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Summary

X -ray diffraction techniques have been employed to determine the
crystal structures of six main group metal complexes containing
methyleneamino and cyclopentadienyl ligands, The structures were
solved through the use of the heavy atom and symbolic addition
techniques, and refined by the method of least - squares using

diffractometer data,

(PhZC:NMg Br)z. 3THF crystallises in a monoclinic cell with space

group CZ]C. The molecule is dimeric and contains two MgBr (THF)
units bridged not only by two diphenylmethyleneamino groups, but also
by one tetrahydrofuran molecule, the latter being situated on the
molecular (and crystallographic) 2 - fold axis, symmetrically linking

[}
both metal atoms by unusually long bonds, 2. 45A,

o-SnCI3—p—MeCGH3C(:NH)p—C6H4Me crystallises in a

monoclinic cell with space group P21/

e+ Vhe crystal structure
consists of chains of discrete molecular units linked through
N-H.... Cl hydrogen bonding, The intramolecular co-ordination
which gives rise to orthometallation, results in an almost planar

5 - membered tin metallocycle, inclined at 6, 5° to the mean plane of
the adjacent phenyl ring with which it shares a common edge,

(PhZC: NH2+)ZSn CI6z crystallises in a monoclinic cell with space

group PZ:]C. The crystal structure is ionic, consisting of

diphenyimethyleneammonium cations and hexachlorostannate anions,
Strong N-H , ... Cl hydrogen bonding between the ions produces a
slight distortion of the anion geometry resulting in variation of the

tin - chlorine distances,

(ButzC:NL.i)6 crystallises in a monoclinic cell with space group

PZI/C. The molecule is hexameric and contains a 6 - membered ring
of lithium atoms in the chair configuration, Because of disorder in
the position of one of the lithium atoms, two alternate orientations
exist for the lithium ring. The periphary of the molecule is made up
of the six di —t - butylmethyleneamino groups which bridge across six
of the triangular faces formed by the lithium core. The bonding in

this region of the molecule can therefore be described as electron

deficient,



Na(C5 HS)(MeZNCHZCHZNMeZ) crystallises in an orthorhombic

cell with space group Pcca, The structure consists of puckered

chains of sodium atoms, each with a chelating TMED molecule

attached, and linked by pentahapto cyclopentadienyl rings.

Zn(C5 H5) CH3 crystallises in an orthorhombic cell with space group

Cmcm, In the crystal, cyclopentadienylzinc methyl adopts a
puckered - Zn (C5 H5) Zn (05 H5) Zn (C5 HS) - chain structure in which
the bridging cyclopentadienyl groups co-ordinate di - or trihapto to

the bridged zinc atoms, apparently functioning as 5 - electron ligands.



CHAPTER ONE

STRUCTURE DETERMINATION -

THEORETICAL ASPECTS



Crystal Structure Determination - Theoretical Aspects

The crystalline state may be defined as a state of matter possessing
a high degree of internal three - dimensional order., A crystal can then
be regarded as a three - dimensional repetition of a basic unit of pattern,
the pattern consisting of ions, atoms or molecules.

If the unit of pattern be represented by a single point, then the
repetilion in the crystal can be represented by a three - dimensional
network of points known as the crystal lattice, This point network can
be imagined to extend indefinitely in all directions in space and each
point has exactly the sameenvironment as every other point, The
distance between the points in any direction is equal to the repeat
distance for the unit of pattern in the same direction within the crystal.

A particular lattice can be specified by drawing from one of the
lattice points as origin, non coplanar vectors to three neighbouring
points. The lattice is then specified by the lengths a, b and c of these
vectors and by the angles a, p , and p between the vectors, The
paralielepiped defined by the vectors is called the unit cell, and
repetition of this cell by repeated translations comprises the lattice,
When a lattice point occurs only at the corners of the unit cell, then the
cell is defined as primitive. In general there are elements of symmetry
associated with the unit cell, and these elements including those of
translational symmetry, in conjunction with the Bravais lattice type,
define the space group of the crystal.

The faces and planes within a crystal may be indexed according to
their relationship with the vectors a, b and c. A series of paraliel
planes which divide the vector a into h parts, b into k parts and c into
| parts, is given the indices hk| and these are known as Miller indices,
Crystal faces normally contain a high concentration of lattice points

and consequently have small values of h, k and I,

Diffraction of X -rays

X -rays are electromagnetic waves, and as such are accompanied
by a periodically changing electric field as they proceed outward from
their source. An electron in the path of such a wave is excited to
periodic oscillation by the changing field and itself becomes a source
of electromagnetic radiation of the same frequency and wavelength,
There arises from this interaction, a new spherical wavefront of X-rays,
with the electron as its origin, deriving its energy from the impinging

beam. By this process the electron is said to scatter the original beam.



For an atom in an X -ray beam, each of the orbital electrons will
scatter the incident beam in this manner. Since the effective cross -
sectional area of an atom is comparable in magnitude to the wavelength
of the X-rays, waves scattered in a particular direction undergo
both constructive and destructive interference and thus give rise to
diffraction effects, Although the phenomenon of diffraction results
from a coherent scattering process, a diffracted beam is produced by
such scatlering only when certain geometrical conditions are satisfied.
These conditions were derived mathematically by Max von Laue who in
conjunction with W, Friedrick and P. Knipping, recorded the first
observation of X -ray diffraction by crystals in 1912,

\Von Laue interpreted the results in terms of diffraction from a three -

dimensional array of scattering centres according to the relationships

alcosa - cosa,) = ha
b(cosp - cosf,) = kA
c{cosy — cosyp) = 1A

where each expression represents the conditions necessary for diffraction
to occur from a line of scattering centres parallel to the axial direction.
a, , Bo and y, represent the angles of the incident radiation to the
directions a, b and ¢, whereas a, B and y represent the angles of
diffraction,

The geomelrical conditions necessary for the occurrence of diffraction
maxima, as indicated by the LLaue conditions, are difficult to visualise
physically, W.L. Bragg interpreted the diffraction patterns as being
the result of the reflection of X-rays from planes within the crystal,
and showed that for a set of planes with spacing d(hkl), the necessary

condition for diffraction is

nA = 2d{(hkl) sin 6

where 8 is the angle of the incident and diffracted radiation to the planes.
This approach is easier to understand but describes diffraction effects
in terms of reflections.

The Laue and Bragg approach to diffraction geometry involves the
use of the direct crystal lattice, resulting in problems in the subsequent
interpretation of diffraction patterns. Since the angle 8 is inversely
related to the interplianar spacing, a unit cell with large spacing would

result in a compressed diffraction pattern.



This difficulty can be overcome by the use of the reciprocal lattice
in which the interplanar spacing vector d(hk!) normal to the planes

(hkl), is replaced by a vector having the same direction, but a

magnitude equal to the reciprocal, namely 1
d(hki)
The reciprocal lattice can then be defined by the three vectors
a*, b*, and c* such that a.a* = b.b* = c.c* =1
a*.b = a*.¢ = p*f.a = b*.c = cta = b -0

The diffraction pattern of a crystal is a fundamental physical property
of the substance and can lead to the complete elucidation of the crystal
structure. Analysis of the position of the diffraction effects leads to a
knowledge of the unit cell geometry, whereas to locate the individual
atomic positions within the cell, the intensities must be measured and

analysed.

Diffraction Amplitude And The Structure Factor

In general, crystal structures are characterised by a number of
atoms per unit cell, If the cell contains N atoms, then the crystal
structure can be regarded as N interpenetrating lattices, each centred
on the position of one atom. The overall diffraction by the crystal can
then be explained in terrﬁs of the sum of the diffraction from the individual
lattices. The scattering from these lattices will differ in phase according
to their sebar‘ation.

The resultant of the scattered waves in the direction of the reflection
hk! by all of the atoms in the unit cell is known as the structure factor
F(hki). Each of the individual waves has an amplitude given by fn , the
scattering factor of the atom, and a phase angle ¢ with r*‘espect to the
wave scattered by a hypothetical electron at the origin‘of the unit cell,

Such a wave can be represented in complex notation by the expression
fn exp. i where exp. i is an operator rotating the vector f,, through
the angle ¢ The resultant of several such waves corresponding to the

N atoms, can be expressed as
N

F o= f_exp. i
n=|
The phase angle § for an atom with fractional co-ordinates Xns Yni Zn
with respect to the origin, can be expressed as
g = 2n (hxn + kyn + lzn)

The structure factor can then be expressed as

N
Flhkl) = 3 f exp. 27ilhx_+k
L fnexp. 2milhx, +ky, +12 )



and this may be expressed in terms of its real and imaginary parts:-

F(hki) = A(hkl) + iB(hkl)
N
where A(hklI) = nz=| f,cos 2nlhx_ + ky, * 1z
N

B(hkl)

f sinZn(hxn + ky + 1z)

&~ 'n n n

The structure amplitude or modulus |F(hk I)l is given by

|F(hkl)|z - AKDZ + B(hkN?2

and the phase angle for the scattered radiation is given by

ghkt) = tan ! B

A
The presence of symmetry in the unit cell and lattice enables the
structure factor calculation to be simplified. The most important
element is the centre of symmetry, since this causes the B(hkl) terms
to vanish, and for every atom at x, y, z there is a corresponding one

at X, vy, z, The structure factor can then be expressed as

N/
F(hkl) = 2 nZzlfnc0527r(hxr‘+ ky, + lzn)

In the centrosymmetric case, the structure factor is always real and
the phase angle can only take the values 0 or n , thus making the
structure factors positive or negative, If further elements of symmetry
are present then the structure factor may be simplified by collecting
together all the terms arising from the equivalent positions and combining
them tr‘ignometr‘icallly. However, when atoms are vibrating
anisotropically, the scattering factors may not be the same for atoms
in different equivalent positions and may not contribute equally to the
structure factor, In these cases the general expression has to be used.

An alternate and more generalised expression can be derived in
which the structure factor is considered as the sum of the waves
scattered from all the infinitesimal elements of electron density within
the unit cell, with no assumptions being made about the distribution of

this density.



Since electron density p is defined as the number of electrons per

unit volume, then the number of electrons in any volume element dv is:~
p(x,y,z) dv

In exponential form the wave scattered by this element is

plx,y,z) exp. 2ni(hx+ ky+ 12) dv

Summation over all the elements in the unit cell gives the structure

factor

F(hkl) =fp(x,y,z) exp, 2ni{hx + ky + 1z) dv
v

Temperature Factor

The values of the atomic scattering factor f, for use in the structure
factor expression, are obtained from the normal scattering factor curves
calculated on the basis of the electron distribution in a stationary atom,
In practice, the atoms in a crystal are vibrating about equilibrium
positions, the magnitude of such vibration being a function of temperature,
atomic mass and strength of bonding.

The effect of such thermal motion is to spread the electron cloud
over a larger volume and thus cause a more rapid fall - off of scattering
power of the atom. This reduction in scattering power can be accounted
for by the inclusion of a temperature factor into the normal scattering
factor expression, and may be iniroduced at several levels of
approximation.

The simplest of these, that of over - all isotropic vibration, assumes
that all of the atoms are vibrating with the same amplitude, and that
their motions are spherically symmetrical.

Individual isotropic vibration permits assigning a temperature factor
to each atom, but retains the concept of spherical symmetry.

Individual anisotropic vibrations of the atoms can be described in
terms of six parameters which specify the size and orientation of the
vibration ellipsoid which replaces the concept of spherical vibration.

For the case of isotropic vibration, the temperature factor can be

shown theoretically to be given by the Debye - Waller expression:-

exp., |:—_§ <Zsin0hkl )2]
4 A

" [ )
4 \d(hkl)

T

10



where B is related to the mean square amplitude of atomic vibration

{uz} by B = an{uz} and 1 is the length of the reciprocal lattice
d(hkl)
vector from the origin to the point hkl,

Thus the corrected scattering factor becomes:-
= fo exp. —_E( 1 2 where fo refers to an atom at rest,
4 \ d(hki) )

An expression for the case of anisotropic vibration can be obtained
by expanding the reciprocal lattice vector in terms of the reciprocal
cell dimensions, Thus for the general case, the length of this vector

is given by:~~

1 = [hza*z +Kk26*2 4 12c*2 4 2hka*b* cosp* + 2h i a*c* cosp*
I
d(hki) + 2k | b¥*c* cosar*]/l
and the temperature factor must have a parameter for every term in this

expression, The general temperature factor thus becomes:-

2 %2 2 %2 2 %2 * %
a b +B33l C +ZB13hlac

I * %
+ 2B, ,hka™p® + 2B, kI b%c )]

An equivalent and preferable expression for the general temperature

exp.[-%(B”h + B, k

factor is the following:—

2 2 2 2 %2 2 %2 ks
exp. [ -2 (U”h a +Uzzk b*™ " + U33| c* + Zulzhka b

+2U, 5hl a¥*c* + zu23k|b*c*)]
where the U i are now the thermal parameters expressed in terms of
mean - square amplitudes of vibration.

It is often of value to have an estimate of the overall temperature
factor and scale factor before the structure is known, and these can
be estimated by a method due to Wilson (1942), He showed that the
average of the square of the structure amplitude over a range of

(sin G/A)z tends to be given by
|E|2 = Z f'_‘2 wher-ez 1’nz represents the sum of the squares of the
n n

atomic scattering factors for the atoms in the cell, and are calculated
for the centre of the (sin G/A)zrange. |F_o |2 is usually known as an
arbitrary scale, so that

|2

|F_o = K|f?|z and therefore

- 12 _ 2
IFo ¢ = K)n:fn

11



iIf the Debye - Waller correction is assumed, then
]
K = _ |Fol
2 . 2
Efo exp. -(2B sin‘g)
n n ./1

Taking logarithms gives:-

— 2
in{ Ifol’ = InK - 2B sin?s
Efo 2 /‘{2
o n
— 12
1§ In S |Fo| is plotted against sin%g

a straight line graph is obtained from which B can be obtained, and a

value of K obtained from the intercept on the vertical axis,.

Anomolous Scattering

In the treatment of the structure factor, it has been assumed that the
scattering factors are represented by real numbers. This assumption
is hormally justified since the wavelength of the incident radiation
normally differs widely from that of any natural absorption wavelength
of the atoms. If the wavelength of the incident radiation is slightly less
than that of an absorption edge, an anomolous phase change occurs
during scattering by the electrons associated with the absorption edge.
This effect causes the scattering factor to be complex and it can then

be represented by

f = fo + f' + if!t
where fo is the scattering factor for waveliengths far removed from the
absorption edge.
f! and f'! are the real and imaginary parts of the additional scattering
that depend upon wavelength,

The phase lag of the resultant wave which is normally n , diminishes
as the wavelength of the incident radiation approaches that of an
absorption edge, from the short wavelength side. The resultant phase

shift is reduced to

n-f wheref = tan_.l[ f! ]

fo + f!
A direct consequence of anomolous scattering arises in the case of
a non - centrosymmetric structure, where due to the loss of conjugate
symmetry, the reciprocal lattice symmetry becomes degraded to that of
the point group. This amounts to the non - observance of Friedel's law

and can provide a means of determining absolute configuration,

12



In the case of a centrosymmetric structure, Friedel's law remains

valid, but the contribution of anomolous scattering reduces the magnitude

of the structure factors, and an appropriate allowance must be made

for this effect in the calculation of structure factors,

Fourier Series

The nature of a crystal requires the structure to be essentially
periodic in three dimensions with a period defined by a, b and c of the
unit cell. Hence the electron density p(xyz) at any point can be
represented by a three dimensional Fourier series, This concept can
be expressed by alloting to each Fourier coefficient C, three integral

indices h! k! and I! whose values range from —oto +®

Thus plxyz) =3 3 ¥ C ., exp. 2xi(h'x+ k'y+1'2)
ht kT

This value for the electron density can be inserted into the structure

factor equation

F(hk1) =fp(xyz) exp. 27ilhx+ ky+ 12)

such that:—

F(hkl) %Z. Z. Z.: Ciiperyr &P 2ni(h'x+ kly + 1'2) exp. 27i
k' (hx+ ky + 12z)dv
The exponential is periodic and the integral over one period is zero for
all terms except when h! = -h, k! = -k and I' = -1, In this case the

periodicity disappears and

E(hk) =fv C(RkTNdv = VC(RKT)

and Clhkl) = 1_. F(hkl)
v
Thus plxyz) =_l__fii|:(hkl)exp. -2xi(hx+ ky+ |2)

V "® -® -
Resolving the above expression into real and imaginary parts and
expanding gives:-

plxyz) = A(hk!) cos 2xlhx+ ky + 12z) + B(hkl)

glMse
glMe

1
\V)
sin 2a(hx + ky + 1 2)

13



Since A(hkl1) = A(hkl) and B(hkl) = - B(hkl) and F(000) is its

own conjugate: -

® o o™
pixyz) _1__3F(000)+2222A(hk|)cos 2n(hx + ky + 12)
V

0 - -
+ B(hkl) sin 2x(hx + ky + Iz)s

I

[+ ] [ [
1 ;F(ooo)+ 2 Y X |F(hkl)|cos[27t(hx+ ky + Iz)—a(hkl)]
—V 0 -® -~

This expression for the electron density is general for all crystals,
although some simplification in its application may be obtained by
utilising any symmetry present in the crystal.

In the case of a crystal with a centre of symmetry at the origin,
F(hk!) = F(hkl) and the structure factors are ali real.

Thus the electron density p is given by:-

o O o
plxyz) = 1 JF(000)+2) Y YF(hki) cos 2nlhx+ ky+ 12)
\/ 0 -o -~

Deduction of The Atomic Arrangement

The atomic arrangement within a cell can be regarded as a continuocus
distribution of diffracting matter (electron density), within the cell,
with atomic centres coinciding with regions of high electron density,

A crystal gtructure determination is therefore essentially a determination
of the distribution of such electron density within the unit cell, The
Fourier summation for the evaluation of electron density includes the
phase component of the structure factor., This component cannot be
obtained by experimental observation and must therefore be obtained

or deduced by some alternative means. Since all other measurements
can be made by observation, then phase determination becomes the
essential problem of structure determination,

Several methods of phase determination are available depending on
the type of structure and on the presence or absence of relatively heavy
atoms in the molecular structure. It can be shown that if a unit cell
contains a uniform distribution of light atoms and also a heavy atom,
then the phase of the resultant wave scattered in a particular direction,
approximates to the phase of the heavy atom contribution in the same

direction.,
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The heavy atom method which is based upon this relation involves
locating and identifying the heavy atom position. This can be achieved

by the use of the Patterson function,

The Patterson Function

Patterson (1935) showed that a Fourier series whose coefficients
are the squares of the structure amplitudes could provide useful
information about the crystal structure,

He defined a function P {(uv w) such that;-

111
Pluvw) = V/fﬁ)(xyz)p(x+ u, y+v, z+ w)dxdydz
000 '

If the values of the electron density are substituted into the equation,

the conventional form of the Patterson function can be derived:-

[ ]
P(uvw) = _1 ZZZ]F(th)lZ exp. 27ni(hu+ kv + Iw)
\/ -®-0-0
This function is real for all values of u, v and w, and may be
expanded to give:-

Pluvw) = ZZZ|F’(th)|2c052n(hu+kv+Iw)
k1

1
V h

The magnitude of the Patterson function, P (uvw) for a point u, v, w
in the Patterson vector map represents the summation of the product of
the electron density at a point X, y, z, and at apoint x+ u, y+ v, z +w
over the entire cell, Hence large peaks will be found in the vector map
corresponding to the vectors between atoms, and their magnitude will
be retated to the product of their atomic humbers, There is always a
large peak at the origin corresponding to the vector between each atom
and itself,

Interpretation of these vector maps is greatly simplified by the
presence of symmetry in the unit cell, In certain cases peaks between
atoms in equivalent positions are observed whose positions in the vector
map are restricted to certain sections or lines, These were first
discovered by Harker (1936) and bear his name, For example, if a
cell contains a 2 - fold axis parallel to b, then for an atom at x,y,z,
there will be a symmetry related atom at X, y, z, and a maximum will
occur in the vector map at u = 2x, v=0, w = 2z, With this knowledge,
it is often possible to locate directly the position of an atom in the unit

cell.
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The Heavy Atom Method

The Patterson function of a heavy atom compound reveals large peaks
due to the vectors between the heavy atoms, and allows these vectors
to be distinguished from the remaining vectors, Care must be exercised
in the choice of the heavy atom, since if this contributes too heavily
to the overall scattering, comparison between the observed and
calculated structure factors becomes insensitive to the positions of
the light atoms. An empirical and useful guide in the selection of the
heavy atoms is:-

Y (22 heavy) « X (22 light)

Once the co-ordinates of the heavy atom have been determined, an
electron density map can be computed using as Fourier coefficients,
|Fo| , and the phase angles obtained from structure factor calculations
based upon the heavy atom contributions. From this electron density
map, improved positions for the heavy atom will be found, and the

positions of some or all of the lighter atoms may be found,

Direct Methods In The Solution Of The Phase Problem

In recent years several relationships have been proposed so as to
produce a set of phases from a set of experimentally determined
magnitudes,

One of the earliest attempts to relate phases to intensities led to the
development of the Harker - Kasper inequalities (1948). These expressions
resulting from the combination of structure factor expressions with
certain classical inequalities, provided the first means of determining
the phase of one reflection in terms of its magnitude and those of others,
The method was limited in application and useful results could only be
obtained for large structure amplitudes and for small humbers of atoms
in the unit cell,

In 1952, Sayre showed that for a centrosymmetric structure containing
equal resolved atoms, the sign Sy of a reflection H could be derived
from a simple product of the signs of algebraically related reflections,

such that
SH “  Sk. SH-k

This expression has a high probability of being correct if the
magnitude of the three structure factors F; , Fx and Fy-¢ are

all targe.
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Hauptman and Karle (1953) devised a statistical approach in which

they used a normalised structure factor given by

2
lEn |2= =M where € is a factor introduced to

N_ 2
Ean (H) accommodate space group extinctions.

n=j .
They also derived the 22 relationship, expressed as

Sy - s[;‘; Exe EH_K]

This is similar to that introduced by Sayre except that the relationship
involves more than one interaction. The probability that a sign will be

positive is given by Cochran and Woolfson, 1955,
1 1 -, .
p(EH)+ = "2_+ Etanh (0'3 ) 2|EHIZEK' EH'K)

where

This shows that if the three reflections involved in a triple relationship
have large E - values then the probability that the sign relationship will
be correct will be large. So that by using probability relationships it
is possible to start the assignment of signs from a few strong planes
whose phases are either known or represented by symbols, and this is
known as the symbolic addition pr*o\cedur*e.

A strategy for using this method outlined by Karle and Karle (1966)
first involves estimating a set of normalised structure factors and
finding the triple relationships which exist amongst the stronger
reflections. The origin is specified by choosing n linearly independent
reflections and arbitrarily fixing their signs where n has a maximum
value of three and depends upon the space group. These reflections
are used to define the signs of further reflections using the Zz
relationship., Subsequently several strong planes are given symbolic
phases as necessary in order to phase all of the reflections. Signs
are only accepted when the total probability for a predicted sign exceeds
a specified value, The acceptance |limit decreases as the procedure
continues but high values initially reduce the number of incorrect sign
allocations. At the end of this procedure each reflection may have its
sign determined or represented by more than one symbol or
combination of symbols, and using these it is possible to predict the

most likely signs for the symbols used,
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An alternate strategy for using the Zz relationship involves the
choice of a number of strong reflections whose signs are systematically
varied, Each of the possible sign combinations for these reflections
together with the origin determining refiections as before is used as
a starting set for reiterative application of Sayre's relationship. This
gives a series of solutions and is known as the multisolution method,

In a program described by Long (1968) the signs determined from the
starting set, are used to predict more signs and redetermine those
predicted before, The signs of the starting set are calculated at the
end of each cycle but are not allowed to change.

A measure of the self consistency of the predicted signs is given by

<|Ex ) EREc| >

A=B+C

<IExl, % IEsl |EI>

C =

where < > means averaged over all values of A. The expression
compares the observed Zz sum to that ‘which would be observed if all
the interactions were consistent, Usually the set with the highest
consistency index represents the correct solution.

When the number of possible phase sets becomes very large, additional
rejection tests are required. A rejection test described by Germain,
Main and Woolfson, 1970, evaluates each phase set in terms of an absolute

figure of merit, Mags where

Z-F<e2 >0
h
Z <a h2 >1e/2 —E<a h2 1{2

This test is based upon the statistics of a as derived by Germain,

Mags

Main and Woolfson, 1970 and compares the expected value of a2
with that expected for a r_'andom set of phases,

A further test described by Giacovazzo, 1974, involves the use of
quartet relationships

1 1 2_ 2 2
-3z tanh o |EJE, | (2E,°E,“-E.“ - E

-1 2)
- 272 2 1 2

P
where E; = Eh’ E2 = Ek’ E3 = Eh—k and E4 = Eh+k

Large values of P - are obtained if |E3 |, |E4| and |E] | are large
and |E2| is small,
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The Zz relation can be extended to non - centric structures (Karle
and Karle, 1966) and in its general form refers to the addition of

phases so that

< > Kok +PH-Kk DK

where K ranges over reflections with targe E - values.

The most probable phase is given by

Y|Ek Epexlsin( oy + ou_k)
tan g = _K

% |Ek Eyxlcos(ok+ on—x)

which is known as the tangent formula and represents the combination
of the vectors by summation of their components parallel to the real and

imaginary axes,

Structure Refinement

During the course of a successful structure determination, a stage
is reached when all of the atoms present are placed in approximate but
essentially correct positions, The process of refinement involves
refining the approximate structure to any degree of precision which the
observed data permits, and is commonly followed by noting the value of

the discrepency index

_ 2liFol-IFell
) IFol

This is a crude measure of how much the model departs from the

R

actual structure, as expressed by the difference in their diffraction
amplitudes,

Hamilton (1965) has defined a weighted index Rw, given by:-

1
Rw = | ZwliFol - IFc])? |k
ZWIFOI2

This index is useful in that it enables a statistical comparison to be
made on two refinements from different models of the same structure,

An analytical method of refinement of great power and generality is
that based on Legendre's principle of least squares,

An outline of this method will now be given, l_etp] » Pgy o Py be
the n parameters in the Fc whose values are to be determined. |Fcl

can be written as a function of these parameters

chl = f(p],pz, ooy pn)
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Incorporating 61 ,62 veey En’ the shifts required to give the true
structural parameters, a similar expression may be written for the
observed amplitudes:-

= +
IFol flp, + El,pz €, cevesp, tE)
For a trial set of p‘j close to the correct values, Fo may be expanded

as a function of the parameters by a Taylors series of the first order.

Taylors theorem gives:-

f(b) = f(a) + (b-a)f'(a) + (b-a)’f''(a) +....
21

Setting b =p, + €is voney

a = pl, seeey

and taking the series to the first derivative gives:-

lFo‘ = f(p]’pz’....,pn) + naf(p], pz,n-'-,pn)ei
0P,
i e. IFol = IFcl + y-23lFcl¢.
33,

]

An equation of this type may be derived for each reflection, Each
Fo is subject to random errors and suitable values of €i have to be
found to give the most acceptable fit between Fo and Fc. The theory
of errors predicts that the most acceptable set of €i is that which
minimises the sum of the weighted squares of the differences between
the observed and calculated quantities. The function most commonly

used is:-

R = Xwl(lIFol - IFcl])?
bk

where the sum is over the crystallographically independent planes and
w is the weight of the observation,

For R to be a minimum

aaTR =0 (=1, .00.0,n) where pJ. is the jth parameter
Hence
Y waRlFc _ =
& Ty 0, where A = |Fo| - |Fc|

J
Remembering that

n
A --Za"ﬂIEi leads to a set of
= 9P,

simultaneous equations, the normal equations

Fw (gfcl)€+ w2 an=c| (Za":c' E) 3 wa el

hkl i hkl j#i hkl Pi

20



There are n of these normal equations for j=1, ,..., n, to determine

the n unknown parameters

2IFcl \? 2IFcl\(alFc] -
Zw(a-—pq—c— ) €, +* Zw(ap]c )(apzc )62 t s =Y wAlFCl

ach|)(achl) + (al,: ,)2 + =Y
w w c ceee w A 2lFcl
) (ap] o, )€1 X ! €, 3

Alternatively these n equations may be expressed in matrix notation: -

n
T

;aiJ.Ei J

where aij=zw g:)li:cl . 2IFcl

dlFcl
and b. = )w A
Bpj ] gl op.

hkl J

In a structure with a large number of atomic parameters, it may be
impracticable to calculate all the terms of the normal equation matrix
ajj» particularly during the early stages of refinement, A useful
approximation is the block - diagonal technique which neglects all off -
diagonal elements relating to interactions between different atoms, so
that a 9 x 9 matrix is used for the positional and anisotropic thermal
parameters for each atom, or a 4 x 4 matrix if the atom is refined with
an isotropic temperature factor. A 2 x 2 matrix is used for the scale
and overall isotropic temperature parameter.

