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ABSTRACT
Supervisor: Professor James Trotter

The structures of four compounds representing
each of the organic (natural product), inorganic and
organometallic classes of compounds have been determined
by single-crystal X-ray diffraction, and the methods
'emplbyed iﬁvsolution of the structures have been discussed
briefly. For all four structufes, the intensity data were
collected on a‘sipgle-crystal diffractometer with Mo—Ku
radiation and a scintillatién counter.

‘The structure of the alkéloid, daphmacrine
.'methiodide (acetone solvate), was determihed from heavy-
atom Patterson and Fourier syntheses, and refined by block-
diagonal least~squares methods to a final R value of 0.089
for 1834 observed reflections. The absolute configuration
was determined by the anomalous dis?ersion method. The
molecule consists of two cage—strucfures thch are linked
by a chain sf two carbon atoms, and the bond lengths and
valency angiés do not differ from hofmal values.

For both exo—tricyclo[3.2.1{0274]oct—6—en¢~——
Ssilver nitrate and silver nitrate itself,>the silver ion
was determined from Patterson synthéses to 'be lyinéfin a
pseudo—special positidn,'SO that the resﬁlting eléctron—
density. maps gxhibited pseﬁdo—symmetry. A tfial—and—errqr.

1

meﬁhbd bhased on'detailea study of the shape of the Ag-Ag
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Patterson peaks was adopted to find the exact location of
the silver ions, and from the resulting electron-density
maps the true light atom peaks could be discerned from
their images. The refinement was carried out by full-
matrix least-squares, and the final R for the complex of
silver nitrate was 0.105 and for silver nitrate was 0.067.
The structure of the complex consists of thick
layers perpendicular to the a crystallographic axis, and
separated by % a. The silver ion is coordinated roughly
tetrahedrally to the double bond of the hydrocarbon (in the
exo—positioﬁ} Ag...C = 2.48), and Eé three nitrate groups
(Ag.;.o = 2.55 - 3.038). The layeré are held together by
van der Waalé forces.
The silver nitrate structure consists of layers
of silver ions parallel to the b crystallographic axis,
and separated by % b, with the nitrate groups bridging the
gap between layers. Previously observed inequalities in the
N—O distances have béen removed, allAthree bond lengths in
the nitrate ion being l.26(l)R. The{anisotropic thermal
motion has béén described. |
' The N,N—dimethyl(ferrocenylmethyl)ammonium
tetrachlorozigcate hydrate structure contains seven heavy
atoms,yand it:was not possible to resolve the Patterson
peaks because of the overlap. A direct sign-determining
procedure waé‘employed to locate the heavy atoms, and the
light atoms Were located from‘fesulting electron-density

maps. The structure was refined to a final R value of
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0.068 for 2012 observed reflections. The mean bond
distances are Fe-C = 2.04R and C-C (cyclopentadienyl
rings) = 1.438. Groups of four cations, two anions and
two water molecules (two formula units), are linked
around centres of symmetry by N-H...Cl (3.112),

N-H...0 (2.76&) and 0-H...Cl (3.05, 3.178) hydrogen

bonds.
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PART I

GENERAL INTRODUCTION



Historical

The foundations of the science of crystal-
lographg were laid in the seventeenth century by Steno,
Hooke, Huygens and other workers of that era, who proposed
elementary theories of crystal structure based on the
study of the external shapes of crystals. 1In 1784, Hauy
discovered the fundamental law of rational indices, and
even before Dalton's atomic theory, Hauy considered the
crystal unit as 'molecules elementaires' or chemical atoms
of definite and constant form. The idea of the crystal as
a lattice structure was developed by Bravais who showed
geometrically that only fourteen distinct types of space
lattice are possible.

These important advances were made without
tools for‘the,examination of crystalline matter on an
atomic scale, and such a tool did not become available
until 1912 when von Laue demonstrated the three-dimensional
lattice nature of crystals, and at the same time the wave
nature of X-rays, by the first diffraction experiment.

The elucidation of the first crystal structures, KC1l, NaCl,
KBr and KI byIW.L. Bragg followed gquickly, and for the

first time the precise locations of atoms in crystals could
be determined. This initial restriction to simple inorganic
compounds of high symmetry passed with the subsequent
refinement of the methods, and soon afterward more complex

organic structures of low symmetry were also elucidated.



The advent of high speed digital computers brought
about the development of powerful new methods and the
capability of considering much more difficult problems,
especially those of biological interest.

