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SOME INORGANIC COMPOUNDS BY X-RAY DIFFRACTION

ABSTRACT

“'Dimethyltellurium diiodide is known in two forms;
the crystal structure of the/3-form has been determined
by X-ray diffraction. Mo-K« scintillation counter data
were used for this analysis in which the heavy atoms
were located from the Patterson function, the carbon
atoms by a difference synthesis and refinement was by
least-squares methods. 3 -dimethyltellurium diiodide is
ionic, [Me3Te] EMeTeId]_, and is built up from trigonal
pyramidal Me3Te+ cations with Te - C = 2.07 K
C - Te - C = 95°,.and square pyramidal MeTeI4 anions
with Te - C = 2.15 &, Te - 1 = 2.84 - 2.98 & The ions
are bridged by four weak Te ... I interactions (distan-
ces 3.84, 3.88, 3.97, 4.00 K), which complete a distorted
octahedral. environment. around each tellurium atom,

The crystal and molecular structures of 2-biphenylyl-
ferrocene and 4-biphenylylferrocene have been investiga-
ted in order to compare the configuration of the rings of
the biphenyl and ferrocene groups in these two molecules.

The structure of 2-biphenylylferrocene has been

determined with visual Cu-Ke data. The iron atom posi-
tion was found by Patterson methods, the carbon positions
from successive Fourier summations.’ The positional and
thermal parameters were refined by least-squares. The

cyclopentadienyl rings are eclipsed, the first six-
membered ring of the biphenylyl group is rotated 43° out
of the cyclopentadienyl plane and the outer six-membered
ring is rotated 58° out of the plane of the first six-

membered ring. These rotations relieve the strain which
would exist in a plahar model for the CsH4 . Cgly. Gels
group. The mean bond distances are Fe - C = 2.05 A,

C - C (cyclopentadienyl) = 1.44 &

Using Fe-Ket scintillation counter data, the structure
of 4-biphenylylferrocene has been determined by Patterson



and Fourier methods and refined by least-squares. The
two crystallographically independent molecules in the
unit cell have slightly different conformations. In one
the cyclopentadienyl rings are oriented about midway
between the eclipsed and staggered conformations and the
first six-membered ring is rotated 6° out of the plane of
the cyclopentadlenyl ring to which it is bonded, with the
second six-membered .ring rotated a further 9°. In the
second molecule the cyclopentadienyl rings are -only about
5° from the fully eclipsed position and the 'six-membered
ring rotations are 0° and 10°.. The mean bond distances
are Fe-C = 2.07 A c-C (cycloPentad1eny1) -1.48 A c-C
(biphenylyl) = 1. 43 A C-C (between rings) = 1.48 A. The
intermolecular séparations correspond to van der Waals'
interactions.
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ABSTRACT

Supervisor: Professor James Trotter

Dimethyltellurium diiodidé ié known in two forms; the crystal
structure of the:B-fofm has been détefmined by X-ray diffraction: Mo-Ka
scintillétion counfer data.were uéedmer this éﬁalysis in which the heavy
atoms were located from the ?atteféoh-function, the carbon: atoms by a
difference syntﬁesis and refinemenf Qég‘by least-squaresmethods. f-dimethyl-
tellurium diiodide is ionic; [Me3Te]” tMeTqu]-, and is built up from
trigonal pyramidal MesTe' cations with Te - C = 2.07 ;, C-Te -C=95°
and squaie pyramidal MeTequ‘anioﬁs“wifh Te - C = 2.15-;; Te - I =2.84 -
2.98 A. The ions. are bridged by four weak Te.... I interactions. (distances
3.84, 3.88, 3.97, 4.00 R), which complete a distorted.octahedtal..envirohment-
around each tellurium atom. S

The crystal and molecular structures of 2-biphenylylferrocene. and 4-
.biphenylylferrocene have-Beén investigated in ordér to compare the con-
figuration: of the rings of the bibheﬁyl and ferrocene groups - in.these two
molecules. | | |

The structure of 2-biphenylylferroceqp Has'begn defeimiﬁed‘with
visual Cu-Ka data. Thé:iron atom ?osition was fQﬁnd by Patteérson methods,
the céibon positions from successive Fourier summations. Thé éositional-
énd thermal parameters were refined by least-Squares. Thé cyclopenfadienyl
riﬁgs;are eclipsed, the first six-membered riﬁg of the biphenyl group is.
rotated 43° out of the cyciopenta&ienyl pléne and the outer six-membered
ring is rotated 58° out of the plane of the first six-membered Ting. These_
rotafionslrelievebthé strain which would exist in a planar model for the

CsHy + CgHy » CgHs group. The. mean bond -distances afe Fe - C = 2.05 R, c-¢C
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(cyclopentadienyl) = 1.44 A.

K, scintillation counter data, the structure of

Using Fe-
4-biphenylylferrocene has been determined by Patterson-éﬂd.Foﬁrier'methods
aﬁd refined.by'1éast{éqﬁafé§, The-two:crystallogfaphically independent -
molecules in the;unif-cell have slightly different conformations. In one.
the cyclopentadienyl ringsvareoriéntedabout midway between the eclipsed and
~staggered conformatibnshahd the first six-membered ring is rotated 6° out
of the plane of theicyclqpentadienyltfing to.which it is bonded, with the
'sécond six-membered fing rotated a further:9°. In the second molecule the
cyclopentadienyl rings.are only about 5° form:the fully eclipsed position and
the six-membered ring rotations are 0° and 10°. The mean.bond distances are.
Fe-C = 2.07. R“; C-C (cyclopentadienyl) =1.48 A; C-C (biphenylyD = 1.43 &,

C-C (between rings) = 1.48 A. The intermolecular separations correspond to.

van der Waals' interactions.
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GENERAL INTRODUCTION

Rontgen discovered X-rays in 1895. In 1912 von Laue suggested that
a diffraction pattern should result from_passing Xfrays‘thrqugh a crystal
and Friedrich and Knipping experimenféily confirmgd his theory. Bragg
developed a mathematical interpretation. of. this phenomenoﬁ which, in 1913,
enabled him to determine the first éf&stai'strucﬁﬁre by X-ray diffraction.

Before this time very 1itt1e:was.known,about the solid state.
Properties which could be observed“coﬁld“not be explained, Knowledge of.
the behaviour of atoms and molecules.in. the. liquid and gaseous states could
be gained by observing‘chémical feacfi6n5:> However, it was not even known -
what the basic unit of «crystals was, éitH§ugh theif general properties
indicated a regular arrangement Qf‘small,,ideﬁtiéal units. But now a
méthqd-was'availablé to invééﬁigate!fhestructure of crystals on an;atomic-
scale. |

Since 1913 fhexégience of X—ré&éciystailégfaphy has developed
rapidly and»haé been uséd'to'deterﬁine the crystal structures of thousands
of compouﬁds° These sfructuréé,'of ééurée,-have~hade-a pfimary‘éontripution
to the modern theories.of’structural.inqrganic chemistry.

Atoms attain théir partiéﬁlafiarxangemeﬁtxin the crystal because. .
the various attractivé aﬁd‘iepﬁlsive forces acting on tﬁem are in balance.
An X—ray’crystal structuré determines theVpositi§n of -each atom in the unit
cell and the distances betheen.theuaféhsm’ Also the contered eélectron
density maps givé an idga'of ;tomic radii‘and'how electrons may be spread
dut bet&één atoms. ThiS in%dfmation"ofigond léngths and éngleé.and éleétroﬁ
distribufion enables the iﬁqrgéhiq chéﬁiéz.tovdeducé theories® 4s to what
type of bonding and other forces arelpreseﬁt.in tﬁé criStal. A complete

X-ray analysis can indicaté whether the bonding is primarily covalent or



primarily . ionic, whether a compound aétually exists as discrete molecules -
as in-a simple covalent compound or whether it.is completely ionic as in
NaCl where there is coordination but no molecule:. The crystal structure-
also suggests what the influence of intermolecular or.interionicAforces,may
be on the shape of a molecule or.ion and shows ‘any -bridging interactions:
which may be present. Depending on whether the structure. falls into the
expected pattern or whether it has some unusual-features, certain
predictions can be made about related unknown compounds.

Thus, the structural information made available:through the method
of X-ray crystallography.and'from ofher.methods has enabled the development
of an extensive theory of the chemical bond.

With ;the modern automated X-ray equipment.and. growing computing
facilities.the number and the accuracy of structural determinations will
continue to increase. And a greater understanding of -the nature of
molecules and crystals should be possible in the. future:

This thesis is concefned-with the determination by single-crystal
X-ray diffraction of the structures of three -inorganic compounds. These-
structures have been solved by.Patterson and.Fourier techniques and refined
by least-squares methods which -are described inﬁmnyreference books including
those 1isted in the Bibliography 1,2 andgs. All calculations were done on
the IBM 7040 computer at the University\bf,British Columbia Computing Centre.

Part I of .the thesis describes the structure analysis-of B-dimethyl-
tellurium diiodide. Part II consists of the investigation of the crystal
and‘molecular‘structures of two arylferrocenes, 2-biphenylylferrocene and
4-bipheny1y1ferro¢éne.