A more modern approach is the blocked full - matrix technique., In
this system, the atoms are refined in groups or blocks using the block -
diagonal approximation, but allowing for interactions between the atoms

in any one group.

Weighting Functions

The functions minimised in the least - squares method, carry a
weighting factor for each observation, The weighting should be a
measure of the reliability of the observations, and from statistical
considerations, it can be shown that the best weight is equal to the

square of the reciprocal of the standard deviation of the observation.

S
02Fo
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oFo can be derived from the relationship
k. N”
(Lp)e

where k is the scale factor and L p is the LLorentz -polarisation factor,

Fo =

Differentiating this equation gives

1 k .. dN

dFo = 2 _—(Lp-)1’2 N2
from which

dFo _ 1 dN

Fo 2 N

Making the approximation dFo = ¢gFo, and dN = ¢gN,

aoN
N

The standard deviation in N is given by counting statistics as

oFo = -lz-Fo.

oN = [T + B.G]"?

where B is the ratio between the total background count G and the total
peak count T.

The term [T + B. G]"’ underestimates the error in the very intense
reflections, so a term (P , N)2 is introduced to down weight these

reflections.,

1
Thus oN = [T + B.G + (P.N)?]"
1
and 1 [T + B,G + (F’.N)z]lz
oF = 0l Fo. N

The Accuracy of Parameters Derived From Least Squares Methods

In order to obtain a reliable estimate of the accuracy of the atomic
parameters, the weighting scheme used in the refinement should
correspond to 1 2 ' _

L T where ¢%{Fo) is the variance for the
observation. In this case the variance of the parameter P; is given by

az(pi) = (a"‘)ii where (a_1)ii is the it" diagonal element of

the inverse matrix to the normal equation matrix, Generally o(Fo) is

not known exactly and relative weights of the form _ k
o2(Fo)

are used, in which case the estimated standard deviation is given by
2
o?(p.) = (al).. (Z waF
i ii m-n
where m is the number of observations and n is the number of parameters,
22



The accuracy of interatomic distances and angles depends upon the
estimated standard deviations of the atomic co-ordinates involved
(Cruickshank and Robertson, 1953), So that for a bond | between two
uncorrelated atoms having variances az(a) and oz(b) in the direction

of the bond,

az(l) = az(a) + oz(b)
For an angle 6 between two bonds AB and AC, the estimated

standard deviation of the bond angle is given by

2(b) o?(a) (BC)? o¥c)
o¥(8) = ?AB)z (AS)z ACR ©  TAC):

Measurement of Intensities

Two general methods are available for measuring the intensities of
diffracted beams, Either the beams may be detected by some type of
quantum counting device which measures the number of photons directly
(diffractometer or counter methods), or else the degree of blackening
of spots on diffraction photographs may be measured and taken as
proportional to the beam intensity (photographic methods).

The modern trend appears to be towards the use of automated
computer controlled diffractometers which permit increased accuracy
of measurement and can also deal with large numbers of reflections.
The basic geometry for the reflection of an X -ray beam from a set of

crystallographic planes is summarised in the following diagram:-

So

d*

In order that reflections from the plane may occur, the incident

beam So, the reflected beam S and the plane normal g*, must be coplanar,

and the incident beam must make an angle 6 with the plane in order to
satisfy the Bragg equation, Also c_l* must bisect the angle between S

and So,
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The arrangement of the Hilger and Watts four - circle diffractomeler
is shown in Figure la, For the purpose of intensity measurement the
instrument normally uses bisecting geometry which places the vertical
X-circle so as to bisect the angle between the incident and reflected
X -ray beams, This means that the X~ circle must contain the normal
to the reflecting planes g*, and hence the angle w must equal the angle
8. With g* constrained to lie in two mutually perpendicular planes
there will be specific values of the angles X and ¢ if the reflection (hkl)
is to be observed.

At high values of the angle 8, when the X-circle would tend to

obstruct the passage of the reflected beam to the detector, the instrument

switches to perpendicular geometry. In this position the vector d* is

perpendicular to the X-circle and the condition w = 90 - 8 holds.

Intensity Correction

The X -ray reflection from a given set of crystallographic planes
does not occur sharply, but takes place over a small angular range on
either side of 8 as defined by the Bragg law, In order to accomodate
this feature of crystal reflection, the diffractometer sums the number
of counts over this angular range to produce an integrated intensity
measurement, To transform the measured integrated intensities into
observed structure amplitudes, they must be corrected for certain

physical and geometrical factors.

Polarisation Factor

When X -rays are reflected by a crystal plane, they become partly
plane polarised. As the electromagnetic wave of X -~radiation is
reflected, the component of the wave whose vibration is parallel to the
reflecting plane does not suffer reduction, but the component in the
plane of the incident and reflected rays is reduced in intensity by an
amount proportional to cos? 20. As a consequence, the intensity of the
diffracted wave is reduced by a factor called the polarisation factor,
amounting to:-

2

p = 1+ cos™26
2
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Lorentz Factor

When a perfect crystal moves through the reflecting position,
reflection occurs only over a range of a few seconds of arc. Most
crystals are not perfect and due to their mosaic nature, reflect over a
range of some minutes., The points of the reciprocal lattice therefore
have finite size, and spend a finite time in passing through the surface
of the sphere of reflection. This factor varies with the distance of the
reciprocal lattice point from the origin, which is related to the angle
of reflection, and also depends on the mode of data collection. The
Lorentz factor, L for data collected using a four - circle diffractometer

is given by:-

Absorption

All materials absorb X - rays according to an exponential law
I = 1 exp. (-ut) wherel and lg are respectively, the transmitted
and incident intensities, u is the linear absorption coefficient, and
t is the path length through the material. The extent of absorption
increases with increase in the atomic number of the elements in the
material,

When the X -rays travel different path lengths through the crystal
for differ‘en:wt reflections, then these reflections will suffer to a varying
extent from absorption, and a systematic error will be introduced into
the observed intensities.

If the dimensions of the crystal are accurately known, the path lengths
for each reflection can be calculated, and appropriate corrections can
then be applied to the intensities. An alternate approach is to minimise
the effects of absorption by suitable shaping of the crystal to achieve
similar path lengths for each reflection, and to also use a more

penetrating radiation.
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The Methyleneamino Group As A Metal Co-ordinating L igand

Considerable interest has been shown in the methyleneamino group
as a terminally co-ordinated substituent of metals and metalloids,
since the shape of the C - N-M linkage can be used to establish the
occurrence of possible N=+»M dative n-bonding. The methyleneamino
group can act as a one - or three electron donor, and therefore
several structural possibilities exist depending primarily upon whether
the metal is co-ordinatively saturated or unsaturated. When the metal
is saturated, the methyleneamino group acts as a one - electron donor,
with the nitrogen atom formally sp2 hybridised, and the nitrogen lone
pair occupying one of the hybrid orbitals. Hence the C~-N-~-M linkage
is bent with a theoretical angle at nitrogen of 120° (Figure 2a). Bent
structures of this type have been inferred from n.m.r. studies on
di-t-butylmethyleneamine itself (Snaith, Summerford, Wade and Wyatt,
1970), and for a number of N - organomethyleneamines (Curtin, Grubbs
and McCarty, 1966),

When the metal is co-ordinatively unsaturated however, donation of
the nitrogen lone pair may occur, either through bridging to a second
metal atom (Figure 2b), with the formation of a dimeric or oligmeric
species, or through N-—+M dative n-bonding (Figure 2c). In the latter
case, for maximum overlap of the nitrogen and metal orbitals, a linear
arrangement at nitrogen is required, with modification of the nitrogen
hybridisation from sz to sp. A shortening of the metal —nitrogen bond
distance would therefore occur, and this, in conjunction with the angle
at nitrogen can be used as evidence for N-+=M dative n-bonding.

However, Ebsworth has shown from overlap integral calculations,
that in pyramidal silicoh—nitr‘ogen systems where the nitrogen lone
pair occupies an sp3 hybrid orbital, considerable (p ~d) n-bonding is
still possible. Maximum orbital overlap would still however, require
a linear arrangement (Ebsworth, 1966).

In addition, cationic species of the type ,C = N+( , being isoelectronic
with the JC = CX{ group, are able to function as a-bonding donors to
transition metals (Figure 2d) (Abel, Rowley, Mason and Thomas, 1974).

Several techniques are available for determining the extent of
linearity of the C-N-M linkage, and hence the degree of N—+=M dative

n-bonding. Of these, X -ray crystallography is the most conclusive
since it relies on the measurement of two directly observable parameters,
namely, the angle at nitrogen, and the length of the nitrogen - metal bond.
It should be emphasised that in this technique, the angle at nitrogen is

the fundamental observation from which n-bonding is inferred.
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Main Group Metal Co-ordinated Methyleneamines

Several methyleneamino - main group metal complexes have been
studied crystallographically, establishing varying degrees of N-—+M
dative n-bonding. The complex bis di-t-butylmethyleneaminoberyllium
(Shearer and Sowerby, 1971), has been shown to be dimeric and to
contain both bridging and terminal methyleneamino groups., The terminal

substituents were found to have C - N - Be angles of 161°, and a

)
Be(spz) —N(sp) distance of 1. 50,& This value can be compared with
the Belsp )—N(sp ) distance of 1, 57A found in (Be (NMe ) ) (Atwood
and Stucky, 1969), and the Be(sp) - N(sp ) distance of 1, 56,& found in
[(Me3S|)2N]2 Be (Clark and Haaland, 1970).

In both of these latter structures, the Be - N distances were
considered consistent with a degree of multiple Be - N bonding, The
distance of 1,50A in (ButZC:NBe)2 is similarly thought to be
consistent with multiple Be - N bonding, and this is particularly apparent
when compared with the bridging single bond Be - N distances of 1, 67
and 1, 68;\.

A boron complex, diphenyimethyleneaminodimesitylborane (Bullen,
1973), has been reported, which is shown to possess a virtually linear
C-N-B linkage of 173° and a boron - nitrogen distance of 1, 38,&.

This value can be compared with the values of 1, 40(4) and 1. 43(4),&
observed in MezNBMe2 (Bullen and Clark, 1970) and 1. 39 and 1.41/&
in (MezNBCH2)3 (Hess, 1969), substantial B~ N multiple bonding being
implied in all cases.

An aluminium derivative has been reported, namely, lithium tetrakis
(di-t-butylmethyleneamino) alane (Shearer, Snaith, Sowerby and Wade,
1971), and this structure contains both terminal and bridging
methyleneamino groups (bridging to lithium in this instance). The
terminal methyleneamino groups have C - N - Al angles of 167° and a
mean Al - N distance of 1, 778(7):&. This value is comparable with the
Al -N distance of 1,78A found in [(Me, Si),N], Al (Sheldrick and
Sheldrick, 1969), and which is thought to be consistent with a degree
of multiple Al - N bonding.

Both of these can be compared with reported bridging Al -N single
bond distances of 1.94A in (ButzMeC :NAI Mez)2 (Wiltlis and Shearer,
1966), 1. 91A in (Ph Al NPh)4 {(McDonald and McDonald, 1972), 1. 95A
in (Me Al NHMe) (Gosling, MclL.aughlin, Sims and Smith, 1970) and
1. 92A in [cgH Br (Ph) C:NAIPh, ], (McDonald, 1969),
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Several structures have been reported involving group IV
elements. A series of the type M(N: CF’hz)4 where M represents
Si, Ge and Sn(v)has been studied by Alcock, Pierce - Butlier, Willey
and Wade, 1975). The angles at nitrogen show a marked reduction
from silicon to germanium to tin, 134, 7o and 139, 5o (mean) for silicon,
127.0° for germanium and 121, 3° (mean) for tin, suggesting considerably
reduced metal - nitrogen n-bonding in germanium, and very littie in tin,
This interpretation is supported by the metal - nitrogen bond distances.
Silicon shows a substantial shortening, 1.717(10)3\ {mean) compared
with a calculated Si - N single bond distance of 1, 879;&. For germanium,
the observed Ge - N distance is 1, 872(5)/0\ compared with a calculated
single bond value of 1, 9282\. For tin, the observed Sn - N distance is
2, 06(4);&, a negligable shortening compared to a calculated value of
2. 1A,

Two further structures have been reported involving tin(m) complexes,
(Ph,C: NSn(u)Cl)z and PhZC:NH(PhZC:NSn(“)CI)z. C., Hg (Mahmoud,
1976)., Both of these structures contain only bridging methyleneamino
groups,

A tris(diphenyimethyleneamino) phosphine complex has been reported,
(Shearer, 1976). This structure has terminal methyleneamino groups,
with a mean angle at nitrogen-of 123°, showing little evidence of N=—»P
dative‘ n-bonding.

On th-e basis of the available crystallographic data, substantial
dative n-bonding appears in the early members of groups Il and II1, and
to a lesser extent in group IV, as indicated from the use of the

methyleneamino group.
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Iintroduction

Considerable interest has been attached to the nature of the
bonding between methyleneamino groups and metals, especially
where there is a possibility of dative n-bonding between nitrogen
and the metal, Previous structural work on the methyleneamino
derivatives of Group Il metals has been mainiy concerned with
beryllium and zinc, with magnesium derivatives being relatively
neglected.

A diphenylmethyleneaminomagnesium compound was synthesised,
which on the basis of spectroscopic evidence, was thought to
posess a terminally co-ordinated methyleneamino group. Subsequent
crystallographic work established the compound as being dimeric
with bridging methyleneamino groups, and with an unusual bridging

tetrahydrofuran molecule.

Experimental

The compound was prepared from the low temperature reaction
in diethyl ether, of phenylmagnesium bromide and benzonitrile,
The mixture was warmed to room temperature and stirred overnight,
after which the solvent was removed from the yellow suspension.
The pale yellow solid remaining was then recrystallised from

tetrahydrofuran,

The preparation and spectroscopic characterisation of the compound

was undertaken by Petch and Wade, 1976,

Crystal Data

The compound recrystallised from tetrahydrofuran as pale yellow,
air sensitive crystals, and were sealed in quartz capillary tubes
for the purpose of data collection, The crystal selected had
dimensions of 0,3 x 0,3 x 0,5 mm with elongation along the
direction of the c - axis,

Preliminary studies using the precession method showed the

unit cell to be monoclinic. The conditions limiting reflections

were: -
hki h+ Kk = 2n
hol | = 2n, (h=2n)
0kO (k = 2n)

and these established the space group as either CZ/C or Cc, with

the former found to be correct from the subsequent structure
determination.
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More reliable unit cell dimensions were obtained from a least -
squares treatment of the positions of twelve high order reflections,

measured on a four -circle diffractometer,

(thc . NMgBr) 5 3THF

M = 784,97
a - 17.819(2)A
b = 10.647(2)A
c = 22.081(2)A
p = 112.86°
zZ = 4

-3
Dc = 1,48g.cm

Absorption coefficient u for MoKa radiation = 23.01cm™ .
The crystal density was not measured owing to the limited

availability of crystals,

Data Collection

The intensity data were collected on a Hilger and Watts four -
circle diffractometer using MoKa , Zr - filtered radiation,

A26 - 8 scanning technique was employed consisting of eighty steps
of 0, OI°._ A counting time of two seconds per step was chosen
together with a background count of forty seconds measured at the
beginning and end of each scan. Three reflections were chosen as
standards and measured after every forty reflections, These
reflections were used to place the data on a common scale,

Two non - equivalent octants hkl and hk-1 of reciprocal space
were scanned to cover the requirements of the monoclinic system.,
A total of 3408 reflections were measured to a limit of 8 = 23° , and
of these, 2029 were classed as observed reflections, having net
counts greater than 2o,

The intensities were corrected for Lorentz and polarisation effects,

but no corrections were made for absorption.
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Solution and Refinement

The position of the magnesium and bromine atoms were obtained from
the Patterson function which for the space groups CZ/C and Cc

takes the form:-

P(u,v,w) =

iiﬁ{l'z(hkl)lzcos 2a({hu + Iw)
0 0o O
+ IF(Flkl)Izcos 2r{hu - Iw)}cos 2nk v

The function was calculated over one eighth of the unit cell from

<l

0 to 0, £ along each axial direction., The coefficients used were |Fo|2
weighted by (L_p)'_l for each reflection.
For the space group CZ/C, peaks due to double weight Br - Br
vectors would be expected on the Harker plane at the positions -2x, -
0, 0,5-2z, and on the Harker line at 0, 2y, 0,5,
There were two large peaks in the vector map at (0,066, 0,0, 0, 318)
and (0.0, 0,468, 0, 50) with peak heights of 183 and 168 with respect
to the origin peak of 500, These peaks were considered due to Br - Br
double weight vectors and are consistent with a bromine atom at( -0, 033,
0. 234, 0.091). The corresponding single weight Br - Br vector was
found at (0,433, 0,031, 0.181) with a peak height of 92,
Two further peaks were found at (0,033, 0.0, 0,151) and (0.0, 0,156,
0. 50) with peak heights of 44 and 45. These peaks were considered
due to Mg - Mg double weight vectors and are consistent with a
magnesiur-n atom at (-0.16, 0,078, 0.181), A single weight Mg-Mg
vector was found at the appropriate position of (0, 466, 0. 343, 0, 363)
and of peak height 13.
Four further peaks were found at, or close to the positions
calculated for the Br - Mg vectors, namely, (0.017, 0.156, 0, 09),
(0. 451, 0,188, 0,272), (0,049, 0.156, 0,228), and (0. 483, 0.188, 0, 410),
and with peak heights of 63, 57, 55 and 56. It was therefore possible
to interpret the Patterson function in terms of the space group CZ/C.
The positions of the bromine and magnesium atoms were refined
using least - squares methods with the block - diagonal approximation.
Initially, both atoms were given isotropic temperature factors, and
after two cycles of refinement the R - value was 0,45, The set of
structure factors based on the positions of the heavy atoms were then
used to compute an electron density map. From this it was possible
to identify twenty two additional peaks of heights varying from 2.9 to
7. 5e 2\_3, against a background of the order 0, 3 to 0, 5e ;&_3.
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The close proximity of the two magnesium atoms related by the
2 - fold axis, suggested that the molecule was dimeric., On this
assumption, ninteen of the peaks were assigned to the atoms of a
bridging diphenylmethyleneamino group and a tetrahydrofuran
molecule terminally attached to the n'iagnesium atom. An electron
density difference map computed on the basis of all located atoms
showed the positions of the three remaining peaks more clearly.
One peak was found to lie on a 2 - fold axis, the operation of which
would generate a further two peaks. The five peaks were attributed
to an additional tetrahydrofuran molecule with the oxygen atom
situated on the 2 - fold axis, and bridging the magnesium atoms. All

twenty four atoms were included in the subsequent refinement and

allotted anisotropic temperature factors. This produced a considerable

reduction in R - value to 0,072,

Hydrogen atom positions were calculated for the two phenyl rings
and for the bridging THF molecule, using C-H distances of 1.07 and
1, 09'& respectively., In the final refinement using full —-matrix least -
squares methods, the hydrogen atoms were included in the structure
factor calculations and given isotropic temperature factors of value
1. 25 times that of the attached carbon atom. No attempt was made to
refine the positional or thermal parameters of the hydrogen atoms. A
correction was also applied to allow for the anomolous scattering of
the bromine atom. The R~ value dropped to its final value of 0, 061,
and during the last cycle, all parameter shifts were less than 0,3 of
the corresponding e.s.d. A final electron density difference map
revealed no peaks of value greater than 0, 3e, ;&_3.

An empirical weighting scheme was used in the initial stages of
refinement, but was replaced in the final stages by one based on
counting statistics as described earlier.

The optimum value for P was 0, 06 as determined by an even

. . \ 2 ] .
distribution of w A~ as a function of IFol. The unobserved reflections

were not included in the refinement,

The weighting analysis is given in Table 3. 8 and the final atomic
and thermal parameters are given in Tables 3,1, and 3. 2,

Atomic scattering factors and the anomolous contribution for the
bromine atom, were taken from International Tables, Vol,lll,

Structure factors are listed in Table 3. 9.
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Description And Discussion of The Structure

The molecule is dimeric (Figure 3a), and is situated around a
crystallographic 2 - fold axis, so that it possesses molecular 2~ fold
symmetry, The magnesium atoms are bridged by diphenylmethyleneamino
groups and also by a tetrahydrofuran molecule, situated on the 2 -fold
axis, Each magnesium atom is also co-ordinated to a terminal
tetrahydrofuran molecule and a bromine atom, so completing its 5 -fold
co-ordination,

The two diphenylmethyleneamino groups are folded away from the
bridging THF molecule, causing a slight folding of the 4 membered
(Mg-N)2 ring along the Mg - Mg direction (dihedral angle IE4°). The
relatively small cross ring Mg ... Mg distance of 2, 886(2)A is a common
feature of molecules involving small bridging atoms such as carbon,
nitrogen and oxygen, and can be compared with observed Mg ... Mg
distances in other molecules, namely 2, 93A in (MezN(CHz)2 N Me Mg Me)
(Magnuson and Stucky, 1969) and 2, 85;& in (ButOMg Br OEtz)z
and Shearer, 1968), Similar values of 2, 67/& and 2, 72A have been

(Moseley

observed in the polymeric molecuies, (E—:tzMg)n and (MezMg)n (Weiss,
1964 - 65). The smaller values quoted involve electron - deficient alkyl
bridging structures, which by virtue of their inherent small bridging
angles, require small metal - metal separations, Where bridging
involves larger atoms such as chlorine or bromine, corresponding
larger metal - metal separations are observed namely, 3.73;& in
(EtMg, Cl, (THF) ), (Toney and Stucky, 1971) and 3. 20A in

Mg, Br‘GO(Et2 O)4 (Stucky and Rundle, 1964),

The metal - metal distance is a determining factor in the observed
ring angles of 87.2(2)° at nitrogen and 89, 0(2)° at magnesium (Table 3. 4).
When these angles are compared with the theoretical angle at nitrogen
of 120°, and 109, 5° at magnesium, the extent of distortion is apparent,
although similar angles at nitrogen and magnesium have been observed
in other structures, namely 91, 5° at magnesium and 88, 5° at nitrogen
in (MezN(CHz)2 N Me Mg Me)2 (Magnuson and Stucky, 1969),

The magnesium has been described as formally 5 - co-ordinate,
although the observed angles are not those expected for 5 -fold
geometry. The magnesium - bromine distance of 2, 472(2);& (Table 3, 3)
compares well with values of 2, 44(2)2\ in PhMgBr (EtZO)2 (Stucky and
Rundle, 1964), and Mg Br‘z(THF)q (Schroéder and Spandau, 1966),

2
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Figure 3a

Perspective View of the Molecule
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Figure 3b

Co-ordination Around Magnhesium

(th C:NMg Br‘)z . 3THF
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The magnesium - nitrogen distances of 2, 077(3):& and 2, 078(5) A
agree with other bridging Mg- N distances, namely, 2, 104;& in
(Me, N(CH,,), NMe MgMe),, (Magnuson and Stucky, 1969) and 2. 15A
in (EtMgBr NEt,), (Toney and Stucky, 1967). The terminally
co-ordinated magnesium - oxygen distance, Mg(1) - O(1) 2, 066(5)/0\,
agrees closely with other recorded Mg - O distances, 2, 04A in
(EtMngI3 (THF’)3)2 (Toney and Stucl:y, 1971), 2. 06A in Ph Mg Br (EtzO)2
(Stucky and Rundle, 1964), and 2. 06A in Me Mg Br (TOHF)3 (vallino, 1969),

The bridging Mg-0 distance Mg(1)-0(2) 2, 453(5)A is unusually
long, and intermediate in value between a terminally co-ordinated
Mg - O distance and the minimum separation of 3, 25;& expected for a
non - bonded Mg ~ O interaction (Bondi, 1964). It appears significant
that this bridging interaction, in addition to being unusually long, is
also virtually co-linear with the terminal Mg(1) - O(1) bond,

O(1) -Mgl1) -0O(2) 173.3° (Table 3.4), and may well be justification

for attributing this interaction to the secondary bond classification
(Alcock, 1972). A closer approach by this bridging THF molecule is
presumably prevented by steric blocking due to the diphenyimethyleneamino
groups.

The C = N bond distance of 1. 259(8);& lies within the range of values
normally found in co-ordinated methyleneamino groups where the
nitrogen atom is in an sp2 hybridisation state, namely, 1. 279(14);& in
(ButzC:N)ZBe]2 (Farmer, Shearer, Sowerby and Wade, 1976),
1.270{10)A in Li AI(N: C But2)4 (Wade, Shearer, Snaith and Sowerby,
1971), and 1.280(10), 1.273(11) and 1. 280(10)A in P(N: CPh2)3
(Shearer, 1976).

The two phenyl rings are planar within experimental error (Table 3,7),
and inclined at 93.6° to each other. The mean phenyi carbon - carbon
bond distances C(2) to C(7) and C(8) to C(13) are both 1, 3785«, in good
agreement with the mean phenyl C - C distances of 1, 386;& in
0-SnCl;-p-MeCg H, cl: NH)p—C6 H, Me O(Fitzsimmons, Othen, Shearer,
Wade and Whitehead, 1977), and 1.385A in (thc : NHZ)an Cig
(Othen, Shearer, Wade and Whitehead, 1978). The single bond
C(sz) —C(spz) distances C(1) - C(2) and C(1) - C(8) have a mean
of 1, 5052\, a value which is in good agreement with the mean of
1. 480A in 0-Sn Cl 3=p-Me CgHy Cl: NH)p-Cg H, Me (Fitzsimmons,

Othen, Shearer, Wade and Whitehead, 1977) and 1.491A found in
(PhZC:N)ZSn Cll, (Mahmoud and Wallwork, 1974).
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In the bridging THF molecule, the ring is nonplanar with carbon
atoms C(18) and Cc(181) 1ying 0. 12A above and below the mean plane of
the molecule. Numerous examples of co-ordinated non -planar THF
molecules appear in the literature, for example, Mg Brz. 4 THF
(Perucaud and Le Bihan, 1968), Me MgBr (THF)3 (vallino, 1969), and
(EtMQZCl:()(THF):’)2 (Toney and Stucky, 1971),

The ring distances range from 1, 448(9) to 1, 462(1 2)A with a mean
value of 1, 453;&, which is in close agreement with the mean values of
1.462A fOLind'in Li, Cr,Meg (THF)4 (Krausse, Marx and Schéde, 1970),
and 1, 490A in (Na (THF)Z) (Al Me, THF)2 (Brauer and Stucky, 1970).

The terminally co—ordinatgd THF molecule appears to be planar,
but the unusually short C(15) - C(16) distance of 1, 338(22);&, compared
with values of 1.448(9) to 1. 488(10)A for the remaining ring distances
suggests disordering of the molecule, High values of U” for atoms
Cc(15) and C(16) (Table 3. 2), this direction being approximately
perpendicular to the plane of the ring, provides further evidence for
ring disorder, Ring disorder is also a common feature of co-ordinated
THF molecules, and numerous examples have been observed, namely,
Me Mg Br (THF)3 (Vallino, 1969), (Na(THF),) (Al Me, THF), (Brauer
and Stucky, 1970), and (Et MQZCI3(THF)3)2 (Toney and Stucky, 1971)

Intramolecular Contacts

Selected intramolecular contacts less than 42\ are given in Table 3, 5.