The principles and methods of structure
analysis by X-ray diffraction have been discussed in
detail in a number of reference books,l_4 and are not
reproduced here. However, the methods relevant to the
-present structures are reviewed briefly, as a definition

of terms and a general knowledge of the methods used may

be of use to one unfamiliar with the techniques.



Outline of the Principles of X-Ray Diffraction

One of the earliest observations made on natural
crystals is that for a given crystalline structure, the
angles between corresponding faces are constant. Hauy
followed up this work by discovering the law of rational
intercept ratios. A crystal faqe may be described in terms
of the intercepts the face makes on a set of reference
axes a, b, c¢c. If these intercepts are a/h, b/k, c¢/%, the
face is said to have Miller indices (hk2). The fundamental
law which Hauy discovered states tha£ the ratios of the
indices of any face are rational, and in general are the
ratios of smali whole numbers.

This law limits the symmetry a crystal may
exhibit to 1,2,3,4,6 and the corresponding inversion elements
1,5,5,5,3. Only thirty-two distinct combinations (crystal
classes) of these symmetry elements are possible, as shown
by Hessel in 1830.

Bravais investigated crystal structure on a
purely geometfical basis without regard for the fundamental
particles, or'the properties of crystals. He showed that
only fourteen types of space lattice are possible, and the
extension of this idea to crystal structures extended
indefinitely in all directions brought about the consideratioh
of further symmetry elements involving translations_(mirror'
plane plus translation is a glide plane; rotational axis

plus translation is a screw axis). The self-consistent



sets of all symmetry operations constitute the 230 space
groups as shown by Fedorov, Schonflies and Barlow in the
late nineteenth century.

Von Laue's famous experiment showed at once the
wave nature of X-rays, and the lattice structure of crystals,
but he was unable to interpret the results in terms of
atomic positions. W. L. Bragg's success in solving. the
first crystal structures was based on his introduction
of the concept of reflection of X-rays from planes within
the crystal. By a simple geometric proof, it may be
shown that reinforcement of X-rays bf wavelength A,
reflected ffom parallel crYstal planes at a distance d
apart, occurs when their path difference equals a whole
number of wa&elengths, or nA\ = 2d Sin 6, which has become
known as the Bragg Law, and-is the basis for crystal
vstructure aﬁalysis.

The problem is not this sfraightforward, however,
since the scattering centres (atoms) do not lie on the
crystal planéé, but are distributed between the planes
throughout the unit cell. This gives rise to a reduction
of some of the intensities since waves scattered by atoms
between planés are out of phase to varying degrees,
depending on'the exact position of the atoms between the
planes. The:érystallographer's task 1is the determination
of the distribution of the scatterihg matter within the
unit cell from the relative intensities of the X~-ray

reflections.



Since the electrons are responsible for the
scattering of X-rays, the scattering power of a given atom,
known as its scattering factor fo’ is dependent on the
number of electrons in the atom (Z). The scattering factor
varies with diffraction angle because of the finite size of
the atom regarded as a scattering source. Thermal motion
tends to spread the electron cloud over a larger volume and
thus causes the scattering power to decrease more rapidly
than for the ideal stationary model. This factor can be
given by the expression

exp{-B Sinze/Xé},

where B is related to the mean-square amplitude of atomic
vibration (B = 8m2u?). (If the assumption of spherical
symmetry for the vibrating electron cloud is abandoned,
anisotropic thermal factors of the form

exp{-(b h? + b _k? + b, 2% + b hk + b k2 + b h)}
may be used. These six bij parametérs define the size and
orientation of the ellipsoid of vibration.)

Consider a series of atoms scattering X-radiation,
the wave scattered from each atom being characterised by an
f_ ... (depending on the scattering powervof

2" 73
the atom), and a phase constant. The net amplitude resulting

amplitude fl' £

from a combination of these waves is known as the structure

amplitude, symbolized by |F|. For the general plane (hkR),
the resultant is

' F(hk) = Lf | exp{zni(hxj+kyj+zzj)},



summing over all the atoms in the unit cell, and where

J J
referred to unit cell axes a, b, c¢. This complex resultant,

X., Y. and Zj are fractional coordinates of the atoms

known as the structure factor, is characterised by an
amplitude |F| and a phase constant o, which may be evaluated

by means of the expressions

F(hk2) = vA? + B?
o (hk&) = Tan  B/A
where

A

Il

Lf. Cos 27 (hx.+4+kyv.+2z.
j (hxj+ky; +izy)

B = Zf. Sin 27 (hx.+ky.+2z.).
J J J J

This expression may be simplified by the presence of symmetry.
For example, if a centre of symmetry is chosen as origin, the
possible phase angles are limited to 0 or m depending on
whether the expression for A is positive or negative. The
expression fo; B must be zero.