In Appendix I two computer programs-written for special purposes
in tﬁese»analyses'are described and listed. Appendix . II contains the tables

of observed and.calculated structure factors of all compounds in the thesis.



PART I

THE DETERMINATION. OF. THE STRUCTURE OF

R-DIMETHYLTELLURIUM DIIODIDE



A. INTRODUCTION

Vernon  (4), in 1920, discovered that dimethyltellurium diiodide
exists in two forms. He obtained these according to the following reactions

postulating that they were trans and cis isomers of a square-planar structure.

Te + 2CH5I —2%5§%QE+ Te (CH3) 1, 2820, 1e(cH3), (OH),
(diaiméthyitéllurium diiodide) : (a-base)
SYAPOYALE  Te(CHg)p (OH); —=—  Te(CH3),ly
(B-base) (8-dimethyltellurium diiodide)

However, Drew (5), in 1929, ré-examined the diiodides and suggested
that the o-dimethyltellurium diiodide had. the covalent structure MezTeIz,v
but; the B-compound was not isomeric, rathér it was a cqﬁplex salt-like
compound. He showed that Vernon's Bediibéide can be made by mixing tri-‘
methyltellurium'iodide (quTeI) and methyltellurium triiodide (MeTeIj).
Also, reaction of potassium iodide with the. B-diiodide gave Mej3Tel and
K[MeTel,]. From this evidence Drew concluded that the B-compound was
probably of the form [Me3Te]f[MeTe14jT'

The crystals of S—dimethylteiiuriumAdiiodide used in this analysis
were prepéred by Dr. F. Einstein'usiﬁg Vefnon’s method (4) starting fromué
commercial sample of a-diiedide. _They:were.shiny black plates wiﬁhout.the
strong odour of . the: red a—gimethyltelluriﬁm.diiodide crystals.

Comparison of the mass:spegtfa (6j.of the a and B-diiodides showed
that a peak corresponding to.a‘MezTeI;ffagment that was présent in the‘
spectrum of the oa-form was abSent.in:that.of.the B-form. ‘This would
indicate that although the a-form could be simply Me,Tel, the B-form probably
does not contain a Me;Tel unit.

Therefore, from the chemical and physical evidence it seemed likely



that g-dimethyltellurium diiodide would. exist as [MesTe] [MeTeI,] . On the.
basis of electron-pair repulsion theory (7) the cation, Me3Tef, with three
bonding pairs of electrons afound the tellurium atom would be expected to.
assume afrigonal pyramidal structure.. . The .lone pair would occupy the
fourth positionbof a tetrahedron. Thé-anion; MeTel, , has- five bonding
pairs and.one lone pair of .electrons surrounding the tellurium agém. Thus,
it should eﬁist as a square plane .of iodine atoms around the tellurium

‘atom witﬁ tﬁe\methyl group above,and‘tﬁe lone pair below the plane. It was
interesting to determine whether this waé\the structure and to investigate
the extent of interionié interactions:which might occur.

Vernon (8) made aﬁ optical. crystallographic comparison of the two
diiodideés. The results 6f his meagurements were as follows: a-diiodide-
monociinic, a:b:c:='0.5578:i:0.4310, B.=.70°21'; B—diiodidé-:fmonéCIinic :
a:b;q = 0.5465:1:0.4222,18 =”76°521. Preliminary X;ray studies of
a—MézTeIZ have been made by Calloni and Pugliese (9). Their cell constants
are similér to those‘obtaihed from our crystals of a-Me,Tel, and to

Vernon's data.



B. THE STRUCTURE OF R-DIMETHYLTELLURIUM DIIODIDE
Experimental

Crystals of B-dimethyltellurium.diiodide are shiny black plates
elongated along ¢ with (010) develoﬁed,““The unit cell and space group were
determined from precession photpgraphs“ahd_on.the G.E. Spectrogoniometer.
The density was.measured by flotation in a solution of iodoform in methylene

iodide.

Crystal data (A, Mo-K, = 0.7107. A). ..

B-dimethyltellurium diiodide, [MesTe]’[MeTeI,] ; M.W. = 823.0.

Monoclinic, a = 8.12 + 0.01, b = 19.30 + 0.02, ¢ = 10.58 + 0.02 A,

103°15!" 5'.

B

1+

°3 ' - . . -
1614 A, gm = 3.5 g.cm. 3, Z =4 (i.e. 8 MejyTel, um.t:s),.bgb.X = 3.4 g.cm.” ",

U
F(000) = 1408:— )
Absorption'coefficient for X-rays, u(Mo:Ed) = 114 cm." 1.
Absent reflexions: hO% when § is odd, OkO when k is odd. Spacé_group is
P2)/c(C3p) .

Tﬁe axial ratios and angle (é};fE;="0;4210:1:0'54833 B = 103.3°) are
in agreement with those measured optically (0.4222:1:0.5465; 103.1°%).

The intensities of the reflexions were measured on a General Electric
XRD 5 Spectrogoniometer with Single Crystal Orienter, using a scintillation
counter, approximately monochromatic MO:EQ radiation (zirconiumvfilter and
pulse he;ght analyser), and a 0-20 scan. Of 1504 reflexions with
ZG(MO-EQ) § 40° (corresponding to é minimum interplanar spacing of 1.04 K),

1213 were obéerved. The 291.un6bserved rgflexions:were included in'the

aﬁélysis with {F_| =-O;; Fthresﬁold"‘All‘the intensities were corrected

for background (approximately a function of © only). The crystal measured



0.42 X-O.lO x 0.75 + 0.03 mm. along a, b, and.c respectively and was mounted
with c* parallel to the ¢ axis of tﬁe goniostat. Absorption was serious..
and corrections were-.applied by the.méthod of Z%lkin, Forrester and Templeton
(10) (see Appendix.I:A);

1 (torrected) = I(measured) / {1 + 9.35 exp(-0.63/m)} .

The correction -factor varied from 0.168 .to 1.000. Lorentz and polarization .

factors were applied  and the structure amplitudes were derived.

Structure Analysis

The positions:of the four ioaiﬁé.atoms‘and two tellurium atoms were
detefmined from the three-dimehsional‘Patterson fﬁnctioh by considering the
predicted structure, [MeéTe]+[MeTeIH]_. A sguare plane of iodine atoms
was chosen from the strdné-near origin peaks so thatfii(l) and I(3), I(2).
and.I(4) were related by a centfe of‘symmetry at the origin. Thus, iodine
coorhinates were obtained relative £6 thé central tellurium atom at the
oxié&n. The six peaks on the Harke;:liAé‘at (OJQQZJ 1/2) and the eight
peaks on the Harker section att(2é9 1/2, 1/2-+ 2z) were theﬁ‘exaﬁihéd to find
(X, ¥, z) coordinates consistent wi€ﬁftheHré1ative coordinates. This was
aided by the realization that the sfréngest peak oﬁ'the Patterson map, other
th&n thevorigin peak, was the (2x, éi;NZEj Te(5) ;_Te(b)' peék because it
also includedrI(l).r I(3);; I(2J—I(4j;;ni(3) - I(1)' and I(4) ; I(2)' peaks
due to £he symmetry of .the square piane*.,After the ﬁarker peaks for the
four iodine atoﬁs,énd the central féllérium'atom were assigned; there were
three remaiﬁing peaks’ om the Harkerhsecfion, one of which, tpgether with the
sixth'peék on the Harker 1ine} detefhinedutheAcoordinates of Te(6); All of

the major.peaks on the Patterson map. could. be explained by the atomic

. ’ e R
coordinates chosen, which were all within 0.3 A of their final values.



Structure factors Were calculated using scattering factors from the
International Tables for X -ray Crystallography (11) and with B = 3.0 Z for.
all six atoms, g1v1ng an R factor of 0.41. The p051t10nal ‘and isotropic
thermal parameters were then reflned by block- d1agonal least squaresmethods.
The function m1n1m1zed.was.2ﬂ1§6-fc)2 w1th /‘ = 0.35 for unobserved
reflexions, /W =‘1'When‘|§o| < 80, and,ﬁz: = 80/T£6| when |E_| > 80, so that
the average EIE¢~F )Ziwas.approximately cohstaﬁthover all values of F taken
at intervals of:ZO “Two cycles of least squares reduced R to 0.19.

Reflnement was . contlnued for several more cycles, then a (F FTe I)
difference synthe51s-was computed to.locate-the four carbon atoms. The
largest peaks tup‘toi6:5‘er2'3)‘on theﬂd;ffereﬁcevmap'occurred in the regions
of the heavy atom positionstiudicating'the.presence'of absorption and perhaps
anisotropic théfﬁéi“ﬁofion; 'Thevcarbons were‘placed,partly from stereo-
chemical considerations, on peaks of S;o; Slé,rslé, 4}3'e;2'? for C(7), C(8),
C(9) and C(10) respectively. These carbon atoms; with B = 4.5 A%, were
included in.the:hext Structure faCtor calculationst' Refinement of the para-
meters of all teh.atoms proceeded unt11 R was 0 17. The small shifts for the

icarbon atoms 1nd1cated they had been placed correctly

At this p01nt, an examlnatlon of the values of F s F and the

absorption correction for each reflex1on suggested that the correction was

too severe. The intensities'Were then recorrected"according to the equation
I(corrected) = I(measured)/{1 + 6.50 exp(-0.68/m)}

© so that the graph of‘F /F 'versus'the absorption correction was approximately
" a line of'zero'slopé ' The new correctlon factor: varied from 0.235 to
1.000. A structure factor calculatlon u51ng the recorrected data gave.