Several non - bonding interactions occur between bromine and the
bridging and terminal THF molecules, namely, Br(1) ..., O(1) 3. 399/&,
Br(1) ... O(2) 3.403A, Br(1) ... C(14) 3.496A, Br(1) ... C(18) 3.761A,
and Br(1) ... c(180) 3.831A. The two angles at magnesium,

BR(1) - Mg(1) -O(1) 96.5°, and Br(1) - Mg(1) - O(2) 87.3°, are similar
and less than the theoretical Br(1) -Mg(1) - O(1) angle of 109. 5° which
would be expected in the absence of the bridging THF molecule, The
non - bonding interactions invoiving bromine are probably a consequence
of these smaller angles at magnesium,

Non - bonding interactions between nitrogen and the bridging THF
molecule, namely, N(1) ... O(2) 2.739A and N(1) ... C{18) 3. 162A, may
be reflected in the (Mg—N)z ring dihedral angle of 154°.

Several interactions between the phenyl rings, and in particular
c(7) ... c(8) 2, 889,&, are a consequence of the reduced angle
C(2)-C(1)-C(8) of 114,5°, compared with the theoretical angle of 120°,
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Intermolecular Contacts

Intermolecular contacts are listed in Table 3.6, and are all

greater than 3, 7:\.

The superscript II refers to the atom at (-x, y, 0.5-2),
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Figure 3c

Projection on the [O 1 0] Plane

(th C: NMg Br‘)z . 3THF
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Table 3.1 (Ph, C:NMg Br‘)z. 3THF

2

Final Atomic Co-ordinates And Their Estimated Standard Deviations

Atom x/a y/b z/c
Br(1) -0,0315( 1) 0.2285( 1) 0. 0889(1)
Mg(1) -0,0156( 1) 0, 0835( 2) 0.1807(1)
o(1) -0, 0401( 3) -0, 0798( 4) 0,1258(2)
0O(2) 0. 0(-) 0.2697( 5) 0. 25(-)

- N(1) 0.0873( 3) 0.0519( 4) 0. 2656(2)
c(1) 0.1604( 4) 0.0353( 5) 0.2733(3)
Cc(2) 0.2314( 3) 0.0339( 6) 0, 3386(3)
C(3) 0, 2256( 4) 0.0872( 7) 0. 3944(3)
C(4) 0.2911( 5) 0.0880( 7) 0. 4536(3)
c(5) 0. 3631( 5) 0.0327( 8) 0. 4601(4)
c(6) 0.3698( 4) -0.0207( 8) 0. 4069(4)
c(7) 0.3047( 4) -0, 0200( 7) 0. 3455(3)
c(8) 0,1831( 4) 0.0192( 7) 0. 2145(3)
c(9) 0.2146( 6) 0.1188(10) 0.1930(4)
c(10) 0.2328( 8) 0.1089(16) 0.1368(7)
c{11) : 0.2179(10) -0, 0047(23) 0. 1044(7)
c(12) 0.1877( 9) -0, 1065(17) 0.1261(7)
C(13) 0.1691( 6) -0.0927( 9) 0.1803(4)
C(14) -0, 0457( 7) -0.0943( 9) 0.0573(4)
C(15) -0, 0686(13) -0.2250(12) 0. 0432(6)
c(16) -0,0844(11) -0.2825(11) 0. 0908(7)
c(17) -0,0615( 8) -0.1967( 8) 0. 1485(5)
c(18) 0.0710( 4) 0. 3478( 7) 0.2623(4)
c(19) 0.0405( 6) 0.4765( 8) 0. 2496(7)
H(3) 0, 1693 0.1298 0. 3896
H(4) 0, 2860 0.1302 0. 4958
H(5) 0.4138 0. 3223 0. 5066

H(6) 0. 4262 -0, 0634 0.4119



Table 3.1 (cont, )

Atom

H(7)

H(9)

H(10)
H(11)
H(12)
H(13)
H(18)
H(19)
H(20)
H(21)

(Ph.C:

thk;Br)z. 3THF

x/a

0. 3098
0. 2255
0, 2573
0, 2308
0.1768
0. 1446
0, 1007
0.1139
0. 0801
0.0383

y/b

-0,0617
0. 2067
0.1862

-0,0155

-0, 1951

-0.1706
0, 3228
0. 3379
0.5385
0, 5080

z/c

0. 3031
0.2188
0.1195
0.0617
0.1004
0.1975
0.2292
0.3131
0. 2883
0.2022
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Table 3,2

(Ph, C:NMgBr),,3THF
2 2

Anisotropic Thermal Parameters (,&2) And Their Estimated Standard

Deviations (both x 104)

Atom

Br(1)
Mg(1)
o(1)
0(2)
N(1)
c(1)
Cc(2)
Cc(3)
C(4)
C(5)
c(e)
c(7)
c(s)
c(9)
c(10)
c(11)
c(12)
c(13)
C(14)
Cc(15)
C(16)
Cc(17)
c(18)
c(19)

Uiy

920( 6)
511( 12)
1021( 36)
551 (
486(
506(
502(
581(
724(
757(
661 (
608(
548( 38)
1289( 77)
1576{109)
1301(116)
1475(119)
1216( 73)
1930(101)
4480(276)
3801(222)
2227(118)
683( 48)
1100( 72)

31)
37)
37)
39)
49)
52)
47)
43)

37)

Uso

897( 6)
706( 15)
791( 35)
509( 37)
521( 32)
480( 36)
475( 38)
798( 49)
969( 58)
825( 54)
958( 61)
779( 49)
873( 52)
1323( 81)
2477(170)
3670(340)
2292(183)
1203( 74)
1058( 72)
1143( 93)
1224( 91)
707( 60)
603( 50)
720( 62)

u33

737( 6)
433( 11)
485(
1095(
503(
516(
548(
548(
487(
583(
918(
652(
494(
892( 60)
1320(103)

52)

37)

44)

771( 84) -
1186(112) -
782( 55) -
499( 44) -
1073( 88) -
1577(111) -
957( 66) —
1321( 69) -
2422(122) -

25) -

29) -
36) -

40) -
41) -

58) -
43) -
37) -

Uss

279( 4)
46( 10)
59( 23)
o( -)
24( 23)
33( 29)
18( 29)
64( 35)
65( 37)
16( 40)
9( 49)
53( 37)
5( 38)

137( 57)

637(112)

327(132)

717(109)

333( 53)

173( 45)

423( 73)

720( 84)
99( 48)

102( 46)

130( 74)

ul3

292( 4)
173( 9)
322( 25)
370( 36)
188( 24)
165( 30)
184( 30)
197( 33)
116( 37)
32( 38)
99( 44)
143( 36)
178( 31)
667( 59)
1046( 96)
397( 74)
503( 83)
405( 52)
550( 54)
1403(133)
1873(141)
866( 72)
405( 46)
826( 83)

ulz

175( 5)
43( 11)
86( 28)

o( -)
55( 25)
70( 31)
52( 30)
54( 35)

8( 44)
89( 44)

305( 45)

197( 39)

183( 38)
85( 65)

455(116)

938(166)

520(118)

189( 57)

286( 67)

834(124)

999(116)

357( 65)

142( 41)

108( 54)
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Table 3. 2 (cont. ) (thc:NMg Br)z. 3THF

Atom Ul 1 LJ22 U33
H(3) 718
H(4) 829
H(5) 975
H(6) 941
H(7) 814
H(9) 1239

H(10) 1750
H(11) 1753
H(12) 1600
H(13) 1168
H(18) 1009
H(19) 1009
H(20) 1441
H(21) 1441



Table 3.3

(Ph,C:NMgBr),. 3THF
2 2

Final Bond Distances (Io\) And Their Estimated Standard Deviations

(A x 103)

c(2)
cl(2)
C(3)
C(4)
C(5)
c(6)

of1)
o(1)
C(14)
c(15)

Mg(1)
Mg(1)
Mg(1)
Mg(1)
Mg(1)
N(1)
c(1)
c(1)

C(3)
c(7)
cl4)
c(5)
cle)
c(7)

Cc(14)
c(17)
Cc(15)
c(16)

Br(1)
N(1)
N(1T)
o(1)
0(2)
C(1)
Cc(2)
Cc(8)

. 397(9)
. 371(9)
. 369(12)
«349(11)
. 401(10)
. 379(10)

. 483(9)

. 448(10)
. 449(16)
. 338(22)

. 473(2)
. 084(5)
. 078(5)
. 058(5)
. 459(5)
.259(8)
. 502(8)
. 509(9)

- = = N NN MDD DD

c(s)
c(8)
Cc(9)
c(10)
c(11)
C(12)

o(2)

c(16)
c(18)
C(19)

C(9)

c(13)
c(10)
C(11)
C(12)
Cc(13)

c(18)
c(17)
c(19)
c(19 )

— b vmd b

.369(12)
. 402(19)
. 376(28)
. 375(27)
. 368(18)
.380(11)

. 448(9)
. 488(16)
.462(12)

449(16)
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Table 3,4 (thC:N Mg Br-)z. 3THF

Final Bond Angles And Their Estimated Standard Deviations

Mg(1) - N(1) - Mmg(1l) 87. 9(2)
N(1) - Mg(1) - N(1 D) 89. 0(2)
N(1) - Mg(t) - o(1) 107, 6(2)
N(1) - Mg(1) - o(2) 73.9(2)
Br(1) - Mg(1) - o(1) 96, 5(2)
Br(1) - Mgl1) - o(2) 87.3(1)
Br(1) - Mg(1) - N(1) 128, 3(2)
o(1) - Mg(1) - O(2) 173. 3(3)
Mg(1) - ©Of2) - Mg(1 0 ) 72.1(1)
N(1) - c(1) - c(2) 124, 9(5)
N(1) - c(1) - Cc(8) 120, 6(6)
C(2) - c(1) - C(8) 114.5(5)
c(1) - c{2y - Cc(3) 121, 2(5)
c(i) - c2) - c(7) 121, 3(6)
c(2) - «c(3) - C(4) 121, 0(6)
Cc(2) - C(7) - c(6) 120. 2(6)
Cc(3) - - C(2) - Cc(7) 117, 5(6)
c(3) - cC(4 - C(5) 120, 9(7)
cla) - c(5) - c(6) 119.1(7)
c(s5) - c(e) - c(7) 121, 2(7)
c(i) - c(8 - C(9) 119.6(7)
c(1y - c(s) - Cc(13) 121, 0(6)
c(8) - C(9) - c(10) 121.1(10)
c(s) - c(13) - c(12) 121.1(9)
c(o) - c(8) - C(13) 119, 3(7)
C(9) - c(109) - c(11) 117.3(14)
c(1o) - c(11) - c(12) 122, 4(17)
c(in) - c(12) - c(13) 118,6(15)



Tabte 3.4 (cont, )

Mg(1)
Mg(1)
o(1)

o(1)

C(14)
C(14)
C(15)

Mg(1)
O(2)

c(18)
c(18)

o(1)
o(1)
C(14)
c(17)
c(15)
o(1)
c(16)

Of(2)
c(18)
C(19)
O(2)

(thC:NMgBﬂz.3THF

C(14)
c(17)
Cc(15)
Cc(16)
c(16)
c(17)
c(17)

Cc(18)
Cc(19)
c(190)
c(isl)

126,
123,
. 7(9)
104,
113,
-9(6)
108,

102

109

117,
105,
107.
109.

9(5)
0(5)

7(9)
5(13)

6(13)

4(4)
6(7)
2(9)
9(6)

50



Table 3,5 (Ph C:NMgBr)z. 3THF

2

[+]
Selected Intramolecular Contacts (<4, 0A)

Br(1) ..... O(1) 3,399
Br(1) ..... O(2) 3. 403
Br{(1) ..... C(14) 3.496
Br(1) ..... C(18) 3,761
Br(1)..... c(18%) 3,831
Mg(1) ..... C(18) 3, 374
N(1) ..... O(2) 2,739
N(1) ..... C(18) 3,162
c(2) ..... C(13) 3.494
c(2) ..... C(9) 3.234
c(?7) v.... C(8) 2.889
c(?) vv... C(13) 3,586

The superscript Il refers to the atom at -x, y, 0.5 -z



Table 3.6 (thC:NMgBr‘)z. 3THF

o
Intermolecular Contacts ( < 4, 0A)

Atom A Atom B Equivalent A- B(_z\l
Br(1) C(15) 2 3,960
Br(1) C(4) 7 3.923
Br(1) Cc(s) 7 3.731
Br(1) C(e) 8 3,902
C(3) C(12) 8 3.711
C(4) c(12) 8 3,785
C(5) Cc(15) 7 3,720
c(5) c(16) 7 3,767
C(6) C(15) 7 3.872
c(7) c(9) 8 3.924
c(10) c(16) 5 3, 941
c(11) Cl14) 2 3,839

The intermolecular contacts refer to the position of atom A in the
original co-ordinates list, and atom B as obtained from this, using

the symmetry operations given,

Equivalent Position
1 X, Yy, Z
2 X, =y, =2
3 X, -y, z-0.5
4 -x, y, 0,5-z
5 0.5+x, 0,5+y, z
6 -0,5-x%x,-0,5-y, -z
7 0.5+x, 0.5-y, 0.,5+z
8 -0,5-x, y-0,5,-0,5-2



Table 3.7

Mean Planes

(PhZC:NMgBr‘)z. 3THF

Plane 1

Atom Cc(2)

P 0,001

Plane 2

Atom C(8)

P -0,002

Piane 3

Atom O(1)

P -0,008

Plane 4

Atom 0O(2)

P

0. 00

7.7024X + 9,3012Y - 8,2540Z = -0,6937
c(3) c(4) c(5) c(6) c(7) c()*
-0.012 0,010 0.003 -0.015 0,012 0,0007 -0, 340

13.5941 X - 3,2283Y + 5.0669Z = 3,5128

c(9) c(10) c(11) c(12) c(13) c(1)*
0.006 -0,003 -0,005 0,009 -0,006 -0,067
15.7624X - 3,1834Y - 0.3049Z = -0,4094
c(14) cl(15) c(16) c(17) Mg(1)¥*
-0.018 0,041 -0,045 0,029 -0.157
-2.5610X - 0.0Y + 21.3392Z = 5,3348
c(18) c(19) c(188) c(19X) Mg(1)*

0.074 -0,124 -0.074

Angles Between Planes

Plane 1

Plane 2

93,6°

0.124

-1.438

Superscript I refers to the equivalent position (-x, y, 0, 5-2)

X, Y, Z refer to fractional co-ordinates along the unit cell edges, and

]
P refers to the distance of an atom in A, from the mean plane,

Atoms marked ¥ are not included in the mean plane calculations,

N(1)*

N(1)*

-1,15

53



Table 3,8

Analysis of Variance

C:NMgBr)z. 3THF

IFol Ranges

15
20
25
40
80

15
20
25
40
40
300

178
371
314
503
441
218

Zw AZZN

3.35
3.90
2.53
3. 23
2,94
4,00

0.233
0.184
0. 089
0. 055
0.037
0. 041

54



Table 3.9

(thc: N Mg Br‘)z . 3THF

Final Values of The Observed and Calculated Structure Factors
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CHAPTER FOUR

THE CRYSTAL STRUCTURE
OF

o—SnCl3—p—CH3C6H3C(:NH)p—C6H40H3



Introduction

The preparation and crystal structure described and discussed
in the following section relates to a new ortho - metallation reaction
involving tin.,

Ortho - metallated reactions are well known in transition metal
chemistry, The extent of such systems has been reviewed (Parshall,
1970) and is perhaps typified by the metallation of azobenzene to give

products of the type

§ 0
o-M C6H4N = N(Ph)

where M can include Mn(CO)a, Re (CO),, Fe(CO)(n - CgH;), Ru(CO)
(7 -CgH) and Ni{ 7 -CgH,) (Bruce, lgbal and Stone, 1970).
Metallation reaction involving main group metals are less common

and normally apply to the lighter elements, as in the lithium complex

v !
© - LiCgH, C(CH,), CH,N(CH,),

(Vaux, Jones and Hauser, 1965) and in the beryllium complex

' t R t
o - Be(Bu)CgH,CH =N(Bu)

4
(Anderson and Coates, 1974),

An ortho - metaliation reaction involving tin has previously been
reported (van Koten, Noltes and Speck, 1976) but this involves a
different preparative route,

In the new tin compound, ortho -metallation was inferred from its
spectroscopic data, and in view of the rarity of such reactions
involving tin, a crystailographic study was carried out in order to

confirm the structure,

Preparation

The compound was obtained by the reaction of equimolecular quantities

of di-p-tolylmethyleneaminolithium and tin tetrachloride in an ether -
hexane solvent, The mixture was warmed to room temperature and
stirred overnight, after which, all solvent was removed under vacuum,
The resulting solid was redissolved in dry toluene and the solution
filtered to remove lithium chloride formed in the reaction,

Evidence for ortho - metallation was obtained from spectroscopic
analysis of the toluene recrystallised product. Peaks in the infrared
spectrum attributable to co-ordinated ether had disappeared, and a
strong absorption had developed in the N-H stretching regidn
(3275 -3335 cm_l). Changes in the C = C, C = N and Sn-CI stretching

regions were also observed,
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The lH n.m.r,. spectra also indicated the presence of a hydrogen
atom attached to nitrogen, whilst an indication of the £ - co-ordinate
state of the tin atom was obtained from Mossbauer spectroscopy,

The overall reaction can probably be expressed by the scheme

LiN=Clp-tolyl), + Snci, 20 sp, CI3[N=C(p—toly|)2] (EtzO)nH_i ci

Sncl, [N = C(p—tolyl)z] (EtZO)n

dissociation

Y

(p-tolyl)ZC = NSnhCil, + nEtZO

3

rearrangement

The preparation and spectroscopic characterisation of the compound
was undertaken by Othen and Wade, 1977, whilst supporting M8ssbauer

data was provided by Fitzsimmons, 1977,

Crystal Data

The compound crystallised in the form of colourless air sensitive
plates, showing prominent {l 12} faces., The crystal selected had
dimensions 0.40 x 0, 28 x 0, 10 mm, and was sealed in a quartz
capillary tube for the purpose of data collection,

Preliminary studies using the Weissenberg and precession methods
showed the unit cell to be monoclinic. The conditions limiting

reflections were:-

hol I = 2n
OkO k = 2n

and these uniquely defined the space group as PZI/C_ More reliable
unit cell dimensions were obtained from a least - squares treatment
of the positions of twelve high order reflections, measured on a four -

circlie diffractometer,
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o—SnCI3—p-—CH3C6H30(:NH)p—C6H4CH3
M =  433,2
a = 9.299(2)A
b = 14,553(2)A
c = 12,982(2)A
B = 107.74(2)
Z = &4
Dc = 1.707g. cm™3

Absorption coefficient for MoK radiation (A= 0, 710692\) = 18,42cm

The crystal density was not measured owing to the limited

availability of crystals,

Data Collection

The intensity data were collected on a four - circle diffractometer

as before, using a 6 - 28 scan technique, Each reflection was scanned

in eighty steps of 0. 01° with a counting time of three seconds per step,
and a background count of sixty seconds at the beginning and end of
each scan. Three standard reflections were measured every forty
reflections, and these showed only random variations during the data
measurement, indicating that the crystal was stable throughout the
experiment. These standard reflections were used to place the data
on a common scale,

Two non - equivalent octants of reciprocal space were scanned up
to a limit of 8 = 23°, to give a total of 2807 unique reflections of which
1802 were classed as observed, having net counts greater than 2, 50.

The data were corrected for Lorentz and polarisation effects, and

also for absorption.

Solution And Refinement

The structure was solved with the help of the Patterson function

which for the space group F’Z;/c takes the form

4° o © 2
Plu,v,w) = VZZZ{IF“""'” cos 2n{hu + I w)
0O 0O
+|F(F1k|)|zcos 27a(hu - | w) } cos 2nk v

The function was computed over one - quarter of the unit cell,

and was sharpened by using as coefficients, the products |Fo 1.1 El.

1
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In the Patterson function, peaks due to double weight Sn - Sn
vectors would be expected on the Harker plane at positions 2x,
-0.5, 2z - 0,5 and on the Harker line at 0.0, 0.5 - 2y, 0,5,

In the vector map, two large peaks were observed at (0,0, 0.1720,
0.5) and (0. 4301, 0.5, 0, 2408) with peak heights of 451 and 410 with
respect to the origin peak of 999, These peaks were taken as being
due to Sn - Sn double weight vectors and are consistent with a tin
atom at (0. 215, 0.164, 0.371). The corresponding single weight
Sn - Sn vector was indicated by a peak of height 218 at (0. 430, 0. 327,
0. 471).

Three peaks were observed in general positions at (0. 450, 0, 341,
0.561), (0.181, 0.379, 0,688) and (0.151, 0,122, 0.065) and with
peak heights of 103, 73 and 85, These peaks were considered to be
due to Sn - Cl vectors and enabled the three chlorine atom positions
to be calculated as (0,235, 0.177, 0.190), (-0,034, 0,215, 0.317)
and (0. 366, 0.286, 0.436), These positions were confirmed by the
appearance of peaks at the position expected for the remaining Sn - Cl
vectors,

The positions and temperature factors of the tin and three chlorine
atoms were refined using full matrix least - squares methods.

Initially, all atoms were given isotropic temperature factors of
0, 05;8\“: and after one cycle of refinement, the R -value was 0, 28,

The set of structure factors was used to compute an electron density
difference map, which revealed sixteen additional peaks of heights
varying from 10,7 to 5, 6e. &_3. The next highest peak had a height
of 2. 8e. 2\_3. These sixteen peaks were assigned to the remaining
non - hydrogen atoms of the molecule on the basis of the metallated
structure,

The tin and chlorine atoms were then given anisotropic temperature
factors, and after two cycles of refinement, the R - value was reduced
to 0.07. Two further refinement cycles in which the remaining atoms
were given anisotropic temperature factors, further reduced the
R - value to 0, 043.

An electron density difference map based upon all twenty located
atoms, revealed further peaks with heights of up to 0, 5e, ;&-3.
Several of these peaks occurred in the vicinity of the tin and chlorine
atoms and were interpretted as diffraction ripples. The next fourteen
peaks occurred in regions where hydrogen atoms were expected, and

these were interpretted as being due to their presence,
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A single peak was observed close to the nitrogen atom, at a position
where a hydrogen atom would be expected in view of the metallation,
The methy! hydrogen atoms could not be positioned accurately, since
the peaks attributable to these atoms were rather elongated,

In the final stages of refinement, all of the hydrogen atoms were
placed at calculated positions. For the methyl hydrogen atoms, this
was achieved by positioning one hydrogen atom in a trans configuration
with respect to an adjacent carbon - carbon bond, and orienting the
others with respect to this atom, During refinement, the positional
parameters of the phenyl hydrogen atoms were not allowed to vary,
but their isotropic temperature factors were allowed to refine to a
common value, '

The methy! hydrogen atoms were allowed to refine by treating the
methyl group as a rigid body and the group as a whole was allowed to
rotate about axes parallel to the unit cell edges. The methy! carbon
atom was allowed to refine normally, but the carbon - hydrogen
distances and angles were maintained at 1, 055,& and 109, 5° respectively,
A second isotropic temperature factor was refined for the methyl
hydrogén atoms, After two cycles of refinement, all parameter shifts
were less than 0, 3 of the corresponding e. s, d., and the R-value.
dropped to its final value of 0,033 (Rw = 0,036), A final electron
density difference map revealed no electron density greater than
0.3e, A2,

A unit weighting scheme was used in the early stages of refinement,
but was replaced for subsequent refinement by the scheme

1
(62(F) + g. F?)

where azF is the variance of F and g is a factor included for the

W =

purpose of decreasing the weight of strong reflections. The final
value of g was 0, 001408,
The weight analysis is given in Table 4, 8 and the final atomic
parameters and thermal parameters are given in Tables 4.1 and 4. 2,
The scattering factors used in this refinement were taken from:-
Acta Cryst,, A24 (1968) 321
Acta Cryst,, A24 (1968) 390
The compiex components of the scattering factors were obtained
from:~
J. Chem Phys,, 53 (1970) 1891

Structure factors are listed in Table 4,9,
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Description And Discussion of The Structure

The crystal structure consists of monomeric molecular units of
0-SnCl,-p-CH, CgH, C(:NH)-p-Cg H, CH,, which are illustrated
in Figure 4a, and confirm that ortho - metallation had occurred,

The molecule shows a distorted trigonal bipyramidal arrangement
about the tin atom, with the three chiorine atoms occupying two of
the equatorial sites and one axial site, whilst the metallated ring
carbon atom and the methyleneamine nitrogen atom span the remaining
equatorial and axial sites. This intramolecular co-ordination results
in @a 5 -membered tin metallocycle which is almost pianar and inclined
at 6. 5° to the mean plane of the adjacent phenyl ring with which it
shéres a common edge (Table 4,.5). This metallated ring shows a
deviation from planarity of up to 0, 032/&, compared with the non -
metallated ring which is planar, within experimental error,

The occupation of an equatorial site by the metallated aryl group
and an axial site by the nitrogen atom is in accordance with the well
documented preference of the more electronegative ligands for the
axial positions in a trigonal bipyramidal arrangement (Meuttertries
and Schunn, 1966) and typified in the (C H3)3Sn Cl. pyridine complex
(Hulme, 1963).

Four of the metallocycle angles lie in the range 114 — 117°(Table 4, 4)
and are less than the ideal 120°, The angle at tin N(1) - Sn{1) - C(14)
for a value of 76.5° compared with the value of 90° for a regular
trigonal bipyramid, and the value of 60° for a planar 5 -membered ring
with the remaining angles being 120°, Hence the tin atom lies 0. 21»&
out of the plane defined by the equatorial atoms, on the same side as
the axial chlorine atom Ci(1),

The smaller ring angle at tin leads to Cl(1) being displaced towards
the metallated phenyl carbon atoms, thereby resulting in a departure
of the N(1) =Sn(1) - CI(1) angle, 173.1°, from linearity.

Similar deviations have been observed in the related ortho-metalliated
benzylamine derivative o-(SnBr th) CgH, CH,N(C H3)2 (van Koten,
Noltes and Speck, 1976) in which the axial bond angle is 171.0° and the
ring angle at tin is 75, 3°, and also in the metallated benzylideneaniline-
manganese derivative o -Mn (C O)4C6 H,CH:NPh (Little and Doedens,
1973) with a ring angle at manganese of 79. 4°, In the manganese
derivative, the metallocycle is inclined at 3° to the metallated ring
compared with 6.5° in the present compound. A similar comparison with
the benzylamine derivative cannot be made since the tin metallocycle is

markedly non -planar,
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Figure 4a

Perspective View of the Molecule

o-SnCI3—p—MeC6H3C(:NH)p—C6H

4

Me
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The two equatorial Sn- Cl bond distances (Table 4, 3) of 2. 315(2);&
and 2, 318(2).& are the same within experimental error and agree with
the equatorial Sn- Cl| distance of 2, 321(1)/& in the trigonal bipyramidal
anion (CH,3), SnCl; (Einstein and Penfold, 1968).

The axial Sn - CI distance of 2, 416(2)A is longer than the equatorial
distances, an effect frequently observed in trigonal bipyramidal
compounds, and corresponds to the axial Sn - Cl distance of 2. 42(4)'3«
in (CH ) SnCl. pyridine (Hulme, 1963)

The C N bond distance of 1, 280(7)A is very similar to the C=N
distance of 1, 285(IO)A in the manganese derivative and close to the
C=N distance of 1, 259(9)2\ in the non - metallated methyleneamino
derivative, (F’h C: NMgBr) . 3THF (Chapter 3).