The significance bf these equations is evident when
it is realized that the square of the structure amplitude is
proportional to the intensity of the X-ray reflection. If
the appropriate corrections for the.partial polarization by
the reflecting of the Xfrays,and for the geometry of the
data recording method (Lorentz-polarization factor) are
- applied to the observed intensity, the observed structure
factor FO may be compared directly to the value calculated

from the above expressions, Fc'



Since the electron-density in a crystalbis
periodic in three dimensions, it can be represented by

a three-dimensional Fourier series as

p(xyz) = 1 ZZZ F(hkf)exp{-27i (hx+ky+2z)}

V hk?

where V is the volume of the unit cell. It would seem
therefore, that by observation of the intensities, the
F(hk2)'s could be calculated, and the above series
summed to give a re?resentation of the entire crystal
structure.

However, the structure factor is complex, and
the measurement of intensity can give information only
about the mbdulus,‘and not the phase. This is the
fundamental difficulty in X-ray analysis, and is known
as the phase problem. It is the task of the crystall-
ographer to find means of overcoming this difficulty, and,
having deduced the phases, to find the atomic positions
corresponding to a chemically reasonable structure; and
to test the structure by'calculating structure factors
based on the proposed positions and comparing them with

the observed values.



Solution of the Phase Problem

If the Fourier series is summed with the
phaseless quantities |F|? as coefficients, the resulting
map has peaks which correspond to the interatomic vectors.
'This observation was made by A. L. Patterson in 1934, and
today provides the basis for many structure analyses.

If there are N atoms in a cell, there are
N(N-1)/2 distinct Patterson vectors contained in a cell
of the same size, and with the inherently greater breadth
of Patterson peaks compared with Fourier peaks, resoiution
may be poor. Thus, although the Patterson synthesis
appears to provide an easy solution to the phase problem,
its application to structures involving many atoms of fhe
same weight is difficult.

The Patterson function may not possess the exact
symmetry of the space group of the atomic distribution,
reflecting the loss of information involved in using the
phaseless lﬁlz guantities. To illustrate in a simple way
the altered Patterson symmetry, consider two atoms A and B
which give rise to two vectors AB ahd BA. These are equal
in magnitude, but opposite in direction, so that the
Patterson map has a centre of symmetry regardless of
whether the original space group has one or not. 1In
addition, all elements of symmetry involving translation

are reduced to the corresponding non~translational ones
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i .
(ie. screw axes become rotational axes; glide planes become
mirror planes).

Harker pointed out that useful information is
contained in certain planes or lines of the three-dimensional
Patterson function due to the presence of symmetry in the
crystai. These Harker lines and planes arise because the
vectors between corresponding atoms of molecules related by
symmetry elements other than centres have one or two
constant coordinates.

As an example, the space group Pm has a mirror
plane perpendicular to the b axis sorthat for every atom ét
X, YV, 2 theré;is another at x, §, z. The vectors between
these atoms ail have coordinates 0, 2y, 0, so that they are
concentrated 6n the Harker line whiéh is the y axis of the
Patterson funbEion. For a molecule with a large number of
atoms of equél weight, this often doés not simplify the
analysis.

However, if the structure under consideration has
a 'heavy' atom, the vectors between it and its symmetry-
related equivalents will stand out sfrongly against the
poorly resolvéd background of light atom peaks. In this
case the Patterson function provides information about part
of the structure, that is, the positibn of the heavy atom.
If this atom éémprises the lafger share of the structure
factor, the component dﬁe to the lighter atoms being

small, a first approximation to the phases may be obtained.
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Expressed analytically:

If F(hkl) = fHexp{2ﬂ1(th+kyH+QzH)} + ZfLexp{2ﬂ1(th+kyL+£zL)}

and fH >> fL

then F(hkt) = fHexp{Zﬂi(th+kyH+QzH)}.