R =0.15. Further refinement with 1sotrop1c ‘thermal parameters reduced R



1|
cﬁn[? . I

Figure 1. (a) Electron- density projection along the
: a axis. Contours are at 1ntervals of
Te. & ,starglng at 2 e. k-3for c,

and of 10 e. A3 starting at 10 e. A‘3

for Te and I.

csinf3 I

]

o) 15
Law s .1 ] I 4

0
. (b) Perspective drawing of the g%ructu%é‘g1v1ng

the" numberlng used.
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to'0.12, and refinement with anisotropic thermal parameters for the

tellurium and iodine atoms gave §_=10;09. At this stage, the corresponding
discrepancy factors for the uncorrected and over-corrected data were 0.19
and-0.12, so that the corrections for‘absorption improved the structure
factor_agreemeht considefably;; Anaiysis of the values of Eﬁfo-fc)z suggested
alteration of vw for the observed reflexions to /(1 + {(jEOI-SO)/40}2]1/2;
in addition the three most.inteﬁsev;eflexions,(300, 122,.150), Which were
apparently affected by extihction, were removed. Further refinement then
produced ncgligibie,changes‘in the parameters.

The final measured and_calcuiéféd structure factofs are listed in
Tgble-VII (Appendix;ilj; (R =0.09 fbf.the 1213 observed reflexions). A
final ;hree-dimensional Fourier seriés.wés.sumﬁed and superimposed sections
of the resulting electron-density‘Aisfriﬁution_are shown in Figure 1,
togefher Qith a drawing of thevstructure.givihg the afom numberiﬁg ﬁsed‘

in the analysis. A'fihalvdifference map showed maXimum fluctuations of

Coordinates and Molecular Dimensions

The final.positioﬁal and thermal parameters are given in Table I.
3,'X_and z are fractional éoordinates”feferred to the monoclinic crystal
axes'and‘gij'are the components  of the vibration tensors, written in matrix
form and referred to axes a*, b* and c*.. Table I also gives the magnitudes
of .the principa1 axes’of the vibration ellipsoids, which aré not physically
unreasonable, the vibrations being smallest along the bonds. The significant
interatomic- distances and aﬁgles_are given in Table II.

The mean plane through the four iodine atoms in the MeTequ ion has

the equation:



Tabie I.

Flnal positional. parameters (fractlonal) and standard. d§v1atlons (A),

and thermal parameters ‘and standard deviations (U in x 102
B in A2 ) : -l
Atom X 04 ‘ z- Mean o (A)
I(1) 0.0788 -0.0479 . 0.3215 0.0053
I1(2) 0.3752 01322, . - 0,3017 "0.0057
I(3) -0.0388 0.2109 0.0303 0.0059
I1(4) -0.2854 20,0299 . 0.0298 0.0053
Te(5) 0.0334 .0.0808 . 0.1673 0.0041
Te(6) 0.3344 .0.1550 0.6538 0.0053
C(7) -0.0742 .0.1266 0.3150 0.065
Cc(8) 0.4251 - :0.0582 0.6557- 0.069
C(9) 0.5730 0.4955 0.6586 0.087
C(10). 0.3458 0.1658 0.8557 0.086
Mean
Atom Uil Uiz Uiz Uz2 Uzs  Usz o (U)
I(1) 6.1 0.6 . 2.4 5.2 1.2 9.3 0.3
1(2) 5.6 -1.5 -.1.0 5.6 -0.9 9.6. 0.3
1(3) 9.4 -0.9 2.3 s.é 1.9 10.3 0.3
1(4) 5.6 -1.6 0.6 . 6. -0.1 6.5 0.3
Te (5) 4.7 -0.8 . 1.8 3.5 -0.8 5.7 0.2
Te (6) 5.9 2.3 2.7 5.6 1.9 9.6 0.3
Atom B a(B)
C(7) 3.7 1.3
C(8 4.1 1.4
C(9) 6.2 1.9
€(10) 6.1 1.9

Magnitudes of principal axes of vibration ellipsoids:

Atom U'n U2z U'ss
I(1) 4.8 5.8 9.7
1(2) 4.1 7.1 10.1
1(3) 4.2 9.6 11.1
I(4) 4.3 6.6 8.1
Te(5) 3.0 4.3 6.2
Te (6) 3.5 6.6 10.7
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v -0.584 X' + 0.397 Y + 0. 708 Z' = 1.963,
where g', !’and-g'»are rn A and.referred to_orthogonal axes a, b and c*.
The displacements-from:tHTS“pIane of*the“l(lj,’I(ZJ;'T(S), I(4) and Te(5)
atoms are -0. 16‘"4:0'10 '40210 +0.12 and +0.04 A respectlvely, so that
the 1od1ne atoms are’ alternately sllghtly above and below the plane, the

dlsplacements belng hlghly 51gn1f1cant

Discussion

This crystal etrnctnre analveis has shown B-dimethyltellurium
diiodide to be:a”coordinatefcomponnd:cOnsistdngwof th'e.‘Me3Te+ ien and the
MeTeI, ion. However, a number of relatlvely short interionic I...Te
contacts is evidence of ‘sonie brldglng 1nteract10ns

The catlon, Me3Te , has” a dlstorted trlgonal pyram1da1 structure.

Or it could be con51dered as tetrahedral w1th the lone palr occupying the
fourth p051t10n. .Thls.rs,the structure-expected for sp3'hybr1dlzat10n of
_;the telluriumbatonicforbitala': The average C- Te C angle is 95° ( = 2°%),

The repu151on from the loné pa1r would tend to reduce ‘the angle relatlve to
'the regular tetrahedral.angle-of 109;5 oIt can be’ compared to the foliow1ng
,bond angles (léjé‘dMeé;}iIO??*OH2=-i04;5 ; TeH2 - 89.5 B The small angle at
'Te relative to that at 0 can be explalned by the fact that Te is larger and

‘.towards H and further apart from-each'other, and-thevbond-palr: bond-pair

: repu151on is leSS"'Thls -can ‘d150° be con51dered ‘as an: 1ncrpase in p character
of the bond as the electron pa1rs are drawn out from the nucleus. However,
“in TeMe3 .an angle.larger.than-sg.s 1s expected ‘bécausé of'the 51ze of the
athree methyl groups and because of the presence of only one lone palr instead

"_of the»two in TeH2 The average Te C bond lengfh 1s 02 07 A (o =ﬂ0'06 A)



Table 1II.

Intefatomic-distanéés(x)'and angles”(&egrees)

[MeTel,]™ =~ o " [MegTe]”
Te(s) - C(7) 215 Te(6) - C(8) 2.01
Te(6) - C(9) '2.08
Te(6) - C(10) 2.13
Te(s)...1(m 388" mean 207
Te(5) - I(1) 2,948 Te(6)...1(1) ¢ 4.00
Te(s) - 1(2) ~ 2.984 T Te(6)...1(2) 3.84
Te(5) - 1(3)  2.891 " Te(6)...1(3) ! 3.97
Te(5) -I(4) . 12.840 |
I - Te(s) -1 = 88.6,89.3,90.6 C- Te(6) - C 91,97,99
91.8, mean 90.0 . mean 95
I - Te(5)- C 87,88,90,92 ¢ - Te(6)...1 77-114(cis)
Ilf. - 149,170,173 (trans)
C(7) - Te(5)...I(4) 166
I - Te(5)...I(4)" 80-106
Standard deViatioﬁs‘- Equivalent positions
Te - I 6.007 Standard X b4 z
Te - C 0.08 ‘ I | -X 4 -z
I-Te-1 0.2 - I -x -y 1-z
I-Te-C 1.7 111 x Y 3z

C-Te -C 3.2
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compared to‘2.09 Rfin a-Me,TeCly (13).