The metal —carbon bond, Sn(l)-C(la) of Iength 2. IIG(S)A does not
differ significantly from the distance of 2, 150(12)A observed in the
benzylamine derivative and compares with distances of 2, 11 1(5)2\ and
2. 06(1),2\ in the 4 - co-ordinate compounds, F’h2 Sn Cl, (Greene and
Byran, 1971) and Me SnF (Schlemper and Hamllton 1966).

The Sn{1) - N(1) bond dlstance of 2, 260(5)A is much shorter than the
distance of 2,511(1 Z)A in the benzylamine complex where sp3 hybridised
nitrogen is involved, and is also shorter than in the 6 - co-ordinate
compound (C H3)zSn (C NO)z, where the nitrogen is sp2 hybridised
with distances of 2, 31(1)A and 2, 38(1)A (Schiemper, 1967). In the
former case, the authors Koten, Noltes and Speck, considered an Sn-N
distance of 2. 511A to be unusually long.

The C(spz) -C(spz) bond, C(9) - C(14), which forms part of the
metallocycle, is of length 1, 391(8)»& and like all the phenyl carbon -
carbon bond distances is consistent with the accepted value of 1. 395;&
for phenyl C - C bond distances. The single bond C(spz) - C(spz)
distances, C(1)-C(2) 1. 474(8)2\ and C(1)-C(9) 1. 487(8)A can be compared
with the values C(1) - C(8) 1.509(8)A and C(1) - C(2) 1. 502A found in
(Ph C:NMg Br‘) 3 THF., The C(sp3) —C(spz) bonds C(5) - C(8) and
C(IZ) C(15) have a mean length of 1. 526A
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Intramolecular Contacts

A list of selected intramolecular contacts less than 4, 0/& is given
in Table 4,6,

Several of these contacts, such as CI(1) -Ci(2) refer to distances
between atoms bonded to a common atom, and short separations for
such atoms would be expected.

Those contacts which involve the tin and nitrogen atoms, Sn(1) - C(1)
3.020A, Sn(1) - C(9) 2.977A, and N(1) - C(9) 2. 362A are a measure
of the molecular distortion which results from ortho - metallation,

The C(7) - C(10) contact of 3. 132A reflects the angle of 49, 40°

between the mean planes of the two phenyl groups.

Intermolecular Contacts

1+]
A list of intermolecular contacts less than 4, OA is given in Table 4, 7.

Only one N ... CI contact is less than the van der Waals distance of

o
3.50A (Bondi, 1964), and this involves the axial chiorine atom CI(1)
at equivalent position (x, 0.5-y, 0.5+2z) witha N ,.. Cl distance of
3.362A,

This particular contact is significant in that it involves the nitrogen
co-ordinated hydrogen atom H(1). The N(1) ... CI{1) distance is
within the accepted N-H ... Cl| hydrogen bonding distance of 2. 88 - 3, 38;&
(Pimental and McClellan, 1960) and the N(1) -H(1) -CI(1) angle is
144° 39!,

Two contacts were found involving carbon and chlorine atoms,
C(1) - CI(3) 3. 469A with CI(3) at equivalent position (-x, -y, -z) and
C(15) - CI(2) 3. 464A with CI(2) at equivalent position (-x, y-0.5, -z -0. 5).
In both cases however, the H,.. Cl| distances were greater than 2, 92\,
and this was thought to preclude any significant degree of hydrogen
bonding.

The crystal structure can thus be described in terms of chains of
discrete molecular units linked through N-H ,.. Cl| hydrogen bonding.
(Figure 4b).
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Figure 4b

Projection on the [I 0] O]PIane 0 to 0.5 Along a

o-SnC|3—p-MeCGH3C(:NH)p—CGH

4

Me
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Figure 4c

Projection on the [1 0 0] Plane

o-SnCl —p—MeC6H3C(:NH)p-C6H

3

0.5 to 1 Along a

4Me
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Table 4,1

Final Atomic Co-ordinates And Their Estimated Standard Deviations

o-SnCli

3

C.H

-P-CH;3Cq

3C(:NH)p—C

6H4CH3

Atom

Sn(1)
Ci(1)
Cli(2)
Ci(3)
N(1)
c(1)
Cc(2)
C(3)
C(4)
C(5)
C(6)
c(7)
c(s)
C(9)
c(10)
c(11)
C(12)
Cc(13)
Cc(14)
C(15)
H(1)
H(2)
H(4)
H(6)
H(7)
H(10)
H(11)
H(13)

x/a

0. 21605(3)
0. 2435(3)
-0, 0308(2)
0.3711(2)
0.1934(7)
0. 2228(7)
0.2226(7)
0. 1048(7)
0. 1045(8)
0. 2207(9)
0.3371(8)
0. 3385(8)
0.2167(13)
0. 2585(7)
0. 2715(8)
0. 3077(8)
0. 3353(7)
0.3137(7)
0. 2743(7)
0. 3898(9)
0.1610
0.0174
0.0116
0.4273
0.4317
0.2514
0.3162
0. 3284

y/b

0. 16432(3)
0.1723(1)
0.2164(2)
0. 2894(1)
0. 1382(4)
0. 0556(4)
0, 0267(4)
0. 0565(4)
0.0301(5)
-0, 0208(5)
-0, 0493(5)
-0, 0253(5)
-0, 0493(7)
-0.0110(4)
-0, 1055(4)
-0. 1614(4)
-0.1272(5)
-0.0342(4)
0. 0240(4)
-0. 1894(5)
0. 1896
0. 0989
0. 0490
-0, 0900
-0, 0458
-0.1333
-0.2333
-0, 0065

z/c

0. 37098(3)
0.1920(2)
0. 3157(2)
0.4371(2)
0. 5369(4)
0. 5705(5)
0. 6794(5)
0.7193(5)
0. 8217(5)
0. 8872(5)
0, 8495(5)
0. 7468(5)
0.9988(6)
0. 4949(5)
0.5130(5)
0. 4397(5)
0. 3484(5)
0. 3261(5)
0. 3992(5)
0.2727(6)
0, 5828
0. 6706
0. 8499
0.9006
0,7217
0. 5835
0.4537
0.2539
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Table 4,1 (cont, )

Atom

H(81)
H(82)
H(83)
H(151)
H(152)
H(153)

* Hydrogen atom e, s.d. !'s are calculated on the basis of the rigid

o—SnCI3—p—CH3C6H30( : NH)p—CGH4CH3
x/a y/b z/c
0. 1808(13) 0. 0045(7) 1.0390(6) *
0.1383(13) -0.1034(7) 0.9852(6) *
0. 3228(13) -0, 0729(7) 1.0466(6) *
0.3311( 9) -0, 1804(5) 0.1904(6) *
0. 5060( 9) -0. 1815(5) 0.2852(6) *
0. 3685( 9) -0. 2556(5) 0.2970(6) *

group refinement,
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Table 4, 2

o-5n Cla—p-CH3C6H3C(:NH)p-C

H,CH

4 3

Anisotropic Thermal Parameters (.&?j And Their Estimated Standard

Deviations (both x 10

4

Atom

Sn(1)
Ci(1)
Ci(2)
Ci(3)
N(1)
c(1)
c(2)
c(3)
C(4)
c(5)
c(6)
c(7)
c(s)
C(9)
c(10)
c(11)
c(12)
C(13)
c(14)
C(15)
H(1)
H(3)
H(4)
H(6)
H(7)
H(10)
H(11)
H(13)

U”

548( 3)
1612(23)
521(12)
661(12)
748(42)
434(38)
499(40)
525(41)
638(49)
692(48)
596(46)
468(40)
1321(85)
460(35)
612(45)
549(41)
411(37)
432(38)
455(37)
667(51)
789(82)
789(82)
789(82)
789(82)
789(82)
789(82)
789(82)
789(82)

Y

367( 2)
593(12)
774(14)
492(10)
402(31)
406(34)
375(34)
436(35)
611(44)
535(42)
532(40)
599(45)
950(66)
373(32)
370(34)
385(33)
481(35)
471(36)
372(33)
594(47)

L‘133

427( 2)
580(11)
1086(17)
749(12)
479(31)
448(35)
389(33)
404(34)
463(38)
358(36)
418(37)
482(38)
473(46)
397(32)
461(35)
578(39)
494(37)
446(35)
391(32)
660(47)

Uss

73( 2)
142(10)
253(12)

33( 9)

34(24)

16(29)

15(26)

27(29)

37(33)

25(30)

42(31)

76(32)

48(46)

13(27)

61(29)

25(33)

78(30)

1(29)

28(25)

137(37)

u13

171( 2)
551(14)
150(11)

89(10)
248(30)
174(30)
131(30)
111(30)
265(36)
245(36)
120(34)
169(32)
368(51)
143(29)
193(33)
162(32)
181(31)
218(30)
185(28)
263(40)

P

10( 3)
1(14)
42(11)
98( 9)
57(28)
6(29)
30(30)
66(32)
5(37)
110(38)
6(36)
11(33)
32(62)
2(29)
56(31)
52(36)
11(31)
67(30)
31(28)
9(38)
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Table 4, 2 {cont, ) o-SnCil_ -p-CH Hsc(:NH)p—C

36

3 6

H, CH

4

3

Atom U Usa Ugs Uss U3

H(81) 1171(127)
H(82) 1171(127)
H(83) 1171(127)
H(151) 1171(127)
H(152) 1171(127)
H(153) 1171(127)

Isotropic temperature factors are quoted for hydrogen atoms,

12
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H, CH

6 4 3

Table 4, 3 o—SnCIS'—p—CH306H3C(:NH)p—C

[+]
Final Bond Distances (A) And Their Estimated Standard Deviations

(,&x 103)

Sn(1) - Cif1) 2,416(2)
Sn(1) - Ci(2) 2, 315(2)
Sn(1) - CI(3) 2, 318(2)
Sn(1) - N(1) 2, 260(5)
Sn(1) -  cl14) 2. 116(5)
N(1) - c(1) 1,280(7)
c(1) -  Cl(2) 1. 474(8)
c(1) - C(9) 1,487(8)
c(2) - C(3) 1.414(8)
c(2) - c(?) 1.388(8)
C(3) - Cl4) 1.385(8)
C(4) -  C(5) 1.371(9)
C(5) - C(s) 1, 381(8)
C(5) - C(8) 1.519(8)
C(6) - C(7) 1.382(8)
Cc(9) - c(10) 1,394(7)
C(9) - C(14) 1.391(8)
c(10) - c(11) 1.371(8)
cl(11) - c(12) 1, 379(8)
c(12) -  C(13) 1,387(8)
c(12) - c(15) 1.532(8)
c(13) - C(14) 1.401(7)



Table 4, 4

o~-SnCl_-p-CH

3

36

H,C(:NH)p-C

3

6

HacH

3

Final Bond Angles And Their Estimated Standard Deviations

ci(n) -
ci(1) -
ci(2) -
N(1) -
N(1) -
N(1) -
N(1) -
ci(1) -
ci{z2) -
ci(3) -
sni{1) -
N(1) -
N(1) -
c(2) -
c(1) -
c(1) -
c(3) -

Cc(2) - .

c(3) -
c(4) -
c(4) -
c(6) -
c(s) -
Cc(2) -
c(1) -
cti) -
c(io) -
C(9) -
c(10) -
c(11) -
c(11) -
c(13) -
c(i12) -
c(o) -
Sn(1) -
Sn(1) -

Sn(1)
Sn(1)
Sn(1)
Sn(1)
Sn(1)
Sn(1)
Sn(1)
Sn(1)
Sn(1)
Snl1)
N(1)
c(1)
c(1)
cl1)
c(2)
Cc(2)
C(2)
c(3)
C(4)
Cc(s)
C(5)
C(5)
Cc(6)
Cc(7)
c(9)
C(9)
c(9)
c(10)
c(11)
c(12)
c(12)
c(12)
c(13)
c(14)
Cc(14)
c(14)

Ci(2)
CI(3)
CI(3)
Ci(1)
Ci(2)
Ci(3)
C(14)
C(14)
Cc(14)
C(14)
c(1)
Cc(2)
c(9)
C(9)
C(3)
c(7)
c(7)
Cl(4)
C(5)
C(6)
c(8)
c(8)
C(7)
C(6)
c(10)
C(14)
Cc(14)
c(11)
C(12)
Cc(13)
C(15)
C(15)
c(14)
Cc(13)
c(19)
c(13)

94
94

107,
173.
88.

90

76.
96,
123,
126,

114

122,
117,

120

119,
122,
118,
119,
120,
119.

119
120

120,
120,
123,
117.
119,
119,
122,
118,
121,
119,
119,
120,
114,
124,

L1(1)
.7(1)
7(1)
1(1)
8(1)
< 4(1)
5(2)
7(1)
2(2)
6(2)
. 2(4)
1(5)
0(5)
. 9(5)
4(5)
1(5)
4(5)
2(5)
9(6)
8(5)
. 7(6)
. 4(6)
4(6)
8(6)
8(5)
2(5)
2(5)
7(5)
1(5)
7(5)
5(5)
8(5)
5(5)
3(5)
6(4)
9(4)
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Table 4,5

Mean Planes

o-5SnCl

3

-p-CH H C(:NH)p—CGH CH

306 3 4 3

Piane 1

Atom C(2)

P -0,008

Plane 2

Atom C(9)

P 0,031

Plane 3

Atom Sn(1)

P -0.016

Plane 4

Atom CI(2)

P 0,000

Plane 5

Atom Sn(1)

P 0,029

3,8543 X + 12,1324Y + 2,8723Z = 3,1414

C(3)

0,014 -

c(4) c(5) c(6) c(7) c(O)* c(e)*

0,013 0,005 0. 004 0,001 0,031 -0,036

8,0244X + 2,0220Y + 2,5914Z = 3,3040

c(10)

c(11) c(12) c(13) c@1a) c)* sn(1)*

-0,009 -0,022 0,032 -0,011 -0,021 0,075 -0,277

B,1541 X + 3.3609Y + 1,7415Z = 2.9757

N(1)

0. 001

c(1) Cc(9) C(14) c(2)* c(10)*

0.021 -0,043 0. 036 0.112 -0,223

-3.8127X - 0,4531Y + 12,8928Z = 4,0901

Ci(3)

0. 000

c(14) sn(1)*

0,000 -0, 205

8,3367X 4+ 3,1374Y + 1,23592 = 2,7465

N(1)

-0,037 -

c(1) c(2) C(9) C(14)*

0.009 0,032 -0.014 0.108

where X, VY, Z refer to fractional co-ordinates along the unit cell axes,

[+]
and P represents the distance in A of an atom from the mean plane,

Atoms marked ¥ are not included in the mean plane calculation,

Angles Between Planes

Plane 1
Plane 2

Plane 1
Plane 3

Plane 2
Plane 3

Plane 3
Plane 4

49, 40°
6, 48°

44, 78°
89, 01°
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H, CH

Table 4,6 o-5SnCl, -p-CH 64 3

3 3CgH3C(:NH)Ip-C

- [+
Selected Intramolecular Contacts (<4, 0A)

Sn(1) veuee Cc(1) 3.020
sn(1) voens c(9) 2,977
sn(1) ..ve c(13) 3.136
ci(1) ..... Cl{2) 3, 464
Ci{1) eeuen CI{3) 3.484
CH1) ... C(13) 3,434
ci(1) e..n C(14) 3,392
Ci(2) veunn N(1) 3.200
Ci2) eunss C(14) 3,898
Ci3) o N(1) 3,248
CH3) vevnn C(14) 3,963
N(1) ... Cc(2) 2,413
N(1) ... C(3) 2.981
N(1) ..... c(7) 3,559
N(1) ..... Cc(9) 2.362
N(1) ..... c(10) 3,652
N(1) ... C(14) 2,711
c(1) ..as - C(7) 2, 506
c(1) ..... c(10) 2,542
c(2) ..... Cc(9) 2.576
c(2) ..... c(10) 3.028
c(7) ..., Cc(9) 3.132
c(7) ..... c(10) 3.132

a3



_Table 4,7 O—SI‘ICI3—p-CH3C6H3C(:NH)—p—CGH“CH3
Intermolecular Contacts (< 4, O.&)

Atom A Atom B Equivalent Cell A-B(A)
ci(1) C1(3) 3 0,0, 0 3, 880
N(1) ci(1) 3 0,0,0 3.362
c(2) ci(2) 2 0, 0, 1 3. 971
c(3) ci(2) 3 0,0,0 3.879
c(3) . ci(3) 3 0,0, 0 3. 859
c(4) Ci(2) 2 0, 0, 1 3.973
c(4) CI(3) 3 0, 0, 0 3.609
c(4) ci(2) 3 0, 0, 0 3, 890
c(5) ci(2) 2 0, 0, 1 3.915
c(5) Ci(3) 3 0,0, 0 3.628
c(6) c1(2) 2 0, 0, 1 3. 861
C(6) CiI(3) 3 0,0,0 3.934
c(6) Ci(3) 4 1, 0, 2 3.996
Cc(7) Ci(2) 2 0, 0,1 3.894
c(11) ci{2) 4 0, 0, 1 3.947
c(11) © Ci3) 2 1, 0, 1 3, 469
c(12) ci(2) 4 0, 0, 1 3,947
C(15) Ci(2) 4 0, 0, 1 3. 464
c(15) N(1) 2 1, 0, 1 3. 981
c(3) c(9) 2 0, 0, 1 3.723
C(3) c(10) 2 0, 0, 1 3.926
C(3) c(13) 2 0, 0,1 3.769
C(3) Cc(14) 2 0, 0, 1 3.586
C(4) c(13) 2 0, 0, 1 3.777
C(4) C(14) 2 0, 0,1 3.885
C(6) c(15) K 0,~-1,~1 3. 999
C(7) c(13) 2 1, 0,1 3.737



Table 4,7 (cont, ) o—SnCI3—p—CH HBC(:NH)p-C H, CH

3C6 64 CH;

The intermolecular contacts refer to the position of atom A in the
original co-ordinates list, and atom B as obtained from this using

the symmetry operations given,

Equivalent Position
1 X, ¥, Z
2 X, -y, ~-Z
3 x, 0,5-y, 0, 5+z
4 -x, y-0.5,-2-0,5
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Table 4.8 0-5SnCl, -p-CH._C Hac(:NH)p—C H, CH

3 36 6 4~ 3

Analysis of Variance

Sing 0,00-0, 18—6.22—0.26—0. 28-0,31-0.33-0,35-0.38-0,40-0,43
N 199 167 227 139 197 164 170 260 144 135
\VJ 165 150 151 152 155 151 166 164 164 150

1
Fo |2
[Fmax] 0.00-0,23-0,25-0,27-0,29-0,32-0,34-0.38-0.42-0.49-1,00

N 242 158 163 159 240 137 197 167 165 174
vV 202 182 163 176 139 162 143 137 132 109

N is the number of reflections in the group and

MZW A 2 ]1'2

V = 100[ 'NZ—W—

where the first summation is over the reflections in the group, and

the second summation is over all reflections, M is the total number

of reflections,
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Table 4,9

o-SnCl3—p—MeC6H3C(:NH)p-C6H4Me

Final Values of the Observed and Calculated Structure Factors
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CHAPTER FIVE

THE CRYSTAL STRUCTURE

OF
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+
(PhZC.NH2 )zan|6



Introduction

As a result of the successful orthometallation reaction described
in the previous chapter, an attempt was made to modify the reaction
to allow the insertion of a carbonyl group between the tin atom and
metallated phenyl ca-r‘bon atom. The metallocycle would be then
expanded to six atoms,

The preparation was unsuccessful in terms of the isolation of a
metallated product, and gave instead, an ionic species whose structure

+ -
was established through this work as (PhZC : NH2 )an CI6z .

Preparation

A 1:1:1 molar ratio of diphenylmethyleneamine, tin tetrachloride
and dry pyridine was dissolved in chloroform. The mixture was
heated overnight at a temperature of approximately 130°C, under an
atmosphere of carbon monoxide at about 10 atmospheres pressure,
Colourless crystals were found around the mouth of the reaction vessel
and these were removed and dried.

Spectroscopic analysis again suggested the occurrence of
orthometallation, and the appearence of an infrared absorption peak
at 1710cm_I was interpretted as being due to the presence of a
carbony! group (C = O stretching region 1660 - 1710em™ ).

The preparation and spectroscopic characterisation of the compound

was undertaken by Othen and Wade, 1977.

Crystal Data

The compound crystallised in the form of colourless plates, which
for the purpose of data collection, were sealed in quartz capillary
tubes. The crystal selected had dimensions of 0. 35 x 0.2 x0.1 mm.

Preliminary studies using the Weissenberg and precession methods
established the unit cell as monoclinic. The conditions limiting

reflections were

hol I = 2n

0koO k = 2n
and these uniquely defined the space group as P2|/C. More accurate
unit cell dimensions were obtained from a least - squares treatment of
the positions of twelve high order reflections, measured on a four -

circle diffractometer,
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(Ph,C:N H2+)25n c1 2"

6
M = 361.7
a - 8.616(3)A
b = 16.826(6)A
c = 10.483(6)A
B = 112.22(3)°
Z = 2
Dm = 1.707 g. cm™3 (Flotation in 1,4 dibromobutane/
CHCI,)
-3
Dc = 1.708g. cm
Absorption coefficient for MoKa radiation = 13,78cm” |

Data Collection

The intensity data were collected on a four - circle diffractometer,
as previously described, using a 8 - 26 scan technique. Each
reflection was scanned in eighty steps of 0, 01° with a counting time of
three seconds per step, and a background count of sixty seconds at
the beginning and end of each scan. Three standard reflections were
measured every forty reflections, and these showed no systematic
variations during the data measurement, indicating that the crystal
had r-ema_ined stable, These standard reflections were used to place
the data on a common scale,

Two non - equivalent octants of reciprocal space were scanned up
to a |limit of 8 = 200, to give a total of 2773 unique reflections of which
1804 were classed as observed reflections having net counts = 2,50
The data was corrected for Lorentz and polarisation effects, and also

for absorption.

Solution And Refinement

The structure was solved with the aid of the Patterson function

which for the space group P21/ _ takes the form

P(u, v, w) = %;%%{IF(hkl)lzcos 2a(hu+ Iw)

+|F(hkI) |2 cos 2n({hu - Iw)}cos 22k v
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The function was sharpened by using as coefficients, the products
IFol. IE].

An examination of the vector map revealed a large peak at the
position (0.0, 0.5, 0.5) of height 743 compared to an origin peak of
999, This peak was interpretted as being due to a double weight
Sn - Sn vector and was consistent with tin atoms being situated at
the origin (0, 0, 0) and at (0, 0.5, 0.5). Three smaller peaks were
observed in general positions at (0,272, 0.0, -0.015), (0,030, 0. 143,
0, 063) and (0.127, 0,030, 0, 244) and with peak heights of 308, 166
and 119 respectively, These peaks were considered to be due to
Sn - Cl vectors and enabled positions for the three chlorine atoms to
be chosen as (0. 272, 0.0, -0,015), (0,030, 0.143, 0.063) and (0. 127,
0.031, 0. 244), but due to the mirror planes at v=0 and v = 0.5 in the
Patterson function, the relative signs of the y - co-ordinates of the
chlorine atoms could not be determined from the Sn - Cl! vectors.

Since the tin atom was situated at the origin, it will only contribute
to the structure factors of planes with k + | even, and hence an electron
density difference map calculated from these structure factors, will
show mirror symmetry at y =0 and y = 0.5, To overcome this problem,
structure factors were calculated for the tin atom, the chlorine atom
with a y - co-ordinate of zero, and the second chlorine atom which was
assigned a y - co-ordinate of + 0,143, From the subsequent difference
map, the third chlorine atom position was revealed with co-ordinates
(0.128, -0,031, 0,242),

The positions of the tin and three chlorine atoms were refined using
full -matrix least squares methods, and after one cycle the R -value
was 0,41, The calculated structure factors based upon the tin and
chlorine atoms were used to compute a further electron density
difference map which showed fourteen peaks of heights varying from
10 to 15e, :&—3, against a background electron density of up to 4e. 2\—3.
These peaks were assigned to the remaining non - hydrogen atoms, and
showed the presence of a diphenylmethyleneammonium cation. All
eighteen atoms were now refined isotropically to give an R -value of
0. 090,

Refinement with anisotropic temperature factors for the tin and
chlorine atoms, gave an R - value of 0,062, and with anisotropic

thermal parameters for all atoms, the R -value was reduced to 0, 041,
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An electron density difference map revealed a peak of height le, ;\—3
lying close to the tin atom (1. Ol/o\) and twelve further peaks of heights
ranging from 0. 3 to 0. 6e, 10\—3 were identified in positions expected
for hydrogen atoms.

In the final stages of refinement, the two hydrogen atoms attached
to nitrogen were placed at the positions obtained from the difference
map, but the phenyl hydrogen atoms were placed at positions calculated
to give C -H distances of 1, 08,&. The positions of the hydrogen atoms
were not refined but the positions of the phenyl hydrogen atoms were
recalculated before each refinement cycle., A common isotropic
temperature factor was refined for all of the phenyl hydrogen atoms,
with a separate isotropic factor for the two hydrogen atoms attached
to nitrogen. The R -value now reached its final value of 0,035 (Rw=
0.037) and all parameter shifts were less than 0. 3 of the corresponding
e.s.d.

A final electron density difference map revealed a peak of height
le. ;&_3, close to the tin atom, and two smaller peaks 0.3 to 0, 6e, A3
close to one of the chlorine atoms, No other peaks greater than
0.3e. A3 were observed.

A unit weighting scheme was used in the early stages of refinement,

but was replaced in the final refinement by the weighting scheme

1
(0 2(F) + g. F?)
The final value of g was 0,0017

W =

The weighting analysis is given in Table 5,8, and the final atomic
parameters and thermal parameters are given in Tables 5.1 and 5, 2.
Atomic scattering factors were taken from:-
Acta Cryst,, A24 (1968) 321
Acta Cryst., A24 (1968) 390
The complex componentsof the scattering factors for tin and chlorine
were obtained from:-
J. Chem. Phys,, 53 (1970) 1891

Structure factors are listed in Table 5,9,
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Description And Discussion of The Structure

The structure consists of diphenylmethyleneammonium ions,

F’hZC: NH2+ and hexachlorostannate ions Sn CI62—. The tin atom

of the Sn CI6 ~ jon is situated at a centre of symmetry so that the
2

asymetric unit contains one F’hZC: NH2+ ion and half of an Sn CI6—
ion.

Although the hexachlorostannate ion is relatively well known,
having been described as early as 1922 (Dickenson, 1922) very little
structural information appears to have been reported concerning
protonated methyleneamine derivatives, despite the significance of
recent work establishing the cation as a complex - stabilising ligand
(Mason.and Rucci, 1971),

The cation is isoelectronic with the corresponding alkene,
Ph,C = CH, and can function as a n-bonding donor (Abel, Rowley,
Mason and Thomas, 1974). Although the chemistry of the
dimethylmethyleneammonium ion has been described (Eschenmoser,
1970) and imminium salts have recently been reviewed (Bdhme and
Vicke, 1977) it is thought that this is the first reported crystallographic

analysis of a protonated methyleneamino derivative,

The Diphenylmethyleneammonium lon F’hz C:N H2+

The cation (Figure 5a) shows a trigonal planar geometry at nitrogen
following co-ordination of the proton, with only slight deviation from
regular trigonal bond angles (Table £.4). The atoms N(1), C(1), C(2)
and C(8) are coplanar within experimental error, and the atoms H(1)
and H(2) lie close to the mean plane defined by these atoms (Table 5. 7).
The two phenyl rings are planar within experimental error and are
inclined at an angle of 62.5 with respect to each other and .
individually lie at angles of 32, 4° and 37.9° with respect to the mean
plane of N(1), C(1), C(2) and C(8).