Using this first approximation to the phases, a
Fourier series can be summed, and although it is only an
approximate representation of the true electron-density
distribution, it may reveal the position of some easily
recognizable feature of the molecule. If this portion is
then included, together with the heavy atom, in the phasing
model, more accurate phases aré obtained, and thefefore
a closer representation of the true electron-density
distribution results. 1In this way, the entire structure
may be deduced.

fﬁe fundamental difficuify of this method is
in choosing an appropriate heavy atom derivative. On
the one hand, the heavier the atom, the easier it is to
find by the Patterson method, and the better a phasing
model it ié; while on the other hand, the more it dominatés
the structufe, the less the |FO| and IFC| comparison is
sensitive to the positions of the light atoms. Thus, the
light atom positions are increasingly uncertain, and in
the extreme, may not be found at all. For this reason the
hydrogen atoms in a heaﬁy atom derivative or organometallic

compound aré frequently not located. A convenient rule of
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" thumb used in selecting a heavy atom is Ezé/zzi ~ 1,
although fairly large deviations from it can be tolerated.

If the heavy atom is located on or very close
to a symmetry element, it may contribute only to a certain
class of reflection (e.g.h-even) while for the others
(h~odd in this case) the heavy atom contributions are out
of phase and cancel. Thus.only the light atoms contribute
to the odd reflections. A Fourier map computed from the
heavy atom alone will exhibit additional, false symmetry,
because the omission of the odd h reflections imposes the
higher symmetry on the enfiré strucfure. Thus the light
atomé may bétaccompanied by their mirror images, and tor
solve the sfructure, it is necessary to select a set of
peaks which éorrespond to a chemically reasonable molecule,
and whose paéations give good agreement between FO and Fc
for the h-odd reflections. |

Fof the case where the heavy atom is not exactly-
on a symmetry element, but somewheré near it, the heavy
atom will contribute to a small part of the odd reflections.
The Patterson map may not detect this slight displacement,
but if a meahs can be found to estimate it, a Fourier
series computed.from the h-even refléctions, and the
h-odd reflections which are approximated by the heavy atom,
may show the‘ﬁeaks corresponding to the true structure to
be of higher electron-density than their unreal images.

Careful selection of the higher density peaks which form
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a reasonable model can then reveal the true structure.

Methods not employing the Patterson function,
but examination of the intensity data alone are called
direct methods, and are gaining importance with greater
availability of high speed computers. Direct methods are
based on the probability relationships deduced by Sayre
‘'which determine phases of one reflection in terms of other
known phases. To evaluate the reliability of the phases
so determined, it is convenient mathematically to define
the normalized structure factor E(hk®) such that

A E* (hk&) = |F(hk2)|?/ez £, 2.

The symbol é‘represents an integer which is generally 1,
but varies for certain special sets of reflections depending
on the symmetry of the space group in question. The
distribution of |E| values is independent of the size and
shape of the unit cell, but dependeht on the presence of
a centre of‘éymmetry. Thus these values provide a statis-
tical test fsr centric and acentric distributions of
intensities.(compare Table 13).

Thé basis for the probability relationships for
determining phases mentioned above is the relationship
deduced by Sayre, who showed that fdr the centrosymmetric case

F(hk2) = ¢(hke) £ £ LF(h'k'2') « F(h-h',k-k',2-2")
h'k'g'

where ¢(hk{) is a simple scaling term. This implies that
any structure factor F(hk{) is determined by the products

of all the pairs of structure factors whose indices add
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to (hkQ). For example, F(213) depends on the product
of F(322) and F(I1l), or F(612) and F(401). This result
appears to be of little value, since the signs are
determined only in terms of others, none of which are
known.
However, Sayre pointed out that for large
F(hk2)'s the series must tend strongly in one direction
(+ or -) and that this direction is indicated by agreement
in sign among products of large F's. Thus for large
reflections
S(F(hk%)) ~ S(F(h'k'%')) + S(F(h-h',k=k',2=2')).
S means 'the sign of', and N means 'is probably equal to'.
As shown by Cochran and>Wlefson, the probability
of the above relations being true in general is given by

P = %+%Tanh{%%3,2|E(hk2) E(h'k'%') E(h-h',k-k',2-2")|}

where o0, = Zn; and o; = Zn;; n, is the fraction of the
total scattéring power represented by the ith atom

(ie. n, = fi/ij = 1/N if the atoms are all alike).

The application of Sayre's equation to the
determination of phases has receivea much attention recently,
and the usual method employed is called the symbolic addition
method. This involves the selection of a small number ofv
phases whichﬁcan be assigned arbitrarily (since they
represent a éhoice of origin which is arbitrary), and from
these, and the subsequently determined ones, to deduce the

signs of the others. If an impasse is reached, other
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phases may be assigned symbols, and the remainder determined
in terms of these symbols, which can then be varied and
the consistency of the resulting sets of phases checked
mathematically.