The anion, MeTel, , is a distorted square pyramid. This structure
can be explanied by .d2sp3 hybridization of the'tellnfium orbitals, the
lone pair occunying‘the sixth.position of'the OCtehedron-opposite the methyl
group. The iodine atoms afevdlternately above and below their mean plane by
0.1 R the C-Te-I angles averaglng 87° and 91°. Thls buckling is probably
caused by steric interactions’ between the 1od1nes, the mean I...I distance
being 4.13 A. The Te-C bond distance is 2.15 A. The Te-I bond lengths
are 2.84, 2.89, 2.95 and 2. 98 A these are of the same order as those in
(p- CleHq)ZTeIZ (2 92 and 2. 95 A) (14), but the differences between the four
bond lengths are highly signif;cant and are_probably related to the involve-
- ment of the.iodines'in interionic,inferactions;

The structure contains four enoffvinterionic Te...I distances of
3.84, 3.88, 3.97%’4.00 R (Table II, Figures 1 and 2). The sum of the van
der Whals'radii_ef tellurium and iodine is 4.35 A (15). All the other
interionic distances are.greafef than tne sums of»the,van der Waals' radii,
the shortest contacts being Te.;.I'= 4§38 A,*i;..I = 4,43 A, I...C = 3.85 R.
The four relatively short eontacts suggest weak.bridge-bonding between the
ions. |

Three of these contacts are from fhe Me3Tef cation to three different
‘jodines of three neighbouring MeTeI;; enionsven&.these contacts complete a
‘distorted octahedréi enironment'around the tellurium aeom of the Me3Te+
ion. The lone pair on‘this ;eliurium atom wouLd'be'in the centre of.the
three iodine contacts. Theﬁdisfanees and anglés in the bridges may be

summarized as follows:

Te(5) -1 ' £6) I...Te(6)
I(1) 2.95 A 3 4 00 _ - 170°
1(2) 2.98 . o 3.84 , 173

1(3) 2.89 3.97 P 149



Figure 2. View!of the structure along a,

)
fillustrating the packing,of the

i?ns

giving the short interionic Te..:.I distances. o i 2

33

ST
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© where the trans I...Te-C angles are listed. The greatest deviation of these
angles from the regular octahedral value of 180° is: for the contact involving
1(3), 149°, and .this contacf»is»dne of the longer and presumably weaker ‘
bridges, 3.97v3; ThelTe—I(Sj‘bond distance is the shortest of the‘three.
I1(2) is involved in fhe‘shortést and most regular contact, ‘3.84 R and 173°,
and in the 1qngeSt Te-I1 bond. I(1) is approximately intermediate. The
Te-I...Te angles at (D), I(Z) and I(S)farg 118°, 103° and .110° respectively.
The forces invoiﬁedvin these bridging interactith‘aré'probably largely
electrostatic. Howévér;'fhere may be some donation of electrons from
iodine to gjorbiféis on the tellurium atom, resulting in partial neutrali-
zation of the pritive}cﬁérge-oh‘fhe cation.

The fourth shdrt‘inféfiohic'Te...I distance, 3.88 R,-occurs between
MeTel, anions,'these anions beiﬁg joined'by two such contacts to form
centrosymmetriéal dimers (Eigure 2). The Te(5)-I1(4) bond distance, 2.84 R,

is the shortest of the fdﬁf Te-1 lengths and‘thé“Te(S];{{I(4)‘interionic

contact, 3.88 K;.is also dne‘ofvthe shorter interionic distances. The
Te-1(4)...Te aﬁg;e.is 86°.x This bridging occurs.to the region where the
lone paif electrbﬁé of the tellurium atom areréiﬁécféd to Be, the C-Te...I
angle being l66°;'”Therefdfe;.thé interipnic B6ndin§‘iﬁ‘the‘anion likely
| inQolves donation of eleéfrons from the,tellurium 1one‘pair into d-orbitals
of ;He iodine atom. - fﬁis'isiinicontrdst to the cation in which the positive
‘charge meansvifs‘non;bonding 1one paif'is ihfluenced'bQLa‘relatively strong
field and as a result- does not éppear télbe directly involved in the bonding.
On the-othgr;hand, the‘lone:pair:on the negatiyely chérged anion is more
weakly held an&”iévmofe.avéilabie for interionic Bdnding.'

Thus the structuré'6f184dimethy1te11urium diiodide consists. essentially
bf-trigonal pyramidéliMe3Te+ cations and’square pyramidél"MéTeIH_ anions.

The interionic bridge-bonds which' occur indicate that it cannot be regarded



~as a purely ionic compound.
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PART 1II

THE DETERMINATION OF THE STRUCTURES OF
RN 2-BIPHENYLYLFERROCENE
AND

4-BIPHENYLYLFERROCENE
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A. INTRODUCTION

Both 2-biphenylylferrocene and 4—biphehy1y1f¢rrocene consist of a
biphenylyl ligand attached to ferrocene. The structures of biphenyl and of
ferrocene in the solid.and,in the vapour étatesxhévé been studied because
the configura;iongfheyFaééume are important-in relation to possible explana-
tions of‘bondiﬁg'ih'fhésé'ccmpoﬁnds.“it'waé of interest to determine the
'crystal'structures'of 2-biphenylylferrocene and 4—bipheny1y1ferrocene to
compare the ofientations»ofvthé"biphenylylffiﬁég and the arrangement of
the cyclopentadieh}i fings with those of‘biphenyl and ferrocene. These
structures analyéés gﬁbu1d*prdvide'fﬁitherbévidence as to the relative
importance of intermslecular packing forces and intramolecular bonding
forces in determining the orientatidnsHof the molecules.

Electron diffraétibhisfudié§'(I6l”indicated that in the vapour the
fangle between the;planeS'Of“tHé fﬁo ringé of‘bipﬁényl was 45°. Howevér,
vx-fay analyses;(17j ShOWed that‘biphényl WaS'élmOSt‘completely planar in
{‘the solid state. EVéﬁufhezdfthé‘ﬁYdrggens which would be expected to be
.pﬁshed out ofﬁthe'moleCUIéf'piéhé’by étéric repulsion, remained in the
plaﬂe.‘ The distance between thém WaS'incréased from 1.80 A to 2.07 A By
the opening of theAC4C;H vé1eh§y angle ffbm"120°,fthus relieving the strain
‘witﬁout sacrifipiﬁg'blanarityf“HdQévef,'bécaﬁse‘ofrthe'léhg inter-ring C-C

bond length and 'its non-planarity in the vapour state, it seems unlikely that

there is much déloéaiiiatibﬁ'of elgctronSVbétwéén'the two riﬁgs but rather
it is intermoletuié? packing‘forqés whiqh'éré:the‘main'caUSe of biphenyl's
planarity in the crystalline state. It is quite possible then, that under
the different packingffdrées experienced @ﬁvfhé'2-biphény1ylferrocehe énq
4-bipheny1y1feifocené*molécules the strain of the 6rthq hydrogens would.

cause the rings to be rotated from a coplanar position.
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Dicyclopentadienyl iron’ (first written as I) was discovered accidentally
in 1951 (18). To explaln its remarkable stablllty it was - proposed that there
were 1mportant contrlbutlons from the resonance form (II) and intermediates

and the cyclopentadlenyl group tends to become ”aromatlc”

CH ‘ CH

CH cH
o\ /S w” NGO @m e/
| CH-Fe-CH_ & du CH Fe CH P
C‘H\ -/ Ny Z ~ ~Nea?
CH S |
I | - 11

This ;ompound's unusual eharacter and structure created great interest
and further chemical and phySieai iﬂvestigatione immediately followed. The
X-ray analysis (19) showed 1ts structure to con51et.6f the iron atom sand-
wiched between two parallel cyclopentad1eny1 rings. . Various theories were
put forth to explain the bondihg. ‘These theories had to allow for the
experimentally observed feétureS'bf.eqﬁivaient:bbhdiﬁg to‘ell five carbons
in each ring and free rdtatibh‘of{the”riﬁge? which had been shown to occur
in the vapour (20)[

The two cyclopentadreﬁyi rings in ferrocene are staggered (19) as
they are in the corresponding Co(él), Nitzi),”vtéé) and Cr(22) compounds.
However,, in ruthenoeeﬁe C23)rendﬁdsmecene'(g4) the rings are in the eclipsed
configuretioh;' fﬁiﬁ’suggeéts that' it ie'probébly lattice forces, rather
than the metal—riﬁgfbdndingZfdrtee,:which determine the ring orientations.
 'A1thoﬁgh, possibly the fact that'the'rings,injrgthenocene (inter-ring
distance 3.68 R (23)j:ererfuther apart-theﬁ in ferrocene'(inter—ring distance
3 32 A (19)) could explaln why ‘the fqmer compound more . ea511y assumes an |

eclipsed conflguratlon when - the staggered one would be expected to be more

stable. However, ferrocene b1ferroceny1 (25) “and- dlfferocenyl ketone (26)
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have inter-ring distances of 3. 32 A 3.32 A and 3.30 A respectively, yet,
whereas the rlngs in ferrocene are staggered (36 rotation from eclipsed.
position), those in b1ferroceny1 are rotated 17° and the rings in differocenyl
‘are rotated only 5.2° from an ec11psed p051t10n;3 This further indicates that
the packing fo?cés;afé:mbsf important.in”detérﬁining the rotational configu--
ration of the cyélopeﬁta&iénYI'rings.

It is also interesting:fhat the cyclopentadienyl rings in these
compounds are not‘always-paréiieiu' Althqugh.the.fings in ferrocene are
essentially parai}gl;’fhosefinf;;l‘jtetramethyleﬁéFferrocbne (27), for
example; are tiltedA23°"With‘respect to one another.