The C=N bond distance of 1.296(7)A is close to the C=N distance
of 1.302(43)A found in the related cation (C H3)2C= N(C H3)2+
(Trefonas, Flurry, Majeste, Meyers and Copeland, 1966), These
values can be compared with C=N distances found in other co-ordinated
methyleneamines, where the nitrogen atom is also in an sp2 hybridised
state, In LiAl(N:CBu',), (Wade, Shearer, Snaith and Sowerby, 1971),
a value of 1. 270(10)A was observed and ino (But2 C: N)zBe] 2 (Shearer
and Sowerby, 1971), a value of 1,279(14)A,
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Figure 5a

Perspective View of the Diphenyimethyleneammonium lon
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Figure 5b

Perspective View of the Hexachlorostannate lon

2-
6

(Ph,C: NH2+)2 SnCl
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In the phosphorous derivative, P(N: CPh (Shearer, 1976), values

2)3
of 1.280(10), 1,273(11) and 1. 280(10)A were recorded. Alcock and
Pierce - Butler, 1965, observed similar values of 1, 268(21), 1, 260(24),
1.258(21) and 1. 279(22)/& in (thC:N)asi, 1,275(8) and 1, 258(8)2\
in (Ph, C:N), Ge, and 1.330(36)A in (Ph, C:N), Sn.

The weighted means of these values is 1, 270(5),3\ and when this
value is compared with the C=N distance of 1, 296(7)/& found in the
present work, then the difference is seen to be not significant,

A study has been made of the relative azomethine stretching
frequencies on a series of methyleneamine, protonated and BF:3
co-ordinated complexes (Samuel, Snaith, Summerford and Wade, 1970),
In every instance an increaée in stretching frequency occurred
varying from between 33 and 65 cm_] (2.0 - 4,0%) for the protonated
derivatives and slightly less for the BF3 co-ordinated derivatives
2,0 - 3,0%). A similar increase in C=N stretching frequencies has
been reported in the co-ordination of nitriles to form adducts of the
type R - C = N, MXn (Walton, 1965). Although this increase may arise
in part from the mechanical constraint applied to the nitrogen atom of
the co-ordinated nitrile (Coerver and Curran, 1958), there is X-ray
crystallographic evidence that co-ordination is accompanied by a
shortening of the C=N bond length, that is a slight increase in the bond
order. This was attributed to a modification of the hybridisation at
nitrogen (Gerrard, Lapport, Pyszora and Wallis, 1960),

The reverse situation applies to the co-ordination of ketones to
L.ewis acids Mxn, through the carbonyl oxygen, where a marked
decrease in the carbonyl stretching frequency occurs (Susz and Cooke,
1954), (Susz and Chalandon, 1958, Bellamy, 1968). This decrease
is usually attributed to electron withdrawal from oxygen,

The protonation of a methyleneamine may also lead to a withdrawal
of electron density from the C=N bond, thereby decreasing the bond
order and increasing the bond length, The available data however,
is not sufficient to justify this assumption,

The C(spz) - C(spz) single bond distances C(1) - C(2) and C(1) - C(8)
have a mean of 1, 462,& and this is in agreement with the mean of
1. 480;& found in the metallated compound previously described. The
average C - C bond lengths for the pheny! rings C(2) to C(7) and C(8) to
C(13), are 1, 384A and 1. 386;&, in good agreement with the values of
1. 386;& and 1. 387;&, for the phenyl groups in the metallated compound,
C(2) to C(7) and C(9) to C(14), suggesting that protonation does not
significantly effect these bond iengths.
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The Hexachlorostannate lon Sn Clez—

The hexachlorostannate ion {(Figure 5b) is formed as a consequence
of the ability of the tin atom to expand its co-ordination from four to
SiX. _

The angles at tin are very close to those expected for regular
octahedral co-ordination with Cl - Sn-Cl| angles varying from 89, 6
to 91,0° (Table 5.4), and these values must reflect the absence of
any angular distortion effects around the ion. Some distortion can
be seen in the varying Sn - Cl bond distances (Table 5. 3). The longest
of these is Sn(1) -CI(2) with a separation of 2, 456(1),&, whil st
Sn(1) -CI(3) is the shortest with a distance of 2.413(1)»&,.and
Sn(1) - CI{1) lying intermediate with a value of 2. 426(1);3\.

The atoms CI(1) and CI{2), both in the molecule at (-x, y-0.5,
-z-0.5) are involved in short intermolecular contacts with N(1),
namély, 3. 406A for CI(1) and 3. 321A for CI(2). Both of these contacts
are less than the van der Waals distance of 3. 50A (Bondi, 1964),
(Table 5.6). A hydrogen bond N-H ... Cl is formed by N(1), H(2)
and CI(2) at the equivalent position described above, The N-H ... ClI
angle is 1650, and the N ... CI distance (3. 32A) is within the accepted
N-H ... Cl hydrogen bonding distance of 2. 88 - 3, 38A (Pimental and
McClellan, 1960) (Figure 5c).

It is interesting to compare the Sn - Cl distances found in this work
with previous values recorded in the literature, The mean value is
2, 434&, and this is in close agreement with distances taken from the
early literature, for which only mean values were quoted, 2, 43'& in
(N,Hg) Sn Cly (Schaffer, 1954), 2.44A and 2. 46A in K, SnClg and
(NH4)ZSn Clg (Dickinson, 1922). A more recent set of Sn-Cl
distances reported by Brill, Gearhart and Welsh in 1973, include
2.411(2)A in K,SnClg, 2. 421(1)A in (NH,), SnClg, 2. 423(3)A in
Rb, SnClg, 2.423(5)A in Cs,SnClg, and 2.402(3)A in (CH,),N ,SnClI

in a recent paper describing the structure of 4 - chloropyridinium

6.

hexachlorostannate (Gearhart, Brill, Welsh and Wood, 1972), the
hexachlorostannate ion is shown to be an almost perféct octahedron
from an angular point of view, but tetragonally distorted due to the
presence of three pairs of crystallographically inequivalent chlorine
atoms. This results in three sets of Sn - Cl| bonds, two of which were

found to be similar in length, 2. 414(4)A and 2. 419(2)A, whilst the third

set was markedly longer, 2. 463(3)A.

UniygX
(‘(\am v,
> science %
- € AUG 1979
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L_ibrarY
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These values agree very closely with the change of values found in
the present work, and the longer distance, 2, 463(3),3\, is similarly
attributed to N-H ... CIl intermolecular hydrogen bonding, with an
N... Cl contact of 3, 244A, The N-H ... Cl angle is 135.7° A
similar distortion of Sn - Cl bond Iength has been reported for the
C 2SN CI6°(Uyar-ov, 1972), where Sn - ClI
distances of 2, 411(5)A, 2.424(5)A and 2, 430(5)A were found. For

[«]
this latter Sn - CIl value of 2,430(5)A, the chlorine atom was found

compound, (Me2 N)2 CH

to be involved in C-H ,.. CIl intermolecular hydrogen bonding, with
[+]
aC... Cl contact of 3, 37A.

Intramolecular Contacts

A list of selected intramolecular contacts less than 4.5/& is given
in Table 5. 5.

Several of these contacts such as CI(1) - CI(2) refer to distances
between atoms bonded to a common atom, and short separations for
such atoms would be expected.

Within the cation, short contacts are found between N(1) and C(3)
2. 878/&, and between N(1) and C(13) 2. 907A and these reflect the
inclination of the phenyl rings out of the plane defined by N(1), C(1),
C(2) and C(8). A short separation, 3.115A, between C(7) and C(9)

also reflects the inclination of the phenyl rings to each other.

Intermolecular Contacts

[+
A list of intermolecular contacts less than 4, 0A is given in Table
Only one N ... CI| contact was found less than the van der Waals
[+
distance of 3. 50A (Bondi, 1964),
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Table 5,1

Final Atomic Co-ordinates And Their Estimated Standard Deviations

(Ph,C: NH2+) SnCl

2-
6

Atom

Sn(1)
ci1)
Ci(2)
CI(3)
N(1)
c(1)
C(2)
C(3)
C(4)
c(5)
C(6)
C(7)
c(8)
C(9)
C(10)
c(11)
c(12)
Cc(13)
H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(9)
H(10)
H(11)
H(12)
H(13)

O O O 0O O OO0 O OO0 OO oo oo oo o o o

o

O O ©O 0O © O o o

x/a

. 0(-)

.2751(
. 0293(
. 1282(
. 2706(
. 3378(
. 2883(
. 1286(
. 0879(
. 2046(
. 3632(
. 4074(
. 4616(
. 4619(
. 5780(
.6919(
. 6935(
. 5770(
. 3039(95)
. 1949(94)
. 0359(
. 0368(
L1721(
. 0548(
.5313(
. 3733(
. 5784(
. 7814(
. 7852(
. 5755(

1)
1)
2)
7)
6)
6)
7)
8)
9)
9)
7)
6)
6)
7)
7)
7)
7)

7)
8)
9)
9)
7)
6)
7)
7)
7)
7)

O O O O O O O O O O O O O 00 OO0 O o o oo o o o o©

|
o O O O

y/b

.0(-)

. 0006(
. 1420(
. 0308(
. 3060(
. 2366(
. 1722(
. 1690(
. 1100(
. 0546(
. 0571 (
. 1148(
. 2240(
. 1521(
. 1415(
. 1991(
. 2702(
. 2836(
. 3455(49)
. 3137(46)
.2127(
. 1076(
. 0089(
. 0135(
. 1154(
. 1058(
. 0865(
. 1892(
. 3152(
. 3394(

1)
1)
1)
3)
3)
3)
3)
4)
4)
3)
3)
3)
3)
3)
4)
4)
3)

3)
4)
4)
3)
3)
3)
3)
4)
4)
3)

1
o O

O O O 0 O 0O O O O 0O ObO O OO0 OO o0 0O Oobo oo oo o o

z/c-

.0(-)

. 0132(.
. 0587(
. 2423(
. 3894(
. 3950(
. 4664(
. 4692(
. 5429(
.6143(
. 6126(
. 5378(
. 3335(
. 2667(
. 2061
L2121
. 2789(
. 3388(
.3419(79)
. 4197(84)
. 4136(
. 5440(
.6721(
.6703(
. 5347(
. 2624(
.1531(
. 1643(-
. 2845(
. 3890(

5)

6)
6)
6)
6)
5)
5)
5)
5)
6)
5)
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+
Table 5, 2 (thc.NH2 )ZSnCI6

[+
Anisotropic Thermal Parameters (Az) And Their Estimated Standard
Deviations {(both x 104)

Atom u u u U

11 22 33 23 U, 4 U,
Snl1) 369( 2) 269( 2) 402( 3) 3( 2) 220( 2) - 11( 2)
ci(1) 421( 6) 449( 7) 676( 8) - 84( 7) 351( 6) - 33( 6)
Ci(2) 524( 7) 297( 6) 622( 7) - 35( 5) 295( 6) - 33( 5)
CI(3) 700( 9) 562( 8) 424( 7) 68( 6) 246( 7) 81( 7)
N(1) 876(40) 395(26) 726(36) 62(23) 492(33) 147(26)
c(1) 521(29) 325(25) 362(26) - 15(20) 171(22) 41(22)
C(2) 518(29) 360(26) 356(25) - 38(20) 182(23) -  5(23)
Cc(3) 585(33) 403(29) 566(33) - 78(24) 264(28) 5(25)
C(4) 660(39) 568(36) 667(37) - 77(30) 414(32) - 124(32)
C(5) 900(48) 506(34) 545(36) 20(27) 410(35) - 111(33)
C(6) 874(47) 458(32) 566(36) 105(27) 304(34) 61(31)
C(7) 526(31) 394(28) 483(29) 41(23) -232(25) 34(23)
c(s) 472(28) 368(26) 347(26) 52(20) 160(23) 37(21)
c(9) 473(28) 353(26) 468(28) - 29(21) 213(33) 10(22)
c(10) 450(28) 515(31) 505(32) - 94(25) 216(24) 33(25)
c(11) 453(31) 743(42) 414(30) 52(28) 184(25) 11(28)
Cc(12) 487(33) 675(40) 509(33) 63(28) 154(27) - 191(28)
c(13) 669(37) 418(29) 440(30) - 46(23) 211(28) - 134(26)
H(1) 1061(197)
H(2) 1061(197)
H(3) 666(57)
H(4) 666(57)
H(5) 666(57)
H(6) - 666(57)
H(7) 666(57)
H(9) 666(57)
H(10) 666(57)
H(11) 666(57)
H(12) 666(57)
H(13) 666(57)

For the hydrogen atoms, U” refers to the isotropic thermal parameter.
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Table 5.3

[+]
Final Bond Distances (A) And Their Estimated Standard Deviations

(Ph,C: NH2+)25n ClI

6

2-

(A x 103)

Sn(1)
Sn(1)
Sn(1)
N(1)
N(1)
N(1)
c(1)
c(1)
C(2)
C(2)
C(3)
C(4)
Cc(5)
c(6)
c(8)
c(8)
C(9)
c(10)
c(11)
c(12)

ci(1)
Ci(2)
Ci(3)
C(1)
H(1)
H(2)
Cc(2)
c(8)
C(3)
C(7)
C(4)
C(5)
c(6)
C(7)
C(9)
Cc(13)
Cc(10)
C(11)
C(12)
c(13)

2.426(1)
2. 456(1)
2, 413(1)
1.296(7)
0.935(81)
0. 835(80)
1. 468(7)
1.456(7)
1.388(7)
1. 402(7)
1.382(8)
1. 368(9)
1. 374(9)
1.388(8)
1.398(7)
1.398(7)
1. 384(7)
1.365(8)
1.383(8)
1. 389(8)
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Table 5.4 (Ph C.NH2 )ZSnCl6

2

Final Bond Angles And Their Estimated Standard Deviations

sn{1) - cn(zj 90, 0(0)

ci(n) -

ci(1) - sn(1) - ci{3) 89, 6(0)
ciity - sn(1) - ci(2?) 90, 0(0)
Cci(1t) - sn(1) - ci(3¥) 90. 4(0)
ci(z) - sn(1) - CI(3) 89, 0(1)
Ci(2) - sn(1) - cCi(3Y) 91.0(1)
H(1) - N(1) - H(2) . 121.4(70)
c(1) - N(1) - H(1) 116. 2(50)
c(1) - N(1) - H(2) 121, 4(6)
N(1) - c(1) - C(2) 118, 5(5)
N(1) - cl(1) - cC{(s) 120, 0(5)
Cc(2) - Cl(1) - cC(s) 121, 5(4)
c(1) - c(2) - C(3) 121. 4(5)
c(1) - C(2) - c(7) 119, 0(5)
C(3) - C(2) - c(7) 119, 5(5)
c(2) - C(3) - Cl4) 120, 2(5)
c(3) - Cl(4) - C(5) 120, 4(6)
C(4) - = C(5) - c(s) 120, 1(5)
c(5) - Cl(e) - C(7) 121, 0(5)
c(2) - C(7) - c(e) 118, 7(5)
c(i) - cisg) - C(9) 119, 2(4)
c(1) - C(8) - c(13) 120, 5(5)
c(9) - c(s) -  C(13) 120, 3(5)
c(8) - c(9) - c(10) 118, 7(5)
cl(9) - c(io) - c(11) 121, 2(5)
c(10) - c{11) - cl(12) 120, 5(5)
c(i1) - c(i2z) - c(13) 120, 1(5)
c(8) - c(13) - c(12) 119, 4(5)

The superscript I refers to the atom at equivalent position (-x, -y, -2z)
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Table 5,5

2

+
(Ph C.NH2 )ZSnCl

2=
6

Selected Intramolecular

Contacts (<4, 5;&)

ci(1) ..... Ci(2)
CH1) vuuns Ci(3)
Ci(2) vuu.s Ci(3)
ci(2) ..... N(1)
ci(2) ..... c(1)
N(1) ..... Cc(2)
N(1) ..... c(3)
N(1) ..... C(8)
N(1) ..... C(13)
c(2) ..v.s c(s)
c(2) ..... c(9)
C(7) veenn c(8)
c(7) ..... c(9)

W N WD DNDD DD WS W W W

. 452
. 408
412
. 302
. B65
. 377
. 878
. 384
. 907
. 550
. 017
. 990
. 115
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Table 5,6 (thc.NH2 )zan|6

Q
Intermolecular Contacts (< 4, 0A)

Atom A Atom B Egquivalent Cell A-B(A
Ci(1) Ci{(1) 2 1,0,0 3.781
Ci(1) Cl(2) 2 0,0,0 3.452
ci(1) Ci(3) 2 0,0,0 3.433
ci(1) N(1) 4 0,1,0 3. 406
ci(2) Ci(3) 2 0,0,0 3.473
Ci(2) N(1) 4 0,1,0 3. 321
ci(2) C(3) 4 0,1,0 3.512
Ci(2) c(12) 4 -1,1,0 3. 569
Cl(2) c(13) 4 -1,1,0 3.908
ClI(3) c(a) 2 0, 0, 1 3.672
CI(3) c(s) 2 0, 0, 1 3,729
N(1) C(4) 4 0, 1,1 3,972
N(1) c(5) 4 0,1, 0 3,592
N(1) c(9) 4 0, 1,1 3.732
N(1) c(10) 4 0, 1,1 3.488
N(1) ] c(11) 4 0, 1,1 3.917
c(2) c(8) 4 0, 1,1 3,968
c(2) c(12) 4 0, 1,1 3. 900
c(2) C(13) 4 0, 1,1 3. 826
C(4) C(4) 2 0, 0, 1 3.972
C(4) C(5) 2 0, 0, 1 3,687
C(5) C(5) 2 0, 0, 1 3. 894
c(6) c(9) 2 1, 0, 1 3. 850
C(6) c(12) 4 0, 1,1 3,979
c(6) c(13) 4 0, 1,1 3. 591
c(7) c(11) 4 0, 1,1 3.971
c(7) C(12) 4 0, 1,1 3. 391
c(7) Cc(13) 4 0, 1,1 3,395
c(s) c(11) 4 0, 1,1 3.925
c(11) Cc(13) 4 0,1,0 3,667
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Table 5,6 {cont, ) (PhZC. NH2 )an CI6

The intermolecular contacts refer to the position of atom A in the
original co-ordinates list, and atom B as obtained from this, using

the symmetry operations given, and refer to the cell quoted,

Equivalent Position
1 X, Y, 2
2 -X, -y, -Z
3 X, 0, 5-y, 0,5+2z
4 -x, y-0,5,-z-0,5
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Table 5.7 (F’hZC.NH2 )ZSr\CI6

Mean Planes

Plane 1
3.7839X + 4,3098Y + 6.,61642Z2 = 4,9171

Atom N(1) c(1) c(2) c(8) H(1)* H(2)*

P 0,002 -0,006 0,002 0,002 -0,02 -0.06

Plane 2
-0,0379X + 9,9371Y + 7.84902Z = b5, 3556

Atom C(2) c(3) cla) c(s5) c(6) c(7) c()*

P 0,005 0,002 -0,005 0,001 0.006 -0,009 0,083

Plane 3
2.9542X - 6,4898Y + 6,95372Z = 2,2275

Atom C(8) c(9) c(10) c(11) c(12) c(13) c(1)*

P 0.002 0,004 -0.005 -0.001 0,007 -0,007 -0,018

Angles Between Planes

Plane 1 Plane 2 32, 41°
Plane 1 Plane 3 37.87°
Plane 2 Plane 3 62, 49°

X, Y and Z refer to fractional co-ordinates along the unit cell axes,

Q
and P refers to the distance of an atom in A, from the mean plane.

Atoms marked ¥ are not included in the mean plane caiculation,
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Table 5, 8 (PhZC.NHz )zSnCI6

Analysis of Variance

Sin6 0,0-0,19-0,23-0,27-0.30-0,33-0,35-0,37-0,40-0,42-0, 44
212 163 153 232 165 138

N 211 156 192 182
111 111 113 126 152 130

A% 141 113 116 113

Fo 1%
[F ]0.0—0.24—0.37-0.30 -0,33-0,36-0,39-0,43-0,48-0.56-1.,0
N 212 176 181 197 179 159 185 168 175 172

\V/ 153 157 122 128 119 108 102 111 95 115



Table 5,9

+ 2-
(]-'-’hZC.NH2 )25n016

Final Values of the Observed and Calculated Structure Factors
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CHAPTER SIX

THE CRYSTAL STRUCTURE
OF
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Introduction

The increasing role of organolithium compounds in preparative
chemistry and the particular ability of lithium alkyls to associate
strongly in the solid state, and to a lesser extent in the vapour
state (Brown and Rogers, 1957), has led to extensive studies of the
structural and bonding properties of these compounds,

Although numerous spectroscopic studies have been made (Rodinov
and Shigorin, 1959), only a relatively small number of crystallographic
studies have been reported

In the solid state, dimeric association has been observed in
bicyclobutyllithium—TMED (Zerger and Stucky, 1973), tetrameric
association in methyllithium and ethyllithium (Weiss and Lucken, 1964,
Dietrich, 1963) and hexameric association in cyclohexyllithium
(Zerger, Rhine and Stucky, 1974), and trimethylsilyllithium (Schaaf,
Butler, Glick and Oliver, 1974),

The structure of di-t-butylmethyleneaminolithium is discussed in

the following sections, and is shown to be hexameric,

Preparation

The compound was prepared by the low temperature reaction of
t-butyllithium and t-butylcyanide in hexane, The mixture was allowed
to warm to room temperature with constant stirring, during which, a
pale yellow - green solution was formed. On further stirring a white
solid precipitated out of solution, Removal of the solvent produced
a white powder, which recrystallised from hexane as colourless
crystals,

Cryoscopic molecular weight determination in benzene indicated
a dimeric structure, and spectroscopic evidence suggested bridging
di-t-butyimethyleneamino groups,

The preparation and spectroscopic characterisation of the compound

was carried out by Snaith and Wade, 1972,

Crystal Data

The compound crystallised in the form of colourless plates which
for the purpose of data collection, were sealed in quartz capillary

tubes. The crystal selected had dimensions of 0.45 x 0.25 x 0, 2 mm,



Preliminary studies using the Weissenberg and precession
techniques established the unit cell as monoclinic, The conditions

limiting reflections were

hOi I = 2n
0kO k = 2n

and these uniquely defined the space group as PZI/C.
More accurate unit cell dimensions were obtained from a least -
squares treatment of the positions of twelve high order reflections

measured on a four - circle diffractometer,

t . .
(Bu 2C.NL|)6
M = 858
]
a = 12, 429(1)A
b = 20. 794(2) A
c = 13.099(1)A
i = 116, 78(2) °
z = 2
Dc = 0.943 q. cm_3
Absorption coefficient for MoKa radiation = 0,27 cm—].

Data Collection

The intensity data was collected on a four - circle diffractometer,
using a ® - 20 scan technique, Each reflection was scanned in eighty
steps of 0.01° with a counting time of three seconds per step, and a
background count of sixty seconds at the beginning and end of each
scan. Three standard reflections were measured every forty reflections,
and were used to place the data on a common scale,

Two non - equivalent octants of reciprocal space were scanned up
to a limit of © = 20°, beyond which, a rapid decline in intensity occurred,
A total of 2817 unique reflections were obtained of which 1625 were
classed as observed reflections having net counts=2 ¢, The data
was corrected for Lorentz and polarisation effects and atso for

absorption.
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Solution And Refinement

The structure was solved by the symbolic addition procedure,
using a multi - solution programme. The programme calculated E -
values and chose three reflections to define the origin assigning
positive signs to these reflections., A further fourteen reflections
were chosen, the signs of which were varied systematically, so
that each of the possible combinations was used together with the
origin determining reflections as a starting set for the symbolic
addition procedure. The possible sets of phases were compared by
calculating an absolute figure of merit, M(abs), (Chaptert), and
also by the use of quartet relationships. .Thr‘ough the application of
these rejection lests, the programme produced a single phasing set
which enabled signs to be determined for 524 reflections with E -
values greater than 1.1.

An E - map was computed, enabling 33 atomic positions to be
seiected, which could be attributed to the non - hydrogen atoms of
three di-t-butylmethyleneaminolithium units, The lithium atoms
were localed around a crystallographic symmetry centre, the
operation of which generated a hexameric lithium structure,

The positional and isotropic thermal parameters of all located
atoms were given two cycles of least - squares refinement, which
resulted in an R -value of 0, 24, An electron density difference map
revealed additional peaks with heights of 1,0 to 1, 6e, &_3. Most of
these peaks lay close to the methyl carbon atoms attached to C(15) and
C(20), but some were close to the methyl carbon atoms around C(11).
A further study of the electron density in these regions was carried
out by calculating further difference maps, and also by the calculation
of difference maps where the relevant methyl carbon atoms were
omitted from the structure factor calculations. These indicated
disordering in the positions of the methyl carbon atoms attached to
C(15) and this was aliowed for by selecting further positions for three
methyl carbon atoms and assigning occupation factors of 0.5 to the sites
of the six methyl carbon atoms.

The methyl carbon atoms attached to C(20) showed very elongated
régions of electron density, and suggested considerable libration of
this t-butyl group. These methyl carbon atoms were assigned anisotropic
thermal parameters, After refinement, the additional peaks associated
with C(11) decreased in value, and could not be represented by a

simple model,
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All atoms were now refined anisotropically with the exception of
the disordered t-butyl group involving C(15), which was refined
isotropically, to give an R-value of 0,20, A difference map again
revealed small peaks around the t-butyl group involving C(20), and a
single peak of height 0, 9e,. ,2\_3 lying close to one of the lithium atoms
Li(3). The possibility of disorder in the position of Li(3) was
considered, and to resolve this possibility, all atoms were again
refined with Li(3) omitted from the refinement, A subsequent difference
map now revealed two peaks of heights 0, 8 and 0. 9e, ;&_3, with one
peak occupying the site of Li(3). The positions of these two peaks were
taken as atom sites for Li{3)A and Li(3)B, and both positions were
included in a further refinement cycle. A difference map now showed
no further peaks in the vicinity of the lithium atoms.

In subsequent work, the t-butyl groups were refined as rigid groups.
This was achieved by constraining the group carbon - carbon bond distances
to 1, 54;&, and constraining the atoms of the group to tetrahedral
geometry., For the disordered t-butyl group, the six methyl carbon
atoms attached to C(15) were placed at regular intervals apart. Three
cycles of refinement reduced the R -value to 0,16, but in the subsequent
difference map, several small peaks, 0.3 to 0. 5e, A3 were still
observed in the region of the t-butyl group associated with C(20),

L.arge value temperature factors were found for some of the methyl
carbon atoms, particularly those attached to C(11) and C(20) (Table 6. 2),
and therefore hydrogen atoms were not included in the refinement, In
the final stages of refinement, the atomic parameters were refined in
three blocks, each consisting of the atoms of one di-t-butylmethyleneamino
group, all the lithium atoms being refined with each block. In the fir'mal
refinement cycle, all parameter shifts were less than 0.6 of the
corresponding e, s, d.

A unit weighting scheme was used in the early stages of refinement

but was replaced in the final refinement by the scheme:-

1
az(F) + ng

W =

The final value of g was 0, 00088, .
The weighting analysis is given in Table 6,8. Atomic co-ordinates
are listed in Table 6,1, and Structure factors are given in Table 6,9.
Atomic scattering factors were taken from
Acta Cryst,, A24, 1968, 321

Acta Cryst,, A24, 1968, 390 122



Description And Discussion of The Structure

In the crystal, the structure is disordered with two alternate
positions for Li(3), namely, Li(3)A and Li(3)B. Each molecule may be
regarded as hexameric and to contain a 6 - membered ring of lithium
atoms in the chair configuration, Because of the disorder, the six-
membered rings occur in two orientations, A and B, which respectively
contain Li(3)A and Li(3)B.

The six di-t-butylmethyleneamino groups comprise the periphary of
the molecule and bridge across the six smaller of the eight triangular
faces formed by the lithium core. These two arrangements are shown
in Figures 6a and 6b, where for clarity the carbon atoms C(160), C(170)
and C(180) have been omitted. In these figures, the superscript I has
been used to indicate atoms related by the centre of symmetry. Taking
the two possible sites for Li(3) into account, the lithium atoms lie at the
corners of a distorted cube, with each of the six methyleneamino groups
bridging one face of the cube.

