s~ttering. 'These ty~~ ~t errors are.:,
normal~y only considered when an Emtremely a'ucurste cry§tal struefure is requir~d.

~ I)

'\ c_, t)

Di$Ord~~\.to~ can ('rause $erio'~$"pro'bJem~, during crystallographic~ Jr,vestlgations.
\\ " . . ]I ~, , ' (I , ,J' .~,{~." I,

, Real cry$~I$ (lavista from the '.!dealpicture of a pariodiqally, ,~~r{ectrepemion pf ~~
\', "', II ': ,_ -::,,_.'"/

c unit. Becaq,se (I,f thermal mQti1~n, atoms oscillate aroynd.'·an equilibr,lum positioll "
1'\ ,I I," ','

Withl~ the (~}~jtcell, antt, is des':prib!dbr the anisotro,~iC dlspl~cement parameters.
For some cry~tal:s ~~ty farge rr:IQveme'l1ts are posSib.a and th~~'~esuJts in' g;/namic
disorder. Because th"6.:diffrElction experiments show ltime-·averaged situatro!'1S, the

observed alect'ton den~1i¥'appears to be smeared °~t. This. probfem may generally
be radlJC~d by pe';"ormi~" the difff!lction experi ient ~t reduC~fLJ~mperatures.

Another type of disorder lh!\hl'IJY occur in crysials /s rafe~ed 10 as ~Iaiicdisorder,
and in this case the average ct~rtant$of the unit cejillS obHlinep by averaging over Cc

space, l.e, over the dhfferent unit \~~IIS.An importan~, I~xample'of this type of disorder"
which is common in minerals. an~: alloys is the s Ibstitutional disorder" where the

Ci .0 . '\ \ o G

same site is occupied by different tYP~s of atoms in lifferent unit cells.
\\ "'l c

It is clear that although yrystal struc:t~res can ~ !~y be dctam1ine,d)/with greater

,easE'~~ndprecision than ever bef?ro, cogrtisal1se ~e~~s to ~JetakElinof all the t~ctor~
that m~y influence ~tle outcome of the a~aIY$is. Care ~hOUld ,~Iso be taken wherNhe,

\ Y\ J'.J
results of crysta~lographic a,nalyses ~re considered 01' "'ompared.
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