2-bipheny1y1férr6c§hé aha 4-bipheny1ylferroceﬂe were prepared by
Dr. M.D. Rausch (28) by simultaneous déééﬁpositioh'bf.differocenylmercufy
and the correspoﬁding di~biphénin1métqﬁry compound in the presence of
silver. He also synthesizéd34<biphény1ylferrocene by .reaction of 4-biphenyl-

yldiazonium chloride and ferrocene.



22

B. THE STRUCTURE OF 2-BIPHENYLYLFERROCENE
Experimental

Crystals of 2-biphenylylferrocene (28) are orange-yellow needles
elongated alqngvhj The density was measured by flotation in aqueous
potassium iodide and the unit-cell dihéﬁsionSjéhd‘space'group were

determined from tTotation and Weissenberg photographs.’

Crystal data (X, Cu-K_ = 1.5418 A)
" 2-Biphenylylferrocene, CooH;gFe; M.W. = 338.2; m.p.=133-134°.

Orthohombic, 3_5123;16; 3  '5}92;2£v¥ 11.56 A.

o

3
U = 1585 A",

= 1. = 4,D = 1.42 g.cm.-3.
m 250 -

(w]
1)
—
I
[ev)

-
~3
n

F(000) = 704.
Absorption coefficient for X-rays, u(Cu—Ea) = 77 cm.”?
Absent reflexioné:'OgQHWhéh % is odd, hOl when h is odd. Space group is

. . _ 11
Pca2, (ggv) or Pcam (Dph). Pca2; from structure analysis.

Allithe crystals were Véfy small and poorly forméd and gave poor
diffractionlpafterns Mhich'eXhiBifed'a'rapid decrease ‘in intensity with
' increasing Bragg éngié.- Nevertheless, intefést in the general structure of
ﬁhe‘molecule prompted-the contin@atidn-of'the-analysis,»although the paucity
of‘experimental-data:pféciudéd‘thé*éccurate’meaéuremén£ of bond distances.
Theibest diffraction pat;erhs wgre'obtained with Cu-Ea radiation, which was
thefeforé used in preference to molybdénum-dr iron radiations. The
‘intqnsities of the’ref}exions'weré’e;timated>visuaiiy from hK& Weissenberg
films (K = Q-—+.3);)on1y'313'reflexions were observed.. The crystal used had
croSs—section‘O;OS X 0.0S“mm.; so that abséfpfion errpis'wéfé'not serious

and no corrections were applied.  Lorentz and polarization corrections were

made "and the strUcture,ampiitudes were derived. The scalé factors between
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the layers were initially estimated by timing the exposures and were later
adjusted.slightlY»from comparisons of measured and calculated structure

factors.

Structure Analysis

A preliminary~study'was made of the two-dimensional h0f projection.

The Fe-Fe peaks in the Patterson fﬁhction implied Fe coordinates of either

(0.15, 0) or (1/4-0.15,0), the two positions giving the same vector map.
From the Fourier synthesis'summed with phases based on the iron atom only,

a possible molecular. outline could be distinguished which indicated that

the mirror plaﬁeﬁwhi¢h<0ccurred-at‘g'='0‘wés spurious. When the twenty-two .
carbon atoms were approkiﬁétéi} located and structure faétors then calculated
using Fe and C scattéring factorélof the.Internétional Tabléé'for'Xéfay
‘Crygtallpgraphy“fllj‘with;§1; S;O:KZ.fqriFe aﬁd»§'= 4.5:32 for C, the
discrepancy index, R, Was 0.26. Therefore, it was decided to continue
fhé analysis iﬁAthreé—dimensions,§

The three—diﬁehéidnal Paftérsonlcoﬁld-be interpreted in terms of
space group Egégiwith.iron cdofdiﬁates.(0;15,0,0)‘6r‘(174—0.15,0,0). Two
three%dimensﬁonél‘éleétyoﬂ%dénSigy di;tributidns were éomputed with phases
based on the two possible ifdh»pdéiﬁions, 'Thé‘fééulting maps had, of course,
Pcam symmetry,'Bﬁt:égéiﬁVthe_mirrbr'plane’Was épurious (the mirror symmetry
could have been retaineé by éilowing a disorderedzafiéngemeht of molecules,
but at mno staééAin the‘ahalysié was theré any evidence:to suggest disorder).
Both,maps showed chemicélly‘réaéoﬁable;moléculgs and .revealed the positions.
of the .seventeen carbbn"atth}in fhe'biphénylylcycippentadienyl group,. based
on space group ?9?217 Since structure factor calculations gave R = 0.30

and 0.34 for the two possibie'struCtﬁres and also the first gave better
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packing of~;hé molecules in the unit cell, it seems to be the correct
arrangement.

From the Fourier summed using the iron coordinates of (0.15,0,0) and
the corresponding biphenylylcyclopentadienyl carbon coordinates (i.e. the
first structure), the other cyclopentadienyl ring carbon atoms could be
unambiguously located. -

Refinement of the positional and isotropic.thermal parameters
proceeded by‘biock diagonal least—Sngfés méthods, minimizing
zw(|E | -|E )2, with /i - |E,|/50 when |E_| < 50 and /& = 50/|F_| when
|§O| 2> 50. - The'laygr.linerécaling wgé;adjusted by equating Z|Eol and
Z|£c| for each layer after each least-squares cycle.

After several cycles of least-squares the R value was 0.19. Then,
since- the calculated’étructure‘factérs corresponding to the more intense
reflexions.were,COnsistently-higher-than the observed, these reflexions,
(400, 600, 201, 202, 402, 602, 410, 211) were corrected for extinction
before fnurthef.refinement; ‘This was done according to the empirical

method of Pinnock, Téylor and Lipson (29) using equation
I/Io = 1 + (g/w) Ic

where Iy is the observed intensity
I. is the calculated intensity
i is the absorption coefficient

g is a constant.

This procedure is regarding secondary extinction as equivalent to an
increase in the absorption coefficient of each reflexion.
Refinement was continued until-the shifts became small.and were in

random directions. The final R value was 0.15 for the 313 observed



Figure 3. Superimposed sections of the three-dimensional .

‘ electron-density distribution, through the atomic -
centres pagallel-tol(OlO).- Contouyrs are at intervals
of 0.7 ¢. A‘3,‘starting at 1.4 g. A-3 for C; and =
3.5 e. A-3, starting at 7.0 e. A‘3 for Fe.
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Figure

4,

A perspective drawing of the molecule giving the
atom numbering used.

Hlo



. : °
~ significant spurious detail, ‘the maximum:fluctuation being * 0.6 e.A~
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reflexions. Measured and calculated structure factors are listed .in Table
VIII (Appendix II). |

A final-three—dimensionalvFourier‘series was summed and superimposed
sections’of the'resultingjéiectfon—dénsity distribution are shown in
Figure 3. Figure 4 is a drawing ofafhe nolecule.giving the -atom numbering

used for convenience in the analysis. A final difference map showed no.

v

3

Coordinates and Molecular Dimensions
The final positional and thermal parameters are given in Table III.

o : . °
The individual bond distances and angles are not very accurate (o ~0.07 A

and 5%); and the average values only are gifen in Table IV. Table IV also

~gives the equations of -the mean planes of the various rings and the angles

!

. between the planes. dAlllthédintermolecular'COntaCts correspond to van der

) L. E R . o " . -]
Waals' interactions or greater, the shortest C...C distance being 3.3 A.

The -arrangement of: ‘the molecules in the ‘crystal is shown in.Figure 5.

Discussion

In the:2—biphenyly1feffocene molecule the iron atom is.sandwiched

between the .two cyclopentadienyl rings. . These rings appear to bé not quite

‘parallel,:although tho'anéie'betwéen'the normals, 8°, is not really

51gn1f1cant1y different from zero. -~ The three ringé of the 2-biphenylyl-

lcyclopentadlenyl group exhibit large deviations from‘coplanarity which

relieve the. straln whlch would BXlSt in a planar conflguratlon The cyclo-
pentadienyl ring'is rotated about the C(2)-C(7)'bond>43 out of the plane

of the -Cqu— r1ng and the outer six- membered ring is rotated ‘about. the

‘C(8) C(13) bond by 58° from the —CGH“- plane. The two rotations are in



Table 111

Final positional (fractional x 103) and -thermal

o7 o '
(AZ) parameters. Mean standard deviations are

L]

' °
o(x) = o(y) = a(z) = 0.009 A for Fe, 0:05 A for

) 02 ' °2
C; o(B) = 0.2 A° for Fe, 1.5 A for C:

Atom T X . Y 2
Fe (1) 152.2 -029.7. 0
C(2) _ 118 012 156
3 101 - -203 105 -
4 172 -289 104
5 203 -106 143
6 169 066 167
7 . 060 135 173
8 053 299 265
9 016 499 286
10 -036 523 198
11 -028 358 102
12 010 155 095
13 098 294 358
14 108 . 084 430
.15 142 112 538
16 182 . 333 550
17 " 174 515 488
18 139. 529 392-
19 - 118 195 -121
20 - 174 . 247 -121
21 - 203 061 -127
22 157 . -135 -168
- 23 097 ' -038 -148

NODORUIJAUIOWUTE VTN AN -G0S - O
O ONUT IO N T WANUTOO NS IUTO Lo
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Table 1IV.
° .
Mean bond distances (o ~0.07 A) and valency
angles (o ~ 5°), equations of mean planes

and .angles between planes.