Six -membered rings of lithium atoms in the chair configuration, have
also been found in the hexameric compounds trimethylsilyllithium (Schaaf,
Butler, Glick and Oliver, 1974) where silicon atoms bridge the lithium
faces, and in cyclohexyllithium (Zerger, Rhine and Stucky, 1974) where
bridging occurs through the a carbon atoms of the cyclohexyl groups.
The hexameric ring structures observed in the above compounds are in
contrast to the hydrogen bridged arrangement postulated for hexameric
n - butyllithium (Craubner, 1966).

In (ButZC:NL_i)6 the six triangular lithium faces are bordered by six
relatively short lithium -lithium distances, and six larger lithium - lithium
distances., The shorter distances involve atoms adjacent to one another
on the edge of the ring and range from 2. 35(4) to 2, 44(3)2\ in configuration
A, and from 2, 23 to 2. 44(3)4& in configuration B, with a mean value of
2, 35,& (Table 6, 3). The longer distances involve atoms meta to each
other on the edge of the ring and range from 3,17 to 3. 31'& in configuration
A, and from 3,13 to 3. 232\ in configuration B, with a mean value of
3.21A, The Li-Li distances in (Bu',C:NLi)g can be compared with
mean distances of 2. 42(1), 2.60(1) and 2.63(1)A in ethyllithium (Dietrich,
1963), 2. 68(5)A in methy!lithium (Weiss and Lucken, 1964), 2, 74(7)2\ in
bicyclobutyllithium - TMED (Zerger and Stucky, 1973), 2.39(1) and
2. 97(1)2\ in cyclohexyllithium (Zerger, Rhine and Stucky, 1974) and
2.70(3) and 3. 27(4)/0\ in trimethylsilyllithium (Schaaf, Butler, Glick and
Oliver, 1974). In (ButZC: NLi)6 all of the shorter lithium-lithium

0
distances are less than twice the covalent radius of lithium (1. 25A),
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Figure 6a

Perspective View of the Molecule

Orientation A

\ R c21
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Figure 6b

Perspective View of the Molecule

Orientation B

C25

(o)

t .
(Bu 2C. NL|)6
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Figure 6¢c

View of the 6 - membered Lithium Ring (But C: NLi)6

Li3JA

i

Orientation A Dihedral Angle 95, 37°

Liast

Li2

uft

Orientation B

Dihedral Angle 83, 56°
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Each di-t-butylmethyleneamino group is located above a triangular
face on the periphary of the lithium ring, such that the plane of the
azomethine linkage is virtually perpendicular to the lithium face
(Table 6.7). The lithium -nitrogen distances range from 1,97 to
2. 19(3).& in configuration A, and from 1,97 to 2.1 6(5)A in configuration B,
with a mean value of 2, 06,3\. This value is in good agreement with Li - N
distances reported for other nitrogen co-ordinated lithium complexes,
namely, 2,02 and 2. 043\ in fluorenyllithium bis quinuciidine (Brooks,
Rhine and Stucky, 1972), 2,06 and 2. 09;\ in triphenyimethyllithium - TMED
(Brooks and Stucky, 1972), 2.09 and 2.1 1,& in benzyllithium
triethylenediamine (Patterman, Karle and Stucky, 1970), 2,09 and
2. 134 in naphthy! bis (lithium - TMED) (Brooks, Rhine and Stucky, 1972),
2.10 and 2. 114 in indenyllithium - TMED (Rhine and Stucky, 1975), 2,09
and 2,1 1A in bis (TMED) lithium| anthrocenide (Rhine, Davies and
Stucky, 1975), 2.06 and 2. 07A in bifluorenyl bis(lithium - TMED) .
(Walczak and Stucky, 1975), and 2, 10A in stilbene bis(lithium - TMED)
(Walczak and Stucky, 1976).

Since each nitrogen atom bridges three adjacent lithium atoms, the
folded chair configuration adapted by the Ilithium atoms, is an arrangement
which satisfies the steric requirements of the di-t-butylmethyleneamino
groups. It is also apparent that as each nitrogen atom bridges three
lithium atoms, so each lithium atom is associated with three nitrogen atoms,
thus giving rise to eighteen Li - N bonding interactions. With the six
Li-Li ring contacts, a total of twenty four bonding interactions are
formed, for which only twenty four electrons are available., The bonding
in this region of the molecule must therefore be described as electron
deficient., Electron deficiency was also observed in the hexameric
compounds trimethylsilyllithium and cyclohexyllithium,

The C =N bon;\d distances range from 1, 292(15) to 1, 301(16)2\, with
a mean value of 1, 297(10);?\, and agree with the range of values normally
found in co-ordinated methyleneamino groups, namely, 1. 279(14),& in

(Butzcz N)zBe ]2 (Shearer and Sowerby, 1971), 1. 270(10)A in
LiAlI(N: CButz)4 (wade, Shear-er‘,OSnaith and Sowerby, 1971), and
1.280(10), 1.273(11) and 1.280(10)A in P(N: CPh2)3 (Shearer, 1976),

The lengths of the C(spz) - C(sp3) bonds do not differ significantly
from one another, although their precise values will be affected by
treating the t-butyl groups as rigid groups. Their mean values are
Cc(1)-C(2), c(1)-cC(s) 1, 617(14)4&, Cc(10)-c(11), c(10) -Cc(15) 1,591 (10)4&,
and C(19) - C(20), C(19)-C(24) 1,591 (16),3\. These values can be compared
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with the C(sp?) - C(sp3) bond distances in (Cg Hg) Mo (C O), (N: Cc Bu'p)
of 1.546A (Shearer and Sowerby, 1973) and in Li Al (N: CButp), of
1.560A (Wade, Shearer, Snaith and Sowerby, 1971),

The C(sp3) - C(sp3) bond distances within the t-butyl groups were

constrained to 1, 5402\ during refinement,

Non - bonding Contacts

Selected non - bonding contacts less than 4'& within the hexameric
molecule are listed in Table 6,5. Many of these contacts involve lithium
and methy! carbon atoms, the three shortest being Li(1) ... C(3) 2, 798;&,
Li(1) ... C(16) 2.770A and Li(2 ) ... C(7) 2. 737A,

The relative shortness of these contacts may be due to steric effects
but could involve some formof Li ,.. Cor Li ... H-C interaction,

In the compound Li Al (N:CButz)a, a bridging hydr;ogen interaction was
suggested to account for an unusually short, 2,37A, lithium - methyl
carbon contact (Shearer, Snaith, Sowerby and Wade, 1971).

Several short contacts were found between the methy!l carbon atoms
of different t-butyl groups within the same methyleneamino group, the
shortest distance being 2, 8802\. Longer contacts were found between
the methyl carbon atoms of different methyleneamino groups, the shortest
contact being 3. 61 22\.

Non—bqnding contacts less than 4;& between hexameric molecules
are listed in Table 6.7. Only four such contacts were found, the
shortest being 3. 772/3\.
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Figure 6d

Projection on the [1 0 O] Plane

(But

2C: Nl_i)6
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Table 6.1

Final Atomic Co-ordinates And Their Estimated Standard Deviations

t .
(Bu 2C N L|)6

Atom

Li(1)
Li(2)
Li(3)A
Li(3)B
N(1)
N(2)
N(3)
c(1)
C(2)
C(3)
C(4)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
C(14)
C(15)
c(16)
c(17)
c(18)
c(19)
c(20)
c(21)
c(22)

0O O O 0O O O 0O 0O 0O O 0O O 0O O O 0o o0 0o 0o 0o o o o o o o

x/a

. 1750(22)
.0252(19)
. 0483(32)
. 0788(43)
. 1488(10)
.1333( 9)
. 0970(10)
.2323(12)
.3434( 7)
. 3446( 7)
.3171( 7)
.4673( 7)
.2279( 9)
. 0963( 9)
.2681( 9)
.3093( 9)
.1991(11)
. 1555(11)
.2398(11)
. 1544(11)
. 0270(11)
. 3250(10)
. 3673(10)
.2887(10)
. 4335(10)
. 1443(10)
.1071(10)
.2107(10)
. 0567(10)

0O O O O O O 0O O O O

1 |
o O

y/b

. 0003(13)
.0675(11)
. 0877(16)
.0237(19)
. 0700( 6)
. 0929( 5)
.0154( 5)
.1030( 6)
. 1329( 5)
. 0987( 5)
.2049( 5)
. 1250( 5)
.1167( 5)
. 1059( 5)
. 1847( 5)
. 0665( 5)
.1432( 7)
.2134( 4)
-0,
. 2593( 4)
. 2074( 4)
. 1340( 6)
. 0656( 6)
.1376( 6)
.1785( 6)
.0271( 6)
. 0922( 4)
. 1234( 4)
1412( 4)

2405( 4)

0.
-0,
-0.

z/c

0500(22)
0998(17)
0375(31)

0. 1555(39)
0.1463( 9)
0. 0700( 8)

1
0O 0O OO O 0O OO O OO ©o o o

1
o O

.1211( 9)
.2264(11)
.2094( 8)
. 2094( 8)
.1823( 8)
.3138( 8)
. 3458( 7)
.3230( 7)
.3948( 7)
. 4330( 7)
L 1176(11)
. 0676(10)
. 0207(10)
. 1593(10)
.0307(10)
.2277(10)

0.2185(10)

. 3255(10)
. 2543(10)
. 1896(10)
. 2657( 8)
-0,
-0,

2821( 8)
2100( 8)
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Table 6,1 (cont, )

Atom

C(23)
C(24)
c(25)
C(26)
Cc(27)
C(160)
C(170)
C(180)

o O O O O O O o

(Bu', C:NLi)g
x/a

. 0063(10) 0.
. 2446( 7) -0,
.2120( 7) -0.
.2553( 7) -0,
. 3660( 7) 0.
. 3631(10) -0,
. 3602(10) -0,
. 4246(10) -0,

y/b

0720(4)
0184(4)
0387(4)
0787(4)
0175(4)
1889(6)
0830(6)
1195(6)

z/c

-0, 3830( 8)
-0,1969( 8)
-0. 3204( 8)
-0.1247( 8)
-0.1458( 8)
0. 3162(10)
0. 3226(10)
0.1917(10)
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Table 6, 2

(But

2

C :NL_i)6

Anisotropic Thermal Parameters (»&2) And Their Estimated Standard

Deviations (both x 104)

Atom

Li(1)
Li(2)
Li(3)A
Li(3)B
N(1)
N(2)
N(3)
c(1)
c(2)
C(3)
C(4)
C(5)
c(e)
Cc(7)
C(8)
c(9)
c(10)
Cc(11)
c(12)
c(13)
C(14)
C(15)
Cc(16)
c(17)
c(18)
c(160)
C(170)
C(180)

Ui

835(173)
687(156)
494(239)
1084(373)
714( 81)
678( 76)
913( 85)
555( 95)
763(108)
1072(132)
1522(178)
659(110)
827(121)
969(133)
1547(170)
1273(160)
425( 82)
1146(131)
2745(279)
4275(417)
1589(205)
919(113)
826( 83)
1516(152)
1795(173)
1179(115)
2237(201)
1776(170)

y)

965(192)
949(173)
343(220)
468(263)
989( 93)
660( 75)
769( 81)
645( 95)
1184(148)
1712(169)
805(122)
1911(189)
1071(127)
2974(255)
1391(159)
1734(178)
739(104)
417( 91)
1379(181)
1030(162)
844(146)
738(101)

Usa Us3
1091(204) - 69(161)
599(138) - 22(123)
681(250) 252(194)
917(331) - 194(239)
800( 84) - 419( 73)
658( 73) t10( 61)
813( 82) 116( 65)
703( 98) - 71( 78)
828(110) - 203( 99)
1052(127) - 641(121)
2350{(228) 574(139)
868(115) - 123(114)
794(110) - 341( 95)

994(132) - 338(145)
1746{185) —-1062(148)

953(125) 490(127)
724( 94) - 10( 84)
886(108) 22( 84)

2966(297) -1140(188)
2330(249) - 82(164)

K
405(155)
271(124)
396(211)
689(300)
299( 70)
241( 63)
566( 72)
189( 83)
434( 94)
651(110)
921(167)

77( 97)
393( 96)
600(112)
892(149)
302(119)
259( 76)
308(105)

2321(256)
2296(281)

3488(341) - 738(182) - 909(225)

953(111) 199( 86)

258(100)

U2
56(155)
62(136)

212(192)

45(262)
236( 71)
121( 65)
206( 67)
135( 79)
364( 99)
353(125)
164(118)
182(113)
264(100)
372(150)
466(134)
670(139)

35( 82)

77( 89)
408(182)
792(209)
185(141)
120( 87)
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Table 6, 2 (cont, )

Atom

C(19)
C(20)
c(21)
Cc(22)
C(23)
C(24)
C(25)
C(26)
c(27)

Uiy

486( 84)
949(112)
1638(191)
3953(345)
4361(416)
649(102)
1437(153)
2101(212)
356( 92)

t . H
Buzc.Nl_u)6

Uoa

870(103)
951(113)
1474(192)
772(119)
1167(170)
969(113)
1483(160)
1605(177)
1986(201)

Uagy

440( 81) -

666( 93)
3493(344)
1462(166)

749(126)

850(109)

847(117) - 416(107)

2454(226)

1977(194) - 604(153)

Uss K

90( 75) 146( 70)
417( 88) 471( 87)
1177(208) 1279(220)
373(117) 1738(211)
478(119) - 908(199)
197( 89) 464( 89)
489(111)

1363(173) 1857(192)
357(109)

u12

- 51( 76)
303( 93)

- 309(156)
1101(170)
147(205)
264( 91)
301(122)
1405(162)
- 254(114)
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Table 6,3

(But

2

C: Nl_i)6

Interatomic Distances (,&) And Their Estimated Standard Deviations

(/':’\x 103)

Configuration A

Li(1) -
Li(r) -
Li(1) -
Li(1) -
Li(2) -
Li(2) -

N(1) -
N(1) -
N(1) -
N(2) -
N(2) -
N(2) -
N(3) -
N(3) -
N(3) -

Li(2)
Li(3)A
Li(2%)
Li(31)A
Li(3)A
Li(3%)A
Li(3)A
Li(1)
Li(21)
Li(3)A
Li(1)
Li(2)
Li(3%)A
Li(1)
Li(2)
Li(3)A

N(1)
N(2)
N(3)
c(1)
c(1)
c(10)
c(10)
c(19)
c(19)

2. 444(30)
2.349(41)
3,173
3,258
3,309
2.392

- Li(3Y)B
2,051(33)
1,965
2.187(33)
2. 042(29)
2,083(21)
2.102

. 028(28)
. 018(27)
.103(43)

N NN

- c(1)
- c(10)
- Cc(19)
- c(2)

- c(6)

- c(11)
- C(15)
- C(20)
- C(24)

Configuration B

Li(1) -
Li(1) -
Li(1) -
Li(1) -
Li(2) -
Li(2) -
2.110

N(1) -
N(1) -
N(1) -
N(2) -
N(2) -
N(2) -
N(3) -
N(3) -
N(3) -

1.292(15)
1.301(16)
1.299(21)
1,618(20)
1.616(20)
1.591(16)
1.591(15)
1.620(20)
1.601(17)

Li(2)
Li(3)B
Li(21)
Li(3n)B
Li(3)B
Li(31)8

Li(1)
Li(27)
Li(3)B
Li(1)
Li(2)
Li(3)B
Li(1)
Li(2)
Li(3*)B

2. 440(30)
2,250(71)
3.173
3.129
3.232
2,225

2,051(33)
1.965
2,160(45)
2, 042(29)
2,083(21)
2,114
2,028(28)
2.018(27)
2,029
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Table 6,4

Final Bond Angles And Their Estimated Standard Deviations

(But

2

C:NLi)6

Li(2)
Li(2)
Li(1)
Li(1%)
Li(1)
Li(1%)
Li(1)
Li(1)
Li(1)
Li(2%)
Li(27)
c(1)
c(1)
cl(1)
c(1)
Li(1)
Li(1)
Li(1)
Li(2)
Li(2)
c(10)
c(10)
c(10)
c(10)
Li(1)
Li(1)
Li(1)
Li(2)
Li(2)
c(19)
c(19)

Li(1)
Li(1)
Li(2)
Li(2%)
Li(3)A
Li(3%)B
N(1)
N(1)
N(1)
N(1)
N(1)
N(1)
N(1)
N(1)
N(1)
N(2)
N(2)
N(2)
N(2)
N(2)
N(2)
N(2)
N(2)
N(2)
N(3)
N(3)
N(3)
N(3)
N(3)
N(3)
N(3)

Li(3)A
Li(3)B
Li(3')B
Li(3)A
Li(2?)
Li(2)
Li(27)
Li(3)A
Li(3)8
Li(3)8
Li{3)A
Li(1)
Li(27)
Li(3)A
Li(3)B
Li(2)
Li(3Y)A
Li(3)B
Li(3n)A
Li(3)B
Li(1)
Li(2)
Li(31)A
Li(3)B
Li(2)
Li(3)A
Li(3')B
Li(3)A
Li(3')B
Li(1)
Li(2)

125

o o O v = O

.9(15)

.2(12)
.5(18)

.8(13)
140,
131,
129.

72.
103.

65.
110,
100.
132,
132,
148,
125,

74,

69.
100.
106.

66.
130,
128,

0(14)
1{(15)
7 (10)

5(16)
7(14)
8(11)
8(12)
2(15)
3(10)
3(13)

8(15)

9(12)
5(12)
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Table 6, 4 (cont, ) (But2 C: NLi)6

c(19)
c(19)
c(2)

c(6)

c(6)

c(11)
c(15)
C(15)
C(20)
C(24)
C(24)

Angles within the t-butyl groups have been constrained to 109, 48°

The superscript I refers to the position -x, -y

N(3)
N(3)
c(1)
Cc(1)
c(1)
Cc(10)
c(10)
c(10)

.C(19)

C(19)
C(19)

Li(3)A
Li(3Y)B
N(1)
N(1)
c(2)
N(2)
N(2)
c(11)
N(3)
N(3)
C(20)

123.
142,
121,
120,
118,
121,
119,
119,
119,
122,
118,

5(14)

1(14)
9(14)
0(9)
1(9)
1(11)
8 (10)
3(11)
5(10)
2(11)
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Table 6.5 (Butz

C:Nl_i)6

]
Selected Intramolecular Contacts (< 4, 0A)

Li(1)  ..... c(1) 2,996
L-i(1) . C(2) 3.532
Li(1)  ..... C(3) 2,798
Li(1) ..., Cc(10) 3,076
Li(1) ..., C(15) 3.566
Li(1) ..., c(i6) 2,770
Li(t)  ..... C(170) 3,687
Li{1)  seeas C(180) 3.744
Li(1) . C(19) 3,041
Li(1)  ..... C(24) 3.725
Li(1) ..., Cc(26) 3,309
Li(2) ..... c(10) 3.116
Li(2) ..... c(11) 3.665
Li(2) ..., C(14) 3,044
Li(2) ..... Cc(19) 3,003
Li(2)  ..... C(24) 3,635
Li(2) ..... C(26) 3.029
Li(2®) ..., c(1) 2,960
Li(2?) ..... C(6) 3,492
Li(2®) ..... c(7) 2,737
Li(3)A ..... c(1) 3.187
Li(3)A ..... c(2) 3,756
Li(3)A ..... Cc(3) 3.303
Li(3)A ..... Cc(19) 3,022
Li(3)A ..... C(20) 3,384
Li(3V)A ..... c(10) 2,996
Li(31)A..... Cc(11) 3.535
Li(31)A..... C(14) 2,936
Li(3)B ..... Cc(1) 3.139
Li(3)B ..... Cc(6) 3,743
Li(3)B ..... c(7) 3. 421
Li(3)B ..... C(9) 3.944
Li(3)B ..... Cc(10) 3,054
Li(3)B ..... C(15) 3,594
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Table 6,5 (cont, )

Li(3)B ..... C(16)
Li(3)B ..... c(17)
Li(3)B «.ues C(170)
Li(3l)B..... c(19)
Li(3’)B..... C(20)
Li(3)B..... C(22)
Li(3’)B..... C(23)
c(3) ..... c(16)
Cc(3)  ..... C(19)
c(3) ..... c(27)
c(4) ..... c(s)
c(4) ..... Cc(141)
c(s) ..., c(s)
c(s) ..... C(9)
C(7) .eveo c(197%)
Cl7) ceeen C(261)
c@) ..... Cc(170)
c(9) ..... c(1701%)
c(12) ..... c(18)
c(12) ..... C(180)
c(12) ... C(26)
c(13) ..... Cc(17)
c(13) ..... c(160)
c(13) ..... C(227%)
c(14) ..... C(221)
c(16) ..... Cc(271)
C(17)  «.eee C(221)
c(21) ..... C(25)
c(21) ..... C(27)
c(23) ..... C(25)
c(26) ..... C(180)
c(27) ..... c(1801)

(But

2C: NLl)6

3.
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3.
3
3
3
3
3
2
3
3
3
3
3
2
3
3
3.

411

. 484
413
. 002
. 529
« 225
721
. 682
. 833
. 815
. 134
. 819
. 340
. 246
. 866
. 992

603

. 924
. 191
. 463
.912
. 265
. 880
. 864
. 985
. 968
. 857
. 409
« 941
. 260
. 803

612
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Table 6. 6 (B, C tNLi)g

2

[]
Intermolecular Non - bonding Contacts { <4, 0A)

Atom A Atom B Equivalent Cell A — B(/&)
Cc(160) C(12) 4 0, 0, 1 3.922
c(17) Cc(12) 4 0, 0, 1 3,838
c(18) C(4) 3 1,-1, 0 3.722
c(21) C(4) 4 0,1,0 3.908

The intermolecular contacts refer to the position of atom A in the
original co-ordinates list, and atom B as obtained from this, using

the symmetry operations given, and refer to the cell quoted.

Equivalent Position
1 X, y, 2
2 =X, =y, -2
3 -%x,0,5+y,0,5-2
4 x, -y-0.5, z-0,5
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Table 6,7

Mean Planes

(But

2C:NLl)6

Plane

Atom

Plane

Atom

Plane

Atom

Li(1)

0. 00

-10.0468X - 3,0993Y + 11,4313Z = -1,1850

Li(2) LI3)A N(3)*

0. 00 0,00 -1,22

5,5059X + 10.5840Y + 6,0156Z = -0, 0389
N(3) c(19) cC(20) cC(24) Li(1)* Li(2)* Li(3)A*
0.008 -0.02 0.006 0.006 1.30 -1.14 1,01

Li(1)

0. 00

Plane

Atom

N(2)

_6,3575X + 16.3822Y - 0.9923Z = -1,1672
Li(2) Li(31)A N(2)*
0,00 0,00 -1.27
-9,9898X - 2.0719Y + 11.60332Z = -0,3270

c(10) c(11) c(15) Li(1)*  Li(2)* Li(31)A*

0, 0002-0, 0006 0,0002 0, 0002 -0,84 -0.94 1,27

Plane

Atom

Plane

Atom

P

Li(1)

5.5759X + 12,8850Y + 4,8832Z = 11,2160

Li(2%) Li(3)A N(1)*

0.000 0.000 0,000 1.23

N(1)

-4,9284X + 17.3727Y - 2,1086Z = 0,1731

c(1) c(2) c(6) Li(1)*  Li(2h)* Li(3)A*

0,002 -0,005 0,002 0,002 -1.15 0, 91 1.19
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Table 6, 7 (cont.) (But C:NLi )6

2

Plane 7
5.3506 X + 11,5552Y + 5,77612 = 11,1358

Atom Li(1) Li(3)A Li(2?) Li(3)B N(1)*

P 0,08 -0,08 0,08 -0.09 1. 31
Plane 8
-6,2426 X + 16,1858Y - 1,4395Z2 = 1,1368
Atom . Li(3)A Li(2!) Li(1!') Li(3!)B
P 0,03 -0,03 0,03 -0,04
Plane 9
-9,7635X - 3,.2442Y + 11.6391 72 = 1,1558

Atom Li(2!') vLi(1) Li(31)A Li(3)B

P 0,03 -0,03 0. 04 -0.04

Plane 10
5.5759X + 12,8850Y + 4,88322 = 11,2160

Atom Li(1) Li(21) Li(3)A

P 0. 00 0.00 0.00

Plane 11
-2,6580X - 14.,6006Y + 9,2041 2 = 0,0

Atom Li(1) Li(11) Li(2) Li(27)

P 0.00 0.00 0,00

Plane 12
5.0183X + 9,8567Y + 6,76702 = 1,2137

Atom  Li(1) Li(3)B Li(21)

P 0. 00 0. 00 0. 00
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Table 6,7 (cont, )

( But

C:NLi)6

Angles Between Planes

Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane

Plane

1
1

® N 0 W Ww -~

10
11

Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane

Plane

©C O O 0 &~ W N

—
N -

90, 78°
84, 22°
95, 06°
82, 45°
87, 84°
84, 56°
92, 95°
87.27°
95, 37°
83, 56°

The superscript | refers to the position (-x, -y, -2)

X, Y, Z refer to fractional co-ordinates along the unit cell axes,

[+
and P refers to the distance in A of an atom from the mean plane.

Atoms marked ¥ are not included in the mean plane calculation,
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Table 6, 8 (Bu' C:NLi)g

2

Analysis of Variance

Sin60,00-0,.14-0,18-0,20-0,23-0,25-0,27-0,29-0,31-0,33-0,35
N 182 189 124 217 159 152 166 186 159 91
\V 478 377 324 276 270 228 195 192 162 171

1
2

Fo

[m] 0,00-0,18-0,20-0,21-0,23-0,24-0,27-0,30-0,33-0,41-1,00
N 232 175 103 228 86 206 155 124 163 153
\Y 182 239 233 249 353 280 317 365 380 340

143



Table 6,9

(Bu! C:NLi)g

2

Final Values of the Observed and Calculated Structure Factors
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CHAPTER SEVEN

THE CYCLOPENTADIENYL GROUP

AS A METAL CO-ORDINATING LIGAND



The Cyclopentadienyl Group As A Metal Co-ordinating Ligand

Interest in the cyclopentadienyl group as a metal co-ordinating
ligand arises from its ability to participate in several modes of
co-ordination, and to function as both a bridging and a terminal
constituent,

The metal derivatives of cyclopentadiene can be conveniently
classified into three general types, namely, a symmetrical n-
complex with a pentahapto configuration (Figure 7a), a o- bonded
complex ihncorporating a monohapto co-ordinated cyclopentadienyl
ring (Figure 7b) and an asymmetric complex containing di - or
trihapto co-ordinated cyclopentadieny! rings (Figure 7c). Fritz,
1964, stated that cyclopentadienyl metal complexes may be assigned
to one of these three types by examination of their spectral properties.
The general validity of this approach has been supported by the more
recent work of Harrison and Healy, 1973.