A consistency index has been defined

C = <|E(hk&)IE(h'k'%2') E(h-h', ,k-k',2-2")]|>

<|E(hk2) |Z|E(h'k'2") | |E(h-h',k-k',2=-2")|>

the sums being taken over all pairs of (h'k'2') and
(h-h"',k-k',2-2') whose sum is (hk%) and where < > means
the average over all values qf (hk2). If for each reflection
all of the terms in the sum in Sayfe's equation have the
same sign aé all other terms in that particular sum, C equals
1, and the éélution is completely consistent. In general
the true solution will be the one with the highestvconsistency
index. -

Having thus determined a'éet of phases for the
E's, a Fourier series can be summed using the E's as
coefficients, and from this the strﬁcture (or a partial
structure) céh be deduced. If the E—map is insufficiently
resolved to give the position of thé entire molecule, a
partial stru?éure may be used as a bhasing model for

further FO Féurier syntheses.
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Refinement of the Structure

Once a model of the structure has been proposed
or elucidated from either Patterson dr direct methods, some
criterion for judging the correctness of the structure is
necessary, as well as a means for improving the model as
required. The most obvious method is direct comparison of
the structure factors calculated from the postulated atoﬁic
positions with the observed values. The agreement betweéﬁ
these quantities is usually described in terms of a

'residual' or 'discrepancy index' R, defined by
R =5l |r |-|r_||/2]F |

If a postulated model is correct, refinement will usually.
proceed to an R value of 0.10 or less.

Since the observed intensities are subject to
errqrs of observation, the agreement between the Fo's and
\Fc's is not expected to be exact. According to Legendre's
Principle, the most acceptable solution is the one which ::
makes the sum of the squares of the errbrs £ a minimum, and
this occurs when the partial derivatives of &% vanish. A
set of 'normal equations' may be se#-up (n equations in n
unknowns) and from them the bést set of variables which
satisfy Legeﬁdre's Principle can béxdetermined by matrix
algebra. This procedure is called Ehe 'least-squares

method"'.



17

In crystal structure analysis the function
minimized is
| B - 2
R' = w(|F|-|F])
where w is a weighting factor employed because some of the
‘reflections may be measured more reliably than others. If

such weights are used, the weighted R factor may be defined

R, = {zw||F_|-|F_||?/zw]F | 2}%,

and if the assigned weights are correct, R and Rw should
be approximately the same.

Since each atom in the structure is fixed by four
variables (x,y,z,B), large structures involve large matrices
for solution of the normal equations, and a great deal of
computation is required. It has beén found that if a large
number of equations is used, the off—diagonal terms of the
normal equations are small, and may be neglected, to a first
approximation. A better answer is obtained with the block-
diagonal approximation at the cost of greater computing
time, and ifJSufficient computing faéilities are available,
the full matgix may be used; None of these procedures will
give the correct answer immediately, and usually a number
of cycles of refinement is required to give the most

acceptable fit of F_'s to the Fo's.‘



PART II

THE STRUCTURE DETERMINATION

OF
THE METHIODIDE DERIVATIVE OF DAPHMACRINE,

AN ALKALOID FROM DAPHNIPHYLLUM MACROPODUM
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INTRODUCTION

The isolation and properties of daphmacrine

(C O4N) have been described by Nakano and Saeki? An

3249
X-ray crystal analysis of the methiodide derivative was
undertaken to show the details of the molecular structure,
including the absolute configuration, and to provide

additional evidence for the novel framework of daphniphyllum

alkaloids.

EXPERIMENTAL
Crystals of daphmacrine methiodide (acetone
solvate) afe colourless plates with (010) developed, and
smaller {101} forms. Unit cell and space group data were

determined from various rotation, Weissenberg and precession

films.

Crystal Data.— A(Cu-K ) = 1.5418; A(Mo-K ) = 0.7107A.

Daphmacrine methiodide acetone solvate (from acetone-ether),
_ _ _ 0

C33H5204NI.(Me2CO), M= 711.8, m.p. = 274-275".

Orthorhombic, a = 14.23(2), b = 24.85(2), ¢ = 10.02(1)R .

U = 354383, Dﬁ (flotation in aqueous KI) = 1.36 g.cm?a,

2 = 4, Dc = 1.33 g.cm_.'3

F(000) = 1496.
Absorption coefficients: u(Cu-K ) = 76 cms s H(Mo-K ) =9.6 cm’ |
Absent reflections: h00, h odd; 0kO, k odd; 00%2,% odd.

Space group-P212121(D3).
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The intensities of all reflections with
26(Mo—Ka) < 40° (minimum interplanar