Distances and angles

Fe-C. 2.05, .
C-C(5-rings) 1.44 C-C-C(5-rings) 108 -
C-C(6-rings) 1.50 C-C-C(6-rings) 120
C-C(between rings) 1.52

Equations of .mean planes, in the forp.2X' + mY + nZ' + p =0,
where X',Y,Z' are coordinates in A referred to orthogonal:
-axes a,b,c*. :

Ma ximum

o
Plane Atoms displacement (A)

1=
=
=

o

5(1) 2-6 . 0.072 °  0.351 -0.934 1.416 0.04
5(2)  19-23 - 0.028  0.228 -0.973  -1.733 0.08
6 (1) 7-12 . 0.598  0.626 ~0.500 -0.333 0.16

6 (2) 13-18 0.736 -0.335 -0.588 1.348 0.10

Angles between planes

Planes Angle
5(1)-5(2) 8°
5(1)-6(1) 43
5(1)-6(2) 61

6(1)-6(2) 58



Figure. 5.

View of the structure along b, illustrating the packing .

of the molecules.

0¢
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opposite direcfionS'énd incréasé’thé.C(é)...C(IS) distance of about 1.5 R
in a planar model'té 3;84_3.

The relation between the.cyclopentadienyl‘rings can be-seen in
Figure 6, which shows a vieW’alqnglthe norhal to their planes. The rings
are approximately eclipsed, the average angle of rotation from the eclipsed
position (calculation in AppendiX‘IﬁB) being about 0°.

The mean bond distances and valency angles are; within the limits

of -experimental error, similar to those in related compounds.



- Figure 6.

c 20

View of the cyclepentadienyl rlngs normal to their planes.
Heavier lines are nearer the viewer.

AY
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C. THE STRUCTURE OF .4-BIPHENYLYLFERROCENE
Experimental

Crystals df’47biphenyiylferfocené (28). are orange-yellow plates
elqnggtedialong‘g. The density was meas@red by flotation in aqueous
" potassium iodide énd-the unit~cei1 parameters and space.group were deter-
mined from‘rotation and Weissehberg photpgréphs and on a.G.E. Spectrogonio-

meter.

It
=

. . \
Crystal data (A, Cu-K, = 1.5418 A; A, Fe-K = 1.9373 A). 4-Biphenylyl-
| _

ferrocene, CpoHjgFe; M.W. = .338.2; m.p. = 164-165°.
: T . - R °
Monoclinic, a = 19.18; p-=\7.79L c=.10.85 A, B = 91.8°,
e, 2 _ | ‘
U=1620A, D =1.38, Z=4, D =1.39 g.cn.”

F(000) = 704.

. . . . . :
" Absorption coefficients for X-rays, u(Cu-ga) =76 cm.” , p(Fe-ga) =25 cm.” L.
. Absent reflexions: OkO when k is odd. Space group is P2; (C;) or P2)/m

2 o : : |
(Czp). P2y from structure analysis.

The inteﬁsitieskwere meaéufed on a General Electric‘XRD'S
Spec%fogoniometer withiSipg}é Crystal Orienter, using a scintillation
éountér, approximatélyvménochrométié Ee—gahradiatiohf(mangahese filter énd-
pulsglhqight analyser), and a 0-20 scan. AlllreflexiOns with Ze(FefKG)S 148° .
(minimum.d = 1.0 R) were examined an&1i579 (87%) had measurable intensities.
fhe intensities Wére corrected for background, which was approximately a
function bf © only. The crystal used was mountedKWith.Q parallel to the
¢ axis-of the goniostat andhhéd.crossesection 0.4 x 0.01 mm. Crystals of
more uniform.cféss—seétion were not obtainable so that it was necessafy-to

i-consider,possible:absoiption errors. Because of the extreme thinness of the
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crystal plate; ebsorption is‘serious.only for planes - in a few very narrow
regions of ‘reciprocal space>(25, the‘maximum possible error in structure
factor being about 30%. Since‘only a few planes have errors as large as this
and because of the d1ff1cu1ty of- maklng accurate estimations of the
absorption, no correctlons ‘were - applled .The. p0551b1e errors could have-
been reduced to. about half by u51ng molybdenum radlatlon but only at the
expense of weaker, and hence, less,reliable intensities. Lorentz and

polarization factors ‘were applied and .the strucure amplitudes were derived.

Structure Analysis

The Fe-Fe vectors\in tbe three-dimensional‘Patterson function could.
be interpreted‘ln"terms of.spaceAgroup A2/m with one independent iron atom
situated on the mirror plane. A:three-dimensional'electron4density
distribution computed with phases based.on this arrangement had, of course,
the correspondlng symmetry, but the positions of possible carbon atom peaks
1nd1cated clearly that some of the symmetry ‘elements were spurious
(alternatively it would have been p0551b1e to retain mirror symmetry by
allowing a disordered.arrangement of molecules, but'neither at this nor
any other stage of the‘analysis was‘tbeir.any evi&ence to suggest .disorder).
The ambiguities were'resolved.by,using cbemical knowledgeTend'by"defining
the positive direction of the*yféxis by arbitrarily choosing one of the two
possible;molecular arréngements around one iron atom. There were then four.
p0551b1e arrangements around the second iron atom Tmo‘of these could
immediately be dlscarded 51nce they corresponded to A2 and: P21/C symmetries.

The other two each~had space~group;£21 with two molecules in the asymmetric

‘unit. Structure factors were calculated for:both:of'these latter arrange-

ments using scattering;factorslof the International Tables for X-ray
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Figure

8.

View of the structure giving the atom numbering used.. In both Figure 7
and Figure 8 only.the molecules with.iren.atoms at y ~0. are.shown.and the

iron atoms, which are sandwiched between the five-membered rings, are
omitted. for clarity.

-9¢.
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CrystalLography,(ll)lwith B'=-4.0 R‘vfor all'atoms;;the R factors were 0.38
and-0.43 for the two arréﬁgéments. Three cycles of least-squares refinement
reduced these values to.O.ZOfand 0.31, so that the first arrangement seemed
correct.

A three-dimensional electron-density map confiimed the derived
structure and fufthefvfefinemént proceeded,by block-diagonal least-squares
methods, minimiéing 2w(|Fo|-1E_[)2, with W = [F_[/20 when |F | < 20 and.
/E-: 1 when IEOI > 20.. Refinement was continued,'initia}ly with isotropic
and finally with anisotropic thermal parameters, until the shifts were
small and in rgndom directiops;*the final R being 0.15 for the observed
reflexions. Finalvmeésured and.calcuiated structure factoré are listed in

Table IX. (Appendix II).

A final thfeeédimensional;Fourier series was:summed and superimposéd
sections of the fééulting electron—density’diétribdtion are shown in
Figure 7. Figure 8 is a,drawing of the structure giving the atom numbering

used for.convenience in the analysis. A final diffprenée map showed no

. . o
significant spurious detail, the maximum fluctuations being + 0.7 e. A-3.

- Coordinates and Molecular Dimensions.

The final;positiénal parameters are given in Table V. As a result
of -the possible absorption errors the individual values of .the anisotropic
thermaleparametersvprobably have ‘no real physical significance,énd Table V
includes ‘only the final isétropic values.

o .
(c ~ 0.04 A and 3°) and the average values only are given in Table VI.

. Table VI also gives ‘the equétions'of the mean planes of the various,rings;»

these were computed with inclusion . of -the atoms listed in the Table to



Table V.

Final positional. (fractional.x_,lo.s),and isotropic. thermal (A')
parameters. Mean standard deviations-are 0(x) = o(y) = o(z) =

' 2 -]
0.004 A for Fe, 0.03-A for C; o(B) = 0.1 A" for Fe, 0.8 A" for C.

Atom X Yy oz B
Fe(1) 135.4 0o 385.5 5.4
2 126.7 -486.5 -119.2 5.7
c(3) 208 150 305 4.5
4 168 060 211 5.8
5 091 086 212 5.4
6 086 220 308 3.6
7 158 248 356" 4.7
8 194 -108 ' 524 6.2
9 128 -038 577 5.9
10 069 -129 1496 4.9
11 091 -241 422 7.5
12 173 A -251. 419 7.1
13 197 : -651 -199 . 6.2.
14 - 167 -540 -288 4.2
15 096 -573 -285 5.2-
16 . . 072 -689 -197 6.0
17 138 -754 ' -125 7.1
18 180 -333 008 4.6
19 125 -424 062 6.5
20 055 -396 017 3.4
21 069 -260 : -082 6.8
22 147 : -237 . -086 - 5.2
.23 283 149 325" 4.6
24 312 . 247 420 5.0
125 386 245 445 6.1
26 432 135 356 4.9
27 395" 046 - 262 4.4
28 325 053 241 5.6
29 506 138 377 3.3
30 537 212 484 3.7
31 610 f 209 499 5.8
32 657 - . 133 414 7.3
33 622 061 307 4.4
34 549 055 282 5.6
35 260 -346 . 037 4.3
36 281 - -459 133 . 4.7
37 352 -474 160 6.8
38 . 403" -370- - 088 - 5.3
-1 39, ' 377 -253 -010 4.5
40 306 -249 - " -034- 4.9
41 480 -373 120 4.2
42 501 =462 228 - 4.4
43 573 -456" 257 5.7
44 622 -384 184 - 6.5 .
45 599 - -295 076 5.2
46 © 523 -297 .. 043 4.6
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Table- VI.