The pentahapto configuration is the most frequentiy observed mode
of co-ordination, and is typified by the symmetrical n7-bonded complex
ferrocene (Bohn and Haaland, 196£). The bonding in this case,
involves combination of the delocalised cyclopentadienyl ring orbitals
with the s, p and d metal orbitals giving rise to nine bonding molecular
orbitals, which are occupied by the eighteen available bonding electrons
(Cotton and Wilkinson, 1974),

Corr;pounds formed from highly electropositive metals, where d-
orbitals of suitable energy are not available for bonding, have tended
to be regarded as essentially ionic in character, and the electrostatic
requirements of an ionic system also favour the pentahapio configuration,

In several compounds, notably, (C5 Hs)zBe (Wong, Lee, Chao and
Lee, 1972), (05 H5)2Mg (Bunder and Weiss, 197%), (C5 H5) TI and
(C5 H5) In (Frasson, Menegus and Panattoni, 1963), considerable
controversy exists as to the extent of ionicity in the bonding. An
attempt to resolve this question has been made by studying the lgF
n.m.r. spectra of m- and p - flurophenylcyclopentadienyl compounds
of univalent thallium and collating these with the spectra of the
respective alkali metal derivatives and pentahapto metallocenes (Koridze,
Gubin and Ogorodnikova, 1974). On the basis of this study and with
regard to a bond of 100% ionicity in the sodium derivative, and 0%

ionicity in ferrocene, estimates of the bond polarity have been made
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in (CSHS) TI and (C5H5) Mg Br, showing these compounds to be neither
purely ionic nor purely covalent, The bonds appear to be of an
intermediate nature with the bond polarity sufficiently high to permit
a significant contribution of the ionic component to be assumed in the
metal - cyclopentadienyl bonding. '

The o-bonded (monohapto) mode of co-ordination is less frequently
observed, although several crystallographic structures demonstrating
this mode of co-ordination have been reported, namely, (C5H5)3 In
(Einstein, Gilbert and Tuck, 1972), (C5H5)3Mo (NO) (Calderon, Cotton
and Legzdins, 1969),[(Ph)3PC5H4HgI2]2 (Holy, Baenziger, Flynn and
Swenson, 1976), (CSHS)aTi (Calderon, Cotton, DeBoer.and Takats,
1971) and (CSHS)ZBe (Wong, Lee, Chao and Lee, 1972). In each of
these structures, the authors believe that the variation in
cyclopentadienyl carbon - carbon distances is sufficient to justify
preservation of the double bond characteristics of the ring, as observed
in cyclopentadiene itself (Liebling and Marsh, 1965), For example, in
the compound (CSH5)3M0 (NO), theoa-bonded ring has two carbon - carbon
distances of 1. 349(5) and 1. 344(5)A, compared with the remaining three
distances of 1. 468(5), 1.468(5) and 1. 442(6)A.,

In the asymmetric di - and trihapto mode of co-ordination, the evidence
for ring localisation is less conclusive, It has also been suggested that
a true trihapto configuration involving a =z -allyl type interaction
cannot be realised owing to the geometric and bonding constraints
inherent in the situation (Cotton, 1969), In (C5H5)3M0(NO) (Cotton and
Legzdins, 1968), spectroscopic evidence indicated the possibility of two
trihapto co-ordinated cyclopentadienyl rings. In a later crystallographic
study of this complex (Calderon, Cotton and Legzdins, 1969}, the
variation in the molybdenum — carbon distances 2, 347(4), 2.324(3),

2. 444(4), 2,682(5) and 2, 609(5),&, would appear to support the trihapto
configuration, The ring carbon - carbon distances however, showed no
significant variations about the mean value of 1, 373,&. Churchill and
Fennessey, 1967 have studied a number of pentahapto Mo(C5H5)
complexes and shown that ring tilting and hence variable molybdenum -
carbon distances are a common feature of such complexes. The authors
consider that molybdenum - carbon distances within the range 2, 26 to

2. 402\ are consistent with pentahapto co-ordination. Since this range
includes the shorter Mo - C distances found in (C5H5)3M0(NO), the
apparent trihapto ring may still be regarded as conforming to the

pentahapto configuration,
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Crystallographic studies on the complexes (C5 H5)3Ti (Forder
and Prout, 1974) and (C,H.), Ca (Zerger and Stucky, 1974) have
reported the presence of dihapto and trihapto rings respectively.
In (C, H5)3 Ti, metal —ocar‘bon distances of 2, 448(5), 2. 481(5), 3.346(6),
3.775(6) and 3. 703(6)A, strongly support the dihapto configuration,
whilst in (05 HS)ZCa, the variation in metixl - carbon distances 2.701(1),
2.789(2), 2,805(2), 2.951(2) and 2.943(2)A, although less pronounced,
support a trihapto configuration. In both of these complexes, a slight
variation in ring carbon - carbon distances has been taken by the authors
to infer a degree of ring localisation, consistent with =z -ethylinic and

n-allylic co-ordination respectively.

Several crystallographic structures have been reported in which"
the cyclopentadienyl group functions in a bridging capacity, namely,
(C, H5) In (Frasson, Menegus and Panattoni, 1963), (Cg H_5)2Pb
(Panattoni, Bombieri and Cr~oatto,19_66);(c5 HS)SSC (Atwood and Smith,

1973) and (Cg¢ Hs) Ga(CH3)2 (Mertz, Zettler, Hausen and Weidlein, 1976),

When the cyclopentadieny! group functions as a bridging group, the
structure is polymeric with puckered chains of metal atoms (Figure 7d),
the degree of puckering refiecting the spatial requirements of the
terminal substituents (Mertz, Zettler, Hausen and Weidlein, 1976), or
of the lone pair electrons on the metal atoms (Panattoni, Bombieri and
Croatto, 1_976).

in (C5 HS) In the chain puckering is 2 - dimensional and the In-In-in
angle is 137°, whereas in (05 HS)ZPb’ the chain puckering is
3 - dimensional with Pb-Pb-FPb angles of 118 and 121° respectively. In

these bridged compounds, the configuration of the cyclopentadienyl ring

varies from pentahapto as in (05 HS) In to monohapto as in (C5 H5) Ga(CH3

)5
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CHAPTER EIGHT

THE CRYSTAL STRUCTURE
OF

Na(CSHS)(Me NCH4 NMe

2 NG 2)



Introduction

Crystallographic studies on the co-ordination complexes of the
Group I alkali metals has been mainly concerned with lithium, and
have adequately demonstrated the capacity of lithium atoms to
co-ordinate strongly to the n-systems of unsaturated hydrocarbon
groups or anions (Wakefield, 1974, Stucky, 1974),

By contrast, organosodium complexes, in which the metal - carbon
bonding would be expected to be more ionic, have been much less
fully studied, although n-type bonding interactions between
bis(tetrahydrofuran) sodium units, Na(THF)z, and the benzene rings
of complex organo - aluminate anions derived from naphthalene or
anthracene have been observed from crystallographic studies on the
compounds (Na (THF)Z) (Mez Al CIOHB)Z (Brauer and Stucky, 1970)
and (Na(THF)z)z(MezAI Cll&H]O)Z (Brauer and Stucky, 1972),

In particular, no definite structural work has been done on a
cyclopentadienylsodium complex, even though cyclopentadienylsodium
has been the subject of many vibrational and n, m,r. spectroscopic
studies (Fritz and Ford, 1971), and is itself widely used as a reagent
for the synthesis of transition metal cyclopentadienyl complexes (King
and Stone, 1963),

The crystal structure discussed in the following sections, relates
to the cyc;lopentadienylsodium tetramethylethylenediamine complex,
Na(C5 H5) (MezNCHZCHzNMez) which by virtue of its crystalline
form, was selected for X -ray crystallographic study, with a view
to establishing the mode of attachment of the cyclopentadieny!l group
to the metal, This work is believed to be the first reported

crystallographic structure of a cyclopentadienylsodium complex,

Preparation

The compound was prepared by the reaction of equimolecular
proportions of cyclopentadienylsodium and tetramethylethylenediamine
(TMED) in tetrahydrofuran (THF), The product was recrystallised
from hot benzene as chunky, colourless plates, which decompose
immediately on exposure to air, turning dark brown and then black,

Characteristic absorptions in its infrared spectrum and a singlet
absorption in the THn, m.r. spectrum, due to the cyclopentadienyl
protons, indicated a pentahapto interaction between the cyclopentadienyl

groups and metal atoms.
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The preparation and spectroscopic characterisation of the

compound was undertaken by Aoyagi and Wade, 1976,

Crystal Data

The compound crystallised as colourless platelets which rapidly
darkened on exposure to air. For the purpose of data collection,
the crystals were sealed in quartz capillary tubes. The crystal

selected had dimensions of 0, 40 x 0, 35 x 0, 35 mm.

Preliminary studies using the Weissenberg and precession methods

established the unit cell as orthorhombic, The conditions limiting

reflections were

hkl No conditions h0O {(h = 2n)
Okl I = 2n 0kO No conditions
hOl | = 2n 001 (1 = 2n)

hkO h = 2n

and these defined the space group as Pcca.
More accurate unit cell dimensions were obtained from a least -
squares treatment of the positions of twelve high order reflections,

measured on a four -circle diffractometer,

Na(CsHs)(MezNCHZCHzNMeZ)
M = 204.3
a = 15.961A
b = 8,949A
c = 18.408A
z =8
Dc = 1.031g.cm™3

Absorption coefficient for MoKa radiation = 9, 6cm_1.

Data Collection

The intensity data were collected on a four -circle diffractometer

as previously described, using a 8 - 20 scan technique, Each

reflection was scanned in eighty steps of O, 01’ with a counting time
of three seconds per step, and a background count of sixty seconds
at the beginning and end of each scan. Three standard reflections
were measured every forty reflections, and were used to place the

data on a common scale.
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Three equivalent octants of reciprocal space were scanned up to
alimit of 6 = 200, to give after averéging a total of 1234 unique
reflections of which 771 were classed as observed reflections having
net counts greater thano.

The data was corrected for Lorentz and polarisation effects, but

not for absorption,

Solution And Refinement

The structure was solved by the symbolic addition procedure,
using a multi — solution program. A set of normalised structure factors
were calculated and signs were given to 170 of these with|E |greater
than 1.5, The program initially chose three reflections to define the
origin, and these were arbitrarily given positive signs. A further
four reflections were chosen, the signs of which were varied
systematically so that each of the sixteen possible combinations was used
together with the origin determining reflections as a starting set for the
symbolic addition procedure, These reflections together with a summary
of the results are shown in Table 8,1,

The most self - consistent set corresponds to set 10 which has a
consistency index of 0,85, Three other sets have a high consistency
index, namely sets 9, 12 and 14, with values of 0,81, 0,81 and 0, 79,
At the end of each cycle, the signs of the reflections in the starting
set are recalculated from the signs of the remaining reflections,
although no sign changes were made, In each of the last three sets,

a change in sign of one member of the starting set, makes them all
equivalent to set 10,

An E - map was computed using the phases estimated from set 10,
and revealed the correct positions of all of the non -hydrogen-atoms,

In the E-map, two relatively large peaks lay on mutually perpendicuiar
2 -fold axes, at the positions (0,25, 0.0, 0,125) and (0,0, 0, 30, 0, 25),
and with peak heights of 5.8 and 5.7. These two peaks were attributed
to the sodium atoms, The remaining peaks which occurred in general
positions had heights varying from 1.1 to 2,0, against a general
background of peak heights up to 1,

All of the atoms were included in two cycles of least - squares
refinement, using the block diagonal approximation, at the end of
which the R-value was 0.134, A further cycle of refinement in
which all atoms were given anisotropic temperature factors, further
reduced the R - value to 0,125, A further difference map showed peaks
due to the hydrogen atoms,
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Table 8,1

Na (C5 HS) (Me2 NCH2 CHZNMeZ)

Symbolic Addition Procedure

Sets 2, 3, 4—*™1
11,13,16—15
9,12,14—10

Origin Determining =] Reflections Whose 1
Reflections Signs Were VVaried
2 3 4 3. 01 B 5 4 3. 20
2 1 3 3.30 4 7 8B 3.93
1 4 13 3.48 4 3 8 2,11
6 5 8 2,08
Results
Set No, Signs Changes Cycles No,+ No, - Consistency Index
1 ++++ 16 131 39 0. 536
2 ++4 - +4+++ 16 105 65 0. 555
3 ++—+ +4+4++ 16 132 38 0. 496
4 ++—— +t4+ 16 79 91 0. 472
5 +—++ 8 79 91 0, 364
6 G T 16 76 94 0. 478
7 +——t S 16 82 88 0. 451
8 L 16 76 94 0.516
9 —+++ - 6 81 89 0. 814
10 —++- 5 81 89 0. 853
11 —+-+ -t 9 98 72 0. 471
12 —t— —++- 6 81 89 0, 807
13 ——tt —t 11 94 76 0. 567
14 —t- —++- 7 81 89 0.786
15 —t 16 S0 80 0, 605
16 ———— —_t 16 86 84 0. 531
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These atoms were placed at their calculated positions and allotted
isotropic temperature factors which were allowed to refine. A
further refinement cycle now reduced the R -value to 0,10, Further
refinement using full matrix least - squares saw the R -value converge
to its final value of 0,087, The parameter shifts in the final cycle
were all less than 0. 30, A difference synthesis calculated from
the final structure factors showed no peaks greater than 0. 2e. /&_3.

An empirical weighting scheme was used in the initial stages of
refinement, but was replaced in the final stages by one based on
counting statistics as described earlier. The optimum value for P
was 0, 12 as determined by an even distribution of w A 2 as a function
of |[Fo]. The unobservedrefiections were not included in the
refinement,

The weighting analysis is given in Table 8, 8, and the final atomic
and thermal parameters are given in Tables 8, 2 and 8, 3,

Atomic scattering factors were taken from International Tables,
Vol, III,

Structure factors are listed in Table 8,9,

Description And Discussion of The Structure

The structure, Figure 8a, consists of puckered chains of sodium
atoms, each with a chelating TMED molecule attached, and linked by
pentahapto cyclopentadienyl groups. Since the sodium atoms lie on
perpendicular 2 -fold axes, the chain puckering occurs in two
mutually perpendicular planes. Each sodium atom is surrounded by
a distorted tetrahedral arrangement of two nitrogen atoms from the
same TMED group, and two pentahapto cyclopentadienyl groups. The
cyclopentadienyl groups are inclined at 88° to the metal - metal vectors,
but the ring centres are displaced 0.1 l/& from these vectors,

The -M(C, HS)M(CSHS) M(C5 H5) - chain structure of
Na(C5 H5) (MezNCHZCHzNMez) may be compared with the chain
structures of In(C5 H5) (Frasson, Menegus and Panattoni, 1963,

Pb(Cg H5)2 (Panattoni, Bombieri and Croatto, 1966), Ga(C, HS) (C H3)2
(Mertz, Zettler, Hausen and Weidiein, 1976), Zn(C_,._.’HS)CH3

(Aoyagi, Shearer, Wade and Whitehead, 1978) and Ti ((_'.:5 HS) (Frasson,
Menegus and Panattoni, 1963),

In Na(C5 Hs) (MeZNCHZCHzNMez), the two distinct Na - Na - Na
angles of 128° and 119° (Table 8. 5) define the degree of puckering of

the chain and reflects the distorted tetrahedral co-ordination of the
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Figure 8b

View of the Sodium Chain Angle at Sodium 119°

Ccit

NI

c8

Na (C5 HS) TMED
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Figure 8a

View of the Sodium Chain Angle at Sodium 128°

Na(05 H5) TMED
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sodium atoms, These angles may be compared with angles of 118°
and 121° in Pb(CgH), and 137° in In(Cg H,).

The chelating TMED groups have nitrogen - nitrogen separations
of 3.03(1) and 3. 04(1)A (Table 8. 4), and both subtend an angle at
sodium of 70, 5°. The smallness of this angle illustrates the restricted
bite of this particular ligand, and also emphasises the importance of
metallic radius in determining whether TMED chelates or bridges, as
found in the potassium fluorenyl complex, KC H9 (TMED)2 (Stucky,
1974).

Q
The sodium - nitrogen separations of 2,618(9) and 2.628(7)A are

13

intermediate in value between the observed Na - N separation of

2, 50,& in sodium azide, Na N3 (Pringle and Nf)fkes, 1968), 2, 49»& in
Na (C]2H4N4) (Konno and Seito, 1974), 2.?1A in N(CHZCHZOH)3 Na i
(Voegele, Fischer and Weiss, 1974), 2,46A in N(C HZCHZOCH3)3NaI
(Voegele, Thierry and Weiss, 1974) and the theoretical Na-N values
calculated for various complexed sodium cations (Rao, Randhawa,
Reddy and Chakravorty, 1978), These calculated values include 2. 84&
in [Na (NH3)]+, 2. 8A in |Na (pyridine)]+ and 2.9A in |Na (NH,), *

The chelation of TMED to the sodium atoms produces 5 - membered
rings, both of which are found to be non -planar (Table 8,7). Within
the TMED molecules, the carbon - carbon distances are 1, 432(15) and
1. 429(12)3&, and the nitrogen carbon distances range from 1. 442(15) -
1.477(10)A and 1. 449(13) - 1. 463(12)A respectively.

This structure is consistent with an ionic model of the bonding in
terms of Na (TMED)+ cations and C5 HS— anions and may be compared
with the structures of Zn (C,H;) CH, and Ga (C H.) (CH,),. These
compounds aiso have chain structures, but with a greater degree of
covalency in the metal - cyclopentadienyl bonding, which may be
reflected in the distortion of the cyclopentadieny! ring from pentahapto
geometry namely, 65° inclination to the metal - metal vectors in
Zn (CgH) CHy and 50° inclination in Ga (CgH) (CH,),.

The sodium - cyclopentadienyl carbon distances range from 2, 856(15)
to 2.963(12)A for Na(1), and from 2.829(14) to 3.033(12)A for Na(2).

A comparison may be made between these values and relative distances
found in the magnesium complexes, Mg (C5 HS) Br (C2H5)2N (C Hz)zN(CzH
{Johnson, Toney and Stucky, 1972) and Mg (Cq H,7)2 (Atwood and Smith,
1974).

2]
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The latter two compounds are considered to possess a degree of
covalency in the metal - cyclopentadienyl bonding, and the magnesium -
carbon distances of 2,55 and 2. 43,& respectively, can be regarded as
n-type interaction distances. These values differ by 0,33 and O, 21:&
from the value of 2, 22/&, attributed to an electron - deficient Mg-C
bridging interaction (Atwood and Smith, 1974), If the sodium - carbon
distance of 2, 634& found in Na(C2 H5) (Weiss and Sauermann, 1970),
can be considered as representative of a bridging Na- C interaction,
then a corresponding increase in this value, would give a predicted
n-type Na - C interaction in the order of 2, 9,&. The observed Na-C
distances in the Na(C5 HS) TMED complex are of this order, and this
may be interpreted as implying a degree of covalency in the sodium -
carbon bonding,

A further comparison can be made between the metal - sodium and
metal — nitrogen distances observed in Na(C5 HS) TMED and the
magnesium complex, Mg(Cs HS) Br (CZHS)ZN(CHZ)ZN(CZHS)Z] .

In the magnesium complex the mean Mg- N distance is 2, 61,&, and
the mean Mg - C distance is 2, 55A giving a difference (Mg-N) - (MgC)
of 0O, 29'&.

In the sodium complex, the mean Na- N distance is 2, 62A and the
mean Na - C distance is 2, 92A with a difference (Na-N) - (Na-C) of
0. 3010\, in-very good agreement with the value above,

The cyclopentadienyl groups are planar within experimental error,
and the ring carbon - carbon distances range from 1, 37(2) to 1.40(2)2\,
with a mean value of 1, 38(1),&. This value appears shorter than the
mean C - C distances in other metal - cyclopentadienyl complexes in
which the degree of covalency is thought to be greater, such as 1.43/3\
in Fe(CgH,), (Bohn and Haaland, 1965), 1. 42A in Mg (C H,), )
(Haaland, Lusztyk, Novak, Brunvoll and Starowieyski, 1974), 1.43A
in Ni (C5 H5)2 (Hedberg and Hedberg, 1970) and 1. 41A in Be (C5 H5)2
(Wong, Lee, Chao and Lee, 1972), and is a further indication as to
the anionic character of the cyclopentadienyl rings.

A trend has been observed for transition metal a-cyclopentadienyl
complexes which relates the metal - ring centre distance, with the
metallic radius of the metal atom (Johnson, Toney and Stucky, 1972),
In the case of Na(Cg Hg) TMED, the sodium atoms lie 2. 68A from the
centre of the cyclopentadienyl ring, and this distance cannot be fitted

into such a scheme,
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Non - bonding Contacts

Non - bonding contacts occurring within a chain are given in
Table 8, 6,

Two contacts occur between adjacent cyclopentadienyl rings and
these involve atoms C(1) ... C(2I) with a separation of 3, 8252\, and
c(1)... C(5!) with a separation of 3.9252\. These interactions are
probably the cause of the 0, 1 1;& displacement of the cyclopentadienyl
ring centres away from the metal - metal vectors,

Several contacts occur between nitrogen and the cyclopentadienyl
carbon atoms, and also between the methyl carbon atoms. No contacts

[+]
less than 4A occur between the chains.
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Table 8, 2

Final Atomic Co-ordinates And Their Estimated Standard Deviations

Na((35P45)UMe2PdCIH

2 CH2 NMez)

Atom

Na(1)
Na(2)
N(1)
N(2)
cl(1)
c(2)
C(3)
Cl(4)
C(5)
c(6)
c(7)
c(s)
C(9)
c(10)
C(11)
H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)
H(13)
H(14)

x/a

0. 2500(
0. 0000(
0. 3059(
0. 0457(
0. 1263(
0. 0811
0. 1056(
0. 1661(
0, 1782(

0)
0)
6)
5)
9)
6)
7)
7)
7)

0. 2535(12)

0. 2888(
0. 3946(
0. 0012(
0. 1360(
0. 0226(
0.1219
0. 0371
0. 0772
0. 1980
0. 2226
0.1975
0. 2906
-0. 0577
0. 0401
0. 4271
0. 4052
0.4134
0. 2236
0.3176

8)
8)
9)
7)
7)

y/b

0. 0000( 0)
0.3013{ 5)
0, 1366( 9)
0. 5409( 7)
0.0724(14)
0. 0798(16)
0.2077(15)
0.2767(10)
0.1934(17)
0.0798(12)
0, 2966(15)
0, 1145(13)
0,6661( 9)
0.5551(12)
0.5363(11)
-0,0154
-0, 0040

0. 2409

0. 3808

0. 2209

0. 1401
0.1115
0.6737

0. 7680

0. 1555
0.0014
0.1738
0.3160

0. 3457

2/c

0.1237(2)
0. 2500(0)

0. 0076(5)

0. 3224(4)
0.2301(7)
0. 1658(9)
0. 1303(5)
0. 1708(8)
0, 2345(6)
-0. 0524(5)
0.0108(7)
-0, 0024(6)
0. 2888(5)
0. 3184(6)
0, 3992(6)
0, 2698
0.1520
0.0772
0. 1566
0.2778
-0, 0495
-0. 1009
0, 3152
0. 3066
0.0414
-0,0106
-0, 0505
0.0131
0. 0557
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Table 8, 2 (cont, )

Atom

H(15)
H(16)
H(17)
H(18)
H(19)
H(20)
H(21)

Na(CSHS)(MeZNCHZCH

2

NMez)

x/a

0.3118
0.1643
0.1552
0, 1529
-0.0437
0. 0496
0. 0420

y/b

0. 3506
0. 4630
0, 5682
0. 6531
0. 5251
0. 4399
0.6310

z/c

-0,0373
0. 3431
0. 2657
0. 3492
0, 4056
0. 4262
0. 4281
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Table 8,3

Na(C5 HS)

(CH,),NCH, CH,N(CH,),

o
Anisotropic Thermal Parameters (Az) And Their Estimated Standard

Deviations (both x 10

4)

Atom

Na(1)
Na(2)
N(1)
N(2)
c(1)
C(2)
C(3)
C(4)
C(5)
c(6)
c(7)
c(s)
Cc(9)
c(10)
c(11)
H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)

u

IR

648(
696(
950(
870(
1020(
668(
943(
1073(
1036(

24)
28)
66)
54)
47)
69)
80)
82)
82)

u

22

652(
576(
1137(
602(
816(
1024(
791 (
725(
1101(

26)
26)
76)
56)
81)
98)
73)
70)
88)

L‘|33

694( 27)
717( 29)
964( 69)
899( 61) -

1097(105)
1324(112) -

o80( 78) -
972( 82) -
825( 88) -

2189(116)
1678(116)
940( 82)
2154(113)
954( 73)
1419( 97)
1065
1170
1012
1082
1159
1881
1881
1592
1592
1550
1551
1551

1892(149)
1257(102)
1594(107)
558( 59)
1638(111)
1039( 84)

677( 70)
2002(129)
1968(124)

1125( 78) -
1289( 89) -
1000( 76) -

Uss

o -)
o( -
396( 59)
106( 50) -
114( 79)
309( 89)
262( 83)
249( 79)
182( 89) -
451( 76)
787(111)
801( 95)
87( 55) -
495( 77)
102( 66)

u

13

of
76(
146(
90(
3094(
270(
22(
304(
6(

-)
25)
55)
49)
82)
77)
73)
72)
70)

258(111)
782( 98)
398( 79)
100(116)
117( 71)
14( 69)

ulz

25(27)
o(-)
43(59)
62(45)
289(73)
37(69)
153(68)
285(69)
92(87)
374(20)
58(97)
118(79)
198(87)
305(77)
90(71)
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Table 8, 3 (cont. )

Atom

H(13)
H(14)
H(15)
H(16)
H(17)
H(18)
H(19)
H(20)
H(21)

1727
1727
1727
1290
1290
1290
1262
1262
1262

11

Na(Cs Hs)

(CH3)2 NCH

CHZN(C H3)2

U

22

u

33

23

u

13

12
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Table 8, 4

Na (C5 HS) (Me2 N CHZC HZNMeZ)

[]
Final Bond Distances (A) And Their Estimated Standard Deviations

(A x 103)

Na(1) -
Na(1) -
Na(1) -
Na(1) -
Na(1) -
Na(1) -
N(1) -
N(1) -
N(1) -
C(6) -

N(1)
c(1)
C(2)
c(3)
C(4)
C(5)
Cc(6)
Cc(7)
c(s)
C(6 B)

2,618(9)

2, 856(15)
2,.894(10)
2,963(12)
2.946(10)
2,909(13)
1.477(10)
1.459(9)

1. 442(15)
1.432(15)

c(1) -
c(1) -
C(2) -
C(3) -
C(4) -

Na(2)
Na(2)
Na(2)
Na(2)
Na(2)
Na(2)
N(2)
N(2)
N(2)
Cc(9)

Cc(2)
C(5)
C(3)
C(4)
C(5)

. 387(20)
. 366(19)
. 375(19)
. 376(19)
. 402(18)

. 628(7)

. 897(14)
. 829(14)
.898(11)
.033(12)
.017(11)
. 463(12)
. 449(13)
. 460(13)
. 429(12)
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Table 8,5

Final Bond Angles And Their Estimated Standard Deviations

Na (C5 H5) (Me2 NC H2 CH

NMez)

N(1) -
N(2) -
cle) -
cie) -
cln) -
clo) -
C(9) -
c(10) -
N(T1) -
N(2) -
c2) -
cl) -
c(2) -
c(3) -
cla) -

Na(1)
Na(2)
N(1)
N(1)
N(1)
N(2)
N(2)
N(2)
c(6)
C(9)
c(1)
C(2)
C(3)
C(4)
C(5)

N(1 1)
N(Z w)
c(7)
c(8)
Cc(8)
Cc(10)
c(11)
c(11)
c(e 1)
C(9 xV)
C(5)
C(3)
Cc(4)
C(5)
cl(1)

70,

70.
105,
114,
108,
113.
107,
107.
112,
115,
109,
107.
108,
108,
106,

1( 9)
4( 9)
9( 9)
2( 7)
9( 7)
6( 7)
8(11)
8( 8)
1(10)
3(10)
5(10)
2(11)
8(11)
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Table 8,6

Non - bonding Contacts Within The Chain ( < 4, 0A)

Na (c5 Hs) (Mez NCH2 CHz NMez)

Atom A

Na(1)
Na(1)
Na(1)
Na(2)
Na(2)
Na(2)
N(1)
N(1)
N(1)
N(1)
N(1)
N(2)
N(2)
N(2)
c(1)
c(1)
Cc(2)
C(3)
c(3)
C(3)
C(4)
C(4)
C(5)
Cc(6)
C(7)
Cc(8)
c(9)
C(9)
c(10)
Cc(11)