. Mean bond distances. (¢ ~ 0.04 R) and valency angles (o ~ 3%),
equations of -mean planes-and angles between planes.

Distances -and ahgleS'

Fe-C 2.07 A

C-C (5-rings) 1.48 C-C (5-rings) 108°
C-C (6-rings) 1.43 C-C (6- rlngs) 120
C-C (between rlngs) 1.48

Equations.of mean planes, in ghe form, LX' + mY + nZ2' + p = 0, where:
X', Y, Z' -are coordinates in. A referred to. orthogonal axes a, b c

: Maximum o
Plane Atoms % m n p Displacement (A}
5(1) » 3-7 0.135 0.725 -0.675 0.860 0.04
5(2) 8-12. 0.032 0.718 -0.696 4.502" 0.03
5(3) 18-22° .0.106 -0.742 -0.662 -2.302 0.03
5(4) 13-17 0.094 -0.744 -0.662 -5.577 0.03
6(1) 23-28 0.100 - 0.790 -0.604 0.716 . 0.03
6(2) 29-34 - 0.070 0.875 -0.479 0.408 0.01
6(3) 35-40 0.095 -0.748 -0.657 -2.279 0:03
6(4) 41-46 0.113 -0.851 -0.513 -2.891 0.02
Angles between planes
Planes Angle ' Planes Angle
5(1)-5(2) _ 6° _ 5(3)-5(4) 0°
5(1)-6(1) 6 v 5(3)-6(3) 0
5(1)-6(2) 15 . 50(3)-6(4) 11

6(1)-6(2) 9 6(3)-6(4) 10
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define the rings and the atoms bonded directly to each ring. The maximum
displacements from -the planes are also given. All the intermolecular
contacts correspond to.van der Waals' interactions, the. shortest .C...C

distances being 3.44 R.

Discussien .

The crystal structure anélysis of 4-biphenylylferrocene has shown:
that the unit cell'contains twoxcrystallqgraphically,independent moleéulest
All four rings in each mqleculeAare{approximately parallel, but with small
twists which -appear to be significant. .In.mole§u1e41 (containing Fe .(1)
and five-membered rings C(3)-C(7) and C(8)-C(12)) the angle between the two
cyclopentadienyl -rings is about:6°, the first six-membered ring of the
biphenylyl -group is rotated about the C-C bond 6° out.of the plane-of. .the
cyclopentadienyl ring tovwhich‘ituis bonded and the outer benzene ring is.
rotated by a further 9°. In molecule-2 the corresponding angles are 0°,
0° -and 10°. The general arrangement .in each molecule is therefore rather
similar; thexcyclopentadienyl.rings are approximately parallel, the -CgH,-
ring is perhaps slightly rotated from the five-membered ring plane and the
-CgHs ring exhibits a‘somewhatgiérgef, but still relatively small displace-
ment.~ So the biphenylyl group in.this molecule compares with -the planar.
arrangement of biphenyl in the solid state (17), although there is a slight
rotation of one ring plane with respect to the other. 'In 2-biphenylyl-
ferrocene the -angle of 58° between the planes.of the two benzene rings can
be compared with the 45° angle.in biphenyl vapour.(16). Thus, by their
ring rotatibﬁS‘the strain resulting from the close.contact of the ortho .
hydrogens in completely planar biphenyl is relieved in both 4- and.2-
biphenylylferrocene, especially in the-latter compound.

One. of the principal objects of the investigation was the
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deterhination of - the arrgngements,oflthe cyclepentadienyl rings, which is
illustrated. in.Figure 8 and more clearly in Figure 9, which shows views
approximately along the normals to the ring planes. If the orientations are
described in terms of the rotation of one of the rings-from the fully
eclipsed position, then moleéule 1, with'a rotation of -about 15°-(calculétion
in Appendix I:B), is approximately midway betweenﬁthe'fully‘eclipsedl(09)‘
ahd~fu11y staggered (36°) arrangements and moleculevz,_fotation‘about 5°, .is
nearly eclipsed (Figure 9); The observation of-these two different
arrangements "in the same crystal supports the view that-the orientations
must be strongly dependent on intermolecular forces (26).

“ Also the»displaqements,froﬁvcoplanarity in.the biphenylyl groups
in 4-biphenylylferrocene ‘and in 2-biphenylylferrocene. are further indication
that -there is no conjugation between the. two phenyl rings, but probably it
is . the interactions between molecules which determine the biphenyl:
configuration. |

The mean bond distances and valency.angles are; within the limits -

of -experimental error, similar to those.in related molecules.



Figure 9.

V1ews of -the- cyclopentad1eny1 -rings normal- to their planes.
Heavier lines are nearer” the viewer.

o



APPENDIX I

DESCRIPTION OF SOME COMPUTER PROGRAMS WRITTEN

FOR SPECIAL CALCULATIONS ‘IN THESE ANALYSES
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A. ABSORPTION CORRECTION FOR THIN FLAT CRYSTALS -

In the crystal structure analysis of B-dimethylteliurium diiodide -
all the reflexions 'were corrected for absorption according to the method of:
Zalkin, Forrester and Templetoﬁ (10). for‘thin, flat crystals.

The approximation is made - that the absorption correction depends
on the harmonic mean value m of |cos P| and. |cos Q], where P and Q are
the angles between the'incident»and d}ffractéd beams, respectively, and the

normal to the flat plate. Thus;

1

: | 1 '
!EOS | T Tcos Q| (D

and -m is inversely proportional to the -path -length of -a beam scattered at

' |s,N

the centre of the crystal.

By spherical trigonometry
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|cos P|

|cos Q]

|cos © cos ¢ - sin.® sin ¢. cos x| (3.

if the crystal is perpendicular to the incident beam when © =¢ = 0. ©, ¢
and yx-are respectively, the.Bragg angle; polar angle and inclination angle .
settings for the goniostat.

The equation used for the correction was

I (measured) .
I(corrected) = 1 +:§_exp(-9/29 S €3

The intensities of the reflexions from the 002 and 006 planes which
have x = 90° (and thus m-=.|cos P| = |cos Q| =.|cos © cos, ¢|) were measured
for ¢ = 0° to 360° at -intervals of 10°. The constants a and E;were then

determined from thebgraph of
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I (measured) -1 ve s.s o1
in I (minimum) rsu cos O cos ¢

This method; then, reduces the intensities of all reflexions with
less than maximum absorption. |

The following,computerup:ogram calculates the. absorption correction
for each reflexion according to equatibn (4). The input required includes
a.and b, the constants obtained.from the graph and ¢o,-the value of ¢ when
I(méasured)”is maximum (i.e. when the crystal is perpendicular to the
incident beam). The»prpgram also must read in the goniostat settings 6;
x -and ¢ for each plane. The value of ¢ used in equatioﬂ tﬂ) is

¢ = ¢(input) - ¢o so that ¢ = 0 when I(measured) is maximum.



$FORTR
C
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3
8

22

SENTRY
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AN

ABSORPTION CORRECTION - THIN FLAT CRYSTALS
READ (5s1) AyBsPHIA

FORMAT (3F1045)

READ (598) LFHsLFKsLFLsINT»SCsTWOTHyCHI 4 PHI
FORMAT(10X3313+2X915¢3XsF642911XsF84392(1XsFBs3))
TH=TWOTH/(2+%57429578)
PHE=(PHI+(360e~PHIA))/57.29578
CTCP=COS(TH)*#COS(PHE)
STSPC=SIN(TH)*SIN(PHE)*COS(CHI./57429578)
CSP=ABS(CTCP+STSPC)

CSQ=ABS(CTCP-STSPC)

CM=24#CSP*CSQ/(CSQ+CSP)
SCA=1le/(1le+A¥EXP(-B/CM))

SC=5C*SCA*10.,

WRITE (698) LFHoLFKsLFLoINT»sSCsTWOTHsCHI sPHI
WRITE (798) LFHoLFKsLFLsINT»SCsTWOTHsCHIZPHI
GO TO 3

END
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B. - ANGLE OF ROTATION FROM ECLIPSED POSITION

The following program was written to calculate'the angle of
rotation .of -the cyclopentadienyl rings from the fully eclipsed position
in 2-bipheny1y1ferfoceﬁe ana in 4-biphenylylferrocene.

This involves projecting the“tho rings of a ferrocene group onto
one plane; the direction co§iﬁes‘of-which are.the average‘of?those of the
riﬁg planes,.theirings‘being approximately parallel._.