Atom B

c(6)
c(7)
c(8)
C(9)
C(10)
c(11)
N(1)
C(2)
Cc(3)
C(4)
c(s)
N(2)
C(3)
c(10)
C(2)
C(5)
c(8)
c(7)
c(8)
c(11)
c(7)
c(10)
Cc(10)
C(7)
c(7)
Cc(8)
c(10)
c(11)
c(10)
c(11)

Equivalent

A-B(A)

Nuu’l(ﬂNuu—‘—'—'(ﬂ(ﬂ_‘uummmmw"_‘uu—‘d_'—‘—‘—'

W W W Ww W Ww W w wwwwowowowowwowwwowwwowwowowwww

. 321
. 429
. 431
. 342
. 386
. 477

031

. 935
. 965
. 946
.915
. 041
. 935
. 892
. 825
. 925
. 572
. 746
. 779
. 623
. 543
.718
. 650
. 627
. 845
. 940
. 111
. 669
. 770
. 838
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Table 8, 6 {cont, ) Na (C5 HS) (Me2 NCH2 NMez)

The intermolecular contacts refer to the position of atom A in the
original co-ordinates list, and atom B as obtained from this using

the symmetry operations given,

Equivalent Position
1 X, y, Z
2 -X, -y, =2
3 0,5-x, -y, z
4 x-0,5, y, -2z
5 -X, vy, 0,5-2
6 X, -y, 2-0.5
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Table 8,7 Na(C5 HS) (MezNCHzNMez)

Mean Planes

Plane 1
-11.4229X + 4,6557Y + 8,5779Z2 = 0, 8669

Atom C(1) c(2) Cc(3) Cc(4) c(5) Na(1)* Na(2)*

P 0,002 -0,009 0,012 -0,011 0.005 -2,65 2,67

Plane 2
14.5768?( + 0,000Y - 7.,49822Z = -1,8745

Atom Na(2) N(2) c(9) c(e™V) N(@2V) c(10)* c(11)*

P 0. 00 0.12 -0,27 0. 27 -0.12 1.47 -0.79

Plane 3
13.6626 X - 4,6264Y + 0,000Z = 3,4156

Atom Na(1) N(1) c(6) c(6 ) N(1T) c(7)* c(s8)*

P 0.0 0.13 -0,32 0.32 -0,13 -0, 85 1.44

The superscripts I and IV refer to equivalent positions (0, 5-x, -y, 2)

and (-x, y, 0,5-2)

X, Y, Z refer to fractional co-ordinates along the unit cell axes and

P refers to the distance of the atom from the mean plane,

Atoms marked ¥ are not included in the mean plane calculations.
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Table 8,8 Na(CSHS)(MezNCHZCHzNMeZ)
Analysis of Variance
ol Ranges N Zw Az N

5 8 146 0. 56

8 11 173 0.71

11 14 127 0, 89

14 24 170 1,02

24 175 155 0.73

0. 344
0,203
0.110
0,055
0,036
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Table 8,9

Na(C5 H5) TMED

Final Values of the Observed and Calculated Structure Factors
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Introduction

The structure described and discussed in this section, relates to
a cyclopentadienylzinc derivative in which the zinc is involved in multi -
centre bonding to carbon,

The crystal structures of several cyclopentadieny! - group I metal
complexes have been reported, namely, biscyclopentadienylberyllium
(Wong, L.ee, Chao and Lee, 1972, Haaland and Novak, 1974),
dicyclopentadienylmagnesium (Bunder and Weiss, 1975),
dicyclopentadienylcalcium (Zerger and Stucky, 1974) and also of a
cyclopentadienylmercury derivative (Ph3P Cs H4 Hg Iz)2 (Holy, Baenziger,
Flynn and Swenson, 1976). The intervening group I1B metals, zinc and
cadmium, appear to have been neglected, and although several ‘
cyclopentadienylzinc derivatives have been synthesised (Strohmeier
and Landsfeld, 1960) and various spectroscopic studies reported
(Lorberth, 1969, Brunvoll, Cyvin and Schafer, 1970); the present
work is believed to be the first reported crystallographic study of a
cyclopentadienylzinc derivative,

Previous to this work, the ability of zinc to participate in multi -
centre bonding to carbon, could only be inferred from indirect studies,
namely, the degree of association of bisphenylethynylzinc (Jeffery and
Mole, 1968), the observation of intramolecular metal — double bond
interactions, in the cyclisation of di-5-hexenylzinc (St. Denis, Oliver,
Dolzine and Smart, 1974), studies of the rates of alkyl group exchange
reactions of zinc alkyls (Oliver, 1970) and of the spectroscopic studies

of other alkenylzinc compounds (St. Denis, Oliver and Smart, 1972),

Preparation

The compound was prepared from the reaction of methylzinc iodide
and sodium cyclopentadienide in tetrahydrofuran, giving colourless
needle - shaped crystals, which redissolved readily in tetrahydrofuran.
Cryoscopic measurements on the solution, suggested the presence of
monomeric units of Zn(C5 HS)C H3. The infrared and 'Hn, m.r. spectra
of the solution was consistent with a pentahapto co-ordination of the
cyclopentadieny! groups, such as would allow full use of the metals
valence shell atomic orbitals, the cyclopentadienyl groups functioning
as five electron ligands.

The preparative and spectroscopic work on this compound was

undertaken by Aoyagi and Wade, 1977,
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Crystal Data

The compound crystallised as white, air - sensitive needles which
were sealed in quartz capillary tubes for the purpose of data collection,
The crystal selected had dimensions of 0,16 x 0,26 x 0,42mm, with
elongation along the c - axis.

Preliminary studies using the precession method showed the unit

cell to be orthorhombic. The conditions limiting reflections were:-

hkl h+ k = 2n
Okl k = 2n
hoOl h = 2n (I = 2n)
hkO h+ k = 2n
hoO h = 2n
OkoO k = 2n
001 | = 2n

and these established the space group as either Cmcm or Cmc 21,
More accurate unit cell dimensions were obtained from a least -
squares treatment of the positions of twelve high order reflections,

measured on a four —circle diffractometer,

Zn(CgHCH,

M = 145, 49
a = 8. 944(2) A
b = 7.044(2) A
c = 9. 476(2) A
z - 4

Dm = 1.60g. em™3
Dc = 1.60aq. cm_3

Absorption coefficient for MoK radiation = 38,57 cm_l.

Data Collection

The intensity data were collected on a Hilger and Watts four - circle
diffractometer using MoKa , Zr - filtered radiation,

A 6 -286 scanning technique was employed consisting of eighty steps
of 0.01°., A counting time of three seconds per step was chosen
together with a background count of sixty seconds measured at the
beginning and end of each scan, Three intense reflections were chosen

as standards and measured after every forty reflections,
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These standard reflections were used to calculate a scale factor
enabling the data to be placed on a common scale,

Two equivalent octants hkl and h k| of reciprocal space were
scanned, up to a limit of 8 = 25° ., After averaging, a total of 300
unique reflections were obtained of which 250 were classed as observed
reflections, having net counts = 2, 50. The data was corrected for

Lorentz and polarisation effects and also for absorption,

Solution And Refinement

The structure was solved through the use of the Patterson function
which for both the centric and non - centric space groups takes the form

- (-] 2
ZZZIFhHI cos 2nhu cos 2nkv cos 2xlw
000

<lo

P(u,v,w) =

The function was calculated over one - eighth of the unit cell and
sharpened by using as coefficients the products [Fol |E].

Since the unit cell contains four formula- units, certain constraints
are placed upon the positions of the zinc and methyl carbon atoms, and
of the cyclopentadienyl groups. In the centric case, both the zinc and
methy! carbon atoms must occupy 4 - foid special positions, whereas in
the non - centric case both atoms must lie on the single mirror plane at
x = 0, Certain constraints are also imposed upon the position of the
cyclopentadienyl group, and in the non - centric case, one atom must lie
on the mirror plane,

In the vector map, a large peak was observed at the position (0,0,
0.1825, 0,50) with a peak height of 435 with respect to the origin peak
of 999, The zinc atom was placed at the position (0.0, 0,0912, 0.25)
and for both space groups, a related zinc atom would be situated at the
position (0,0-0, 0912, 0.75), derived by the 2 -fold screw axis along
c, and in the centric case, by the centre at the origin. In both cases,
this results in a centrosymmetric arrangement of the zinc atoms, and
in the centric space group, the zinc atoms would occupy the 4 - fold
positions resulting from the intersection of the two mirror blanes.

The position of the zinc atom was refined using least - squares
methods, and an electron density difference map computed, based upon
the phasing of the zinc atoms. This map which is consequently
centrosymmetric, revealed a well defined peak of height 4.6 e, /&_3 at
the position (0.0, 0.3734, 0, 25) and this was interpreted as being due

to the methy! carbon atom,
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Further peaks were observed with heights ranging from 3, 8 to
4.6e, 2\—3, but as these were poorly defined, an attempt was made
to improve the resolution by computing a further electron density
difference map based upon the refined positions of both the zinc and
methyl carbon atoms. With anisotropic temperature factors alloted to
both atoms, refinement resulted in an R - value of 0. 205,

Since the zinc and methyl carbon atoms are centrosymmetric, then
the computed electron density is also centrosymmetric and shows the
symmetry of the centric space group Cmcm., Careful examination of
the map revealed three peaks in the asymmetric unit, elongated along

an arc in a plane passing through the origin and perpendicular to the

mirror plane at x = 0, This plane also contains the 2 - fold axis par‘all'el

to a, which passes through the origin.. The elongation of the peaks was
attributed to there being several closely spaced atoms per peak, and
the atomic positions were selected so that 5 -membered rings were

generated in two distinct orientations

m .
.

Orientation A Orientation B.

In orientation A, one atom lies on the mirror plane at x = 0, whilst
in orientation B, one atom lies on the 2 - fold axis parallel to a,
For either orientation the cyclopentadienyl groups lie mid - way

between the zinc atoms and therefore act as bridging units.

Refinement In The Non - centric Space Group

A cyclopentadienyl group with orientation A satisfies the symmetry

requirements of space group Cmc 21. With anisotropic temperature

factors for the zinc and methyl carbon atoms, and isotropic temperature

factors for the cyclopentadienyl carbon atoms, the R -value becomes
0.0643. With anisotropic temperature factors for the cyclopentadienyl

carbon atoms, the R - value became 0, 0546,
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With Mo Ka radiation, the zinc atoms make an anomolous contribution
to the scattering, which results in different values of the structure
factors calculated for the arrangement described above, and the
alternate arrangement in which the y and z co-ordinates of the
cyclopentadieny! carbon atoms have been reversed in sign. In this
latter configuration, R - values of 0, 0645 and 0, 0549 were obtained
corresponding to isotropic and anisotropic temperature factors being
attributed to the cyclopentadienyl carbon atoms., These values are in
very close agreement with the values obtained previously, Electron
density difference maps computed for both arrangements showed small
peaks (0.5-0,75e. ,&_3) lying in positions mid - way between the ring
carbon atoms, and strongly suggested the possibility of disordering in
the cyclopentadienyl groups, and that the space group was the centric

Cmcm,

Refinement In The Centric Space Group

In the centric space group Cmcm, cyclopentadienyl groups may be
positioned with orientation A or with orientation B, For either
orientation the centre of symmetry at the origin would generate a second
5 - membered ring, resulting in disordering of the cyclopentadienyl
groups.

The structure was refined for both orientations with anisotropic
temperature factors for the zinc and methyl carbon atoms, and isotropic
temperature factors for the cycliopentadienyl carbon atoms.

The cyclopentadienyl carbon atoms were assigned site occupation
factors of 0,5, Calculated R - values were 0,0629 for orientation A
and 0, 0647 for orientation B. An electron density difference map
computed for each orientation, showed small peaks (0. 5e. :&—3) lying
between the ring carbon atoms, These peaks occurred at the atomic
sites selected for the alternate orientations, The appearance of these
peaks led to the calculation of structure factors for a composite
structure in which atoms were placed at the sites found for both
orientations A and B,

The zinc and methyl carbon atom C(4) were allowed to refine, but
the position of the cyclopentadienyl carbon atoms remained fixed., With
isotropic temperature factors for the cyclopentadienyl carbon atoms,

and occupation factors of 0,25, the R- value decreased to 0, 060,
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Cyclopentadienyl hydrogen atoms were then placed at their
calculated positions, and a weighting scheme applied. In the final
refinement, the hydrogen atom positions remained fixed but their
isotropic temperature factors were refined as a common factor, The
resulting R - values were now 0,057 for orientation A and 0, 059 for
orientation B. An R -value based on the composite structure was
0. 055.

The calculated R - values for the three models, refined with
weighting, and with calculated cyclopentadienyl hydrogen atoms, are

listed below,

Calculated R - values

Model Centric Centric Centric
Orientation A Orientation B Composite

R -value 0, 0571 0. 0590 0. 0550

Rw - value 0.0711 0. 0792 0. 0698

Each model was compared by the use of statistical significance tests
on the R - values (Hamilton, 1965), and for the composite arrangement,
the number of parameters was taken as the number of parameters refined
in the two orientations. At the 0.5% significance level, no significant
difference was found between any of the models, suggesting that no
single model was a preferred representation of the electron density.

The continued presence of small peaks lying mid - way between the
ring atoms in the two orientations, strongly suggests that the
cyclopentadienyl groups are highly disordered or even rotating as
implied in the composite structural arrangement.

A unit weighting scheme was used in the early stages of refinement

but was replaced in the final refinement by the weighting scheme

1
[c2F+q.F
The fina] value of g was 0,01375,

w = 2

The weighting analysis is given in Table 9, 8, and the final atomic
and thermal parameters are given in Tables 9.1 and 9, 2. Atomic_
scattering factors were taken from

Acta Cryst., A24 (1968) 321
Acta Cryst., A24 (1968) 390
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The complex components of the scattering factors for zinc were
obtained from:-
J. Chem. Phys., 53 (1970) 1891

Structure factors are listed in Table 9,9,

Description And Discussion of The Structure

In the crystalline state, the structure consists of puckered chains
of zinc atoms, each with a methyl group attached, linked by bridging
cyclopentadienyl groups inclined at an angle of 65° to the zinc - zinc
vectors (Figure 9a).

In the centrosymmetric space group, two distinct orientations of the
cyclopentadienyl group (Orientations A and B, Figures 9b and 9c),
have been considered, but the most realistic interpretation of the
structure is a disordered arrangement consisting of both orientations,
or possibly, rotation of the cyclopentadienyl groups. The individual
orientations A and B, can however, be taken to represent the two
extremes of the structure,

Smail peaks lying mid - way between the ring atoms were observed
in the case of ferrocene, and a disordered arrangement of the
cyclopentadienyl rings was postulated in order to describe the str-uc.tur'e
(Dunitz, Orgel and Rich, 1956),

Since the cyclopentadienyl groups are inclined at 65  to the metal -
metal vectors, some atoms in each ring are brought into close proximity
to the zinc atoms. In orientation A, atoms C(1) A, C(2) A and C(27) A
are closer to Znl , With zinc -~ carbon distances of 2,22, 2,65 and
2. 65A respectively, whilst atoms C(3) A and C(31) A are closer to Zn,
both with distances of 2. 31 A (Table 9. 3).

The shorter zinc - carbon distances, 2, 22 and 2, 31,&, are considered
to involve strong Zn- C bonding interactions, and may be compared
with the copper - carbon distances of 2, 24/0\ and 2, 30;& in
(C5 HS) CuF’(C2 H5)3 (Delbaere, McBride and Ferguson, 1970) and

n(Cg H5) CuF’(((,:6 H5)3 (Cotton and Takats, 1970). Thelonger Zn-C
distance of 2. 65A, is still considered to involve some degree of
bonding, and thus the cyclopentadienyl group may be regarded as

contributing five electrons to the two zinc atoms,
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Zn(CSHS)CH3

Orientation A Fig.9b

Orientation B  Fig.9c
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In orientation B, atoms C(2)B and C(3)B are closer to ZnI, with
zinc - carbon distances of 2, 25 and 2, 412\, whilst C(2T)B and (30 )B
are closer to Zn, also with distances of 2, 25 and 2.41/&. As before,
these distances are considered to involve zinc - carbon bonding
interactions, The atom C(1)B is equidistant, 2.74,&, from both Zn! and
Zn, and implies a smaller interaction, Again the cyclopentadienyl
group may be regarded as contributing five electrons to the two zinc
atoms,

For both orientations, each zinc atom is thus surrounded by a
distorted trigonal arrangement of three ligands, a methyl group
functioning as a one electron figand, and two cyclopentadienyl groups
of hapticities in the range 2 to 3, contributing five electrons between
them,

The extent of displacement of the zinc atoms away from the
cyclopentadienyl 5 - fold axis, is reflected in the 69° inclination of
the ring to the metal - metal vectors. In Zn(C5 HS)C H,, this
displacement is intermediate between that found in Na(C5 H5) TMED,
(Aoyagi, Shearer, Wade and Whitehead, 1976), where the metal atoms
lie on the 5~fold axis, and in Ga(C5 H5)Me2 (Mertz, Zettler, Hausen
and Weidlein, 1976), where the metal atoms lie outside the ring
perimeter, enabling the metal atoms to bond monohapto to the
cyclopentadienyl ring. Similar displacements away from the 5 -fold
axis are found in crystalline Be(C5 H5)2 (Wong, Lee, Chao and Lee,
1972), Ca(C5 HS)2 (Zerger and Stucky, 1974), Al (C5 HS) Mez (Drew
and Haaland, 1972) and in the tin complex, C5 H5 snc| (Bos, Bulten
and Noltes, 1975).

The zinc atom lies 2, 43,& from the centre of the cyclopentadienyl
ring, and 2, 22& perpendicular to the plane of the ring, and as was
found in the case of Na(C5 HS)TMED, the empirical prediction method
of Johnson, Toney and Stucky, 1972, again becomes invalid.

The 2, 222\ distance, perpendicular to the ring plane is of interest
however", in that it agrees well with the corresponding distances in
other cyclopentadienyl metal complexes, namely, 2.021:& in Ga(CsHs)Mez
(Mertz, Zettler, Hausen and Weidlein, 1976), 2,21A in
C5 H5 MgBr EtzN(C Hz)le?_t2 (Johnson, Toney and Stucky, 1972) and
2.30A in C H, SnfCI (Bos, Bulten and Noltes, 1975),

The —M(C5 HS)M(C5 HS)M(C5 Hs) - chain structure of Zn(CSHs)CH3
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may be compared with those of In(C5 H5) and TI (C5 H5) (Frasspn,
Menegus and Panattoni, 1963), Pb(Cg Hs)2 (Panattoni, Bombieri and
Croato, 1966), Ga(C, H5)Me2 (Mertz, Zettler, Hausen and Weidlein,
1976) and with the sodium derivative, Na(C5 HS) TMED (Aoyagi,
Shearer, Wade and Whitehead, 1976),

The degree of puckering of the chain, 149° in Zn(C5 HS)CH3 ,
121° in Pb(C. Hg), , 137" in In(C.H) and angles of 128° and 119°
in Na(C5 HS) TMED, reflects the spatial requirements of the terminal
substituents (Mertz, Zettler, Hausen and Weidiein, 1976) or of the
lone pair electrons (Panattoni, Bombieri and Croato, 1976) on the
metal atoms,

In both orientations, the cyclopentadienyl groups are planar within
experimental error (Table 9.5). The mean carbon - carbon distances
are 1,406(7)A for orientation A and 1, 391(10)A for orientation B, and

these values can be compared with 1. 41(2)A in Be(CgH (Wong, Lee,

)
Chao anod Lee, 1972), 1, 39(2)A in Mg(Cg H5)2 (Bunder asnczi Weiss, 1975),
1. 43(3)A in ((035 HS)Mg Br EtzN(C Hz)zNEt2 (Johnson, Toney and Stucky,
1972), 1.386A in 'Pb((‘:,s HS)Z (Panattoni , Bombieri and Croato, 1966)
and a value of 1.39(2)A in the calcium derivative, Ca(Cg Hg), (Zerger
and Stucky, 1974).

The zinc - carbon single bond distance, Zn-C(4) 1.96(1)A is in
good agreement with the zinc - carbon distances of 1, 92(1)A found in
C,H;Znli (Moseley and Shearer, 1966) and 1, 94(1)A found in (CH3)ZZn

(Rundle, Olson, Stucky and Engebretson, 1963),

Non - bonding Contacts Within The Chain

Non - bonding contacts occurring within each individual chain are
given in Table 9.6, Only the methyl carbon atoms and the
cyclopentadienyl carbon atoms are involved in contacts less than 4:&.
The shortest of these contacts, 3. 25;&, involves atoms C(1)A and C(1)A
in equivalent position (x, y, 0.5-2), and represent the position of
closest contact between adjacent cyclopentadienyl rings in the same
chain, Since this contact involves carbon atoms both of orientation A,
then this raises the question as to whether adjacent cyclopentadienyl

rings can both have this orientation,
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Non - bonding Contacts Between Chains

Non - bonding contacts occurring between chains are given in
-]
Table 9.7, Up to a limit of 4A, these contacts occur between

[+
cyclopentadienyl carbon atoms and the shortest contact is 3, 69A,
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Table 9,1 Zn(CsHs)CH3

Final Atomic Co-ordinates And Their Estimated Standard Deviations

Atom x/a y/b z/c

Zn 0.0(-) 0. 0908( 2) 0. 25(-)
C(4) 0, 0{-) 0. 3690(17) 0. 25(-)
Cc(1)A 0. 0(-) 0. 1240(25) -0, 0785(21)
C(2)A 0.1297(12) 0. 0350(18) -0.0167(15)
C(3)A 0. 0679(11) -0.1085(12) -0.0701(11)
c(1)B 0. 1352(15) 0. 0(-) 0. 0(-)
c(2)B 0. 0454(14) 0.1218(16) -0.0780(13)
c(3)B -0, 0994(19) 0.0794(18) -0.0504(17)
H(1)A 0. 0(-) 0. 2346 -0, 1541
H(2)A 0. 2422 0. 0705 -0.0355
H(3)A 0.1443 -0, 2026 0.1276
H(1)B 0. 2549 0. 0(-) 0. 0(-)
H(2)B 0. 0834 0.2212 -0, 1523
H(3)B -0,1933 0. 1482 -0, 0940
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Table 9,2

Anisotropic Thermal Parameters (,&2) And Their Estimated Standard

Zn(C5 HS) CH

3

Deviations (both x 104)

Atom

C(4)

C(1)A
C(2)A
C(3)A
c(1)B
c(2)B
c(3)B
H(1)A
H(2)A
H(3)A
H(1)B
H(2)B8
H(3)B

u

11

713(
807(
531(
527(
318(
302(
426(
534(

10)
88)
45)
30)
20)
28)
32)
31)

1204(394)
1204(394)
1204(394)
1209(460)
1209(460)
1209(460)

Usz

317( 9)
475(71)

u33

422( 8)
570(76)
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Table 9, 3 Zn(CsHs)CH3

]
Final Molecular Distances (A) And Their Estimated Standard

. Q 3
Deviations (A x 10%)

Orientation A Orientation B
Zn - c1) 3.122 2,736
Zn - C(2) 2, 808 3.142
Zn - C(3) 2,313 2,983
Zn - Cl4) 1.959(12) 1.959(12)
zn! - c() 2. 221 2,736
znl - C(2) 2, 649 2,250
znl - C(3) 3,113 2. 409
zZn! - C(4) 1,959(12) 1.959(12)
c(1) - c(2) 1.443(16) 1.388(15)
c(2) - c(3) 1.386(16) 1. 355(25)
c(3) - c(30) 1.376(20) 1.471(28)

The superscript I refers to the atom at the position (-x, -y, -z)
The superscript m refers to the atom at the position (-x, y, z)

The superscript I refers to the atom at the position ( x, -y, ~2)

195



Table 9, 4

Final Bond Angles And Their Estimated Standard Deviations

Zn (05 HS) CH

3

Cc(A
C(2)A
C(3)A
c(1)B
c(2)B
c(3)B
C(1)A
c(1)B

C(4)
C(4)
C(4)
C(4)
C(4)
C(4)
C(3)A
c(3)B

85
98
127
103
86
91
106
108

.7(1)
. 0(1)
. 4(2)
. 5(1)
. 0(2)
. 5(2)
. 5(9)
. 3(9)
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Table 9.5 Zn(CsHs)CH3

Mean Planes

Plane |
X + 4,5546Y + 7,22822 = 0,020

Atom C(1)A c(2)A c(3)A c(20)a  c(30)a Zn*

P -0,02 0,02 -0, 01 0,02 -0, 01 2,2

Plane 2
-X 4+ 4,.5841Y + 7.1944Z = 0.0

Atom C(1)B cC(2)B8 c(3)8 c(2l)s c(31)B Zn*

P 0,0 -0,0006 0,0009 O0,0006 -0.009 2,2

Angles Between Planes

Plane 1 Plane 2 0. 32

X, Y, Z refers to fractional co-ordinates along the unit cell axes,
o

and P refers to the distance in A of an atom from the mean plane,

Atoms marked ¥ are not included in the mean plane calculation,
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Table 9,6

2n(C5F45)CP4

3

Non - bonding Contacts Within The Chain { < 4, 0,&)

Atom A

C(1)A
C(1)A
C(1)A
C(2)A
C(2)A
C(3)A
C(3)A
C(3)A
C(3)A
C(3)A
c(1)B
c(2)B
Cc(2)B
c(2)B
c(2)B
c(2)B
c(3)B
c(3)B
Cc(3)B
C(4)

C(4)

C(4)

C(4)

Atom B

Equivalent

C(1)A
C(4)
C(4)
C(4)
C(4)
C(1)A
C(3)A
C(4)
C(2)A
C(4)
C(4)
C(1)A
C(3)A
C(3)A
C(4)
C(4)
C(1)A
C(3)A
C(4)
C(1)A
C(2)A
C(2)A
C(3)A

N =

N = NN N N Do ooy —

& 008 -

Cell

©O O O O © O 0O O 0O O O O OO 0o oo oo o o o

-

- - ~ - - - - - - -

O O O O O 0O OO OO0 0O 0O OO0 oo o 0o © oo o o

O O O O ©

©C O O O —= =

3.250
3.559
3.834
3.642
3.785
3.402
3.677
3.785
3.978
3.833
3.719
3. 961
3.511
3. 348
3.843
3.586
3. 641
3,932
3.613
3.559
3.642
3.642
3.833
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Table 9,7

Zn (C5 H5) CH3

[+
Non - bonding Contacts Between Chains (< 4, 0A)

Atom A

C(2)A
C(3)A
c(1)B8
c(1)B
c(2)B
c(3)B

The non - bonding contacts refer to the position of atom A in the original

co-ordinates list, and atom B as obtained from this, using the symmetry

Atom B

Equivalent

C(2)A
C(3)A
C(2)A
C(3)A
C(2)A
C(2)A

W DN NN MDD N

Cell
0.5, 0.5, 0
0.5, 0.5, 0
0.5, 0.5, 0
0.5,-0,5, 0
0.5, 0.5, 0
-0.5, 0.5, 0

operations given, and refer to the cell quoted,

Equivalent

@ N 0 n P> W -

Position

X, YV, 2
-X,-y,-Z
Xy=y,-2Z
-X, y, 2
X, y, 0.5-z
-X,-y, z-0.5
X,~y, 0,5 +z2
-X, y,-z-0.5

3.729
3.915
3. 896
3. 831
3.885
3.695
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Table 9.8 Zn(CsHS)CH3

Analysis of Variance

Sinéd 0.0—0.18—0.23—0.26—0.30—0.32—0.34—0.37—0.39-0.41 -0,43
13

N 27 28 21 30 22 23 32 27 27
\Y/ 190 148 130 89 104 86 128 105 146 140
=
Fmax| 0,0-0,24-0.27-0,29 -0,32-0,36-0,38-0.42-0.48-0,55-1,0
N 33 23 20 26 31 20 25 24 25 23
\Y) 162 171 127 102 131 92 85 87 101 184

200



Table 9,9

Zn(CsHs)CH3

Final Values of the Observed and Calculated Structure Factors
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