The equation of'thé|average'p1ane.is-

AX + uy +-_,vz+d5=0. ' (D

A.set of orthogonal axes is calculated so.that two axes are in.the

plane and one is .perpendicular to it. Their direction cosines (Ai,ui,vi)

are as follows:

(A3:U3:V3) = (A,H;V) . (2)
_ Xy - X - Z) - 2
(A15M1,Vv1) - —-<-J*§q—2—' , —Xl;foz s T > (3)

where X;, Y5, 2, are coordinates, with respect to the orthogonal-axes a, b

and c*, of a.point on the plane,

r) = /(x1 - x2)%+ (V1 - y2)2 +. (21 - 22)2 .
(A2smu25v2) = Mivs - wavy ViA3 - V3l Mu3z - Azup ) (4)
rz' ’ i o) ? To .
where Tz = V(uyv3 - u3v1)2 + (virz - v )2+ (Aqug - Azpp)2 .

Each ring atom is projected onto.the average plane by finding its
new coordinates (y;, yz, 0) with respect to the above orthogonal axes from
its original coordinates (X;, Xz, x3) with respect to the orthogonal axes

a, b and c*:
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(Y1, Y2, ¥3) = (x1, X2, X3) A1 A2 A3 (5)
H1 H2 - U3

Vi V2 V3

If the angle of rotation of one.ring with respect to the other is
defined as the angle © between the projected Fe-C bond to a carbon .atom on-
one ring and the projected Fe-C bond.to the corresponding carbon-on the other

ring, then-it is calculated as follows:

cos © = (y1(Ee)-y1(C1)).(y1(Fe)-y1(C2)) +(y2(Fe)-y2(C1)) (y2(Fe)-y2(C2)) (&)

TG (Fe)-y1 (C1))2+ (72 (F&) 72 (€1 2T [(71 (Fe) 71 (G20 )27 (72 (Fe) ¥z (C2)) 2]

where C; is a carbon atom in ring 1,

C, is- the corresponding carbon atom in.ring 2.
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$FORTRAN
c ROTATION FROM ECLIPSED
DIMENSION X1(11)sX2(21)sX3(11)sY1012)sY2(21),Y3022),A1(111,81(11)
DIMENSION R1(11)
DO 25 I=1s11
READ (598) X1(I)eX2(I)sX3(1)
8 FORMAT (4F845)
25 CONTINUE
READ (558) WLsWUIWV D
WL3=wL
WU3=WU
WV3=wVv .
X32==(D+WL*X1(2)+WU*X2(2) ) /WV
X352~ (D+WL*X1(5)+WU#X2(5)) /WV
AX=X1(2)=X1(5)
BX=X2(2)=X2(5)
C1=X32-X35
RX=SQRT (AX*AX+BX%BX+C1#C1)
WL1=AX /RX
WUl=BX/RX
WV1=C1/RX
A2=WUL#WV3-WU3*WV1
B2=WV1*WL3-WV3#WL1
 C2=WL1#WU3=WL3#*WUI
R2=SQRT (A2%A2+B2#B2+C2%#C2)
WL2=A2/R2
WU2=2B82/R2
wv2=C2/R2
DO 28 I=1s11
YL0I)eX1(1)#WL14X2( 1) #WUL+X3( 1) *#WV1
Y2010 =X1 (1) #WL2+X2( 1) #WU2+X3 (1) #WV2
WRITE (658) YL(I)sY2(1)
28 CONTINUE
DO 30 I=2+6
AL(I)aY1l(1)=Y1(1
Bl(I)=Y2(1)=Y2(I
R1(1)eSQRT(AL(I)
30 CONTINUE
DO 35 J=Ts1l
AL(Jy=Y1(1)=Y1(J)
Bl{J)aY2(1)=Y2(J)
R1(J)=SQRT (A1 (JI#AL(J)+B1(JI#B1(JI))

35 CONTINUE
DO 38 1=2+6
, J=l+5 e .
Ca{AL(I)*ATIN+BLII)*BL(JIY/IRLI(II#RLI (I
ANGE5T74296#ATANISQRT((140=-C*C) /7 {CxC) )
WRITE (6+9) leJaANG

)
) ‘
*ALIII+BL(I)#B1(1))

9 FORMAT(214sF1045)
38 CONTINUE
END

SENTRY



APPENDIX 1II-

TABLES OF OBSERVED AND CALCULATED

STRUCTURE FACTORS



Table  VII.
B-Dimethyltellurium diiodide measured

~and .calculated structure factors:

[0 12 0Tl a SiEie 1 3 10 te.s e7.0f bt 0 B 6990} < ]z & 2 1329 1i3.8f 2 12 6 -22.9 337
0 12 .1 55,1 -38.00 )1 4 o 194.4 218.6|°' 9 8 84.7H-1 187 2 -22.5 22.90-2 6 2 35,9 -32,0]1-2 12 & ~15.4 2.5
h k 0 12 2 1088 -96.1| ) 4 1 s seop 4110 0 127,94 2. 0 0 226.7 187.2{ 2 & 3 40,9 -33,908=2 U2 1 2%.4. . 31.3
0 12 3 T4 =53 f 4 1 sl.0 e3e ] 10 1 315.200 2 0 2 8l.3 -m.el-2 6 3 2.7 25.4[ 2 13 0 2140 -iTil3
0 12 4 149.3 -1435.6 d-1 10 1 ee. 49.901-2 o 2 189.0-195.2] 2 6 & -J0,9 -10,102 13 1 79.2 80.2
¢ ¢ . = T1 4 2 Tezsi STea3fll 10 2 96,01 2 0 & 52,7 -39.3[-2 6 4 1233 t(26.2§-2 13 1 166.9 174,53
0 0 4 -6, . 0 12 6 =20.86 -0.20 1 4 3 235.4 276.8 4"} 10 2 T2.21-2 0 4 63,3 -51.8F 2 & 3 ~=11.8 -14.9] 2 13 2 62,2 6s.S
0 0 b 329.4 344,810 12 T -21.9 -23.4)o1 4 2 1 10 3 10012 a6 =9.3 2.3)-2 6 3 5.8 -79.3]-2 13 2 -l4.8  -4u8
£ 8 123.0-MlJdfo 13 1 39.8 22301 4 & =l 10 3 100.0 -104,90-2 0 6 185.2 18%.0f 2 6 & 132,40 148,10 2 13 3 122.4 -96,2
0 1 1 1143 124900 13 2 3.2 -16.00) 4 4 3 10 4 348 0.8l 2 o0 8 20.2 -19.9f-2 6 6 e2.3 -s7.9)-2 13 3 119.6 -117.3
0 1 2 247.9 -2%2.31 0 13- 3 90.7 -144.8 -4-1 10 & -15.4 13.8(1-2 0 8 114.0 -116.0] - 2 13 4 =21.6 15.0
0 L 3 282,86 367,009 13 a4 V.7 60l 'H—i‘_-[‘%%ﬂ—ﬁ’ﬁl" L1 10 3 Als -38,7{-2 0 10 la.l 7.9[-2 6 T Ss.4  sB.T -2 13 4 90,3 90,5
S . I 2 © 13 S5 St.4 33601 o & -1 : 10 .5 217.1-206.6(1 2 ) 0 34,5 3s0.0l 2 6 8 871 e0.8f 2 13 5 133.9 117.5
o 1 3 33.0. «7Tlo 13 & -20.8 -13.0]-y 4 6 - 110 . 6 ~2047 =22.7{1 2 1 1 212.1 =210.7]-2 & 8 18.4 ~-6,20-2 13 5 <-16.2 ~9.3
D 1 & -=17.2 o 13 7 -21.8 -19.90 ) 4 7 6 98,8 94,0{1-2 1 1 8f.1 B2.T|-2 b 9 -~12.4 -le.3 )2 13 6 -22,4 26,7
0 1 7 46l 85,400 34 0 228.0 123.7{- 7 T 8.9 52,010 2 1 2 2.7 -i859.80 2 T O 68.6 69.8 (-2 13 & 123.4 1232
0 L 8 126.4 -132.610 14 1 4T.4 1891 o0 L7 149 T23f-2 1 2 26.t 2304l 2 7 1 -10.3 -20.9]-2 i3 7 -17.8 3.
0 1 9 -21.9 -15.% - 1 4 8 '8 ~i9.6 8.2 2 1 3 208.3 -212.0]-2 7 1| 242,64 -271.0] 2 14 O 145.8 l12.0
0 2 0 1733 180,670 14 3 37.2 -20.08 1 4 9 0 210.1 192.9 ]-. 80,3 - 2 1 2 33,2 -s0.9] 2 14 1 130.1 -101.3
0 2 1 82,5 -%310 14 4 -19.2 -1T.50, 4 o 1 96,3 087,912 U 4 13.8 -ite0]-2 7 2 124.8 131.3]=2 14 1 91.3 <848
= 0 14 3 -19.9 1031 5 o :u.:_u.;,— -2 1 4 -7.0 -l.s|l2z 7 3 1691 -188.2
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Table IX,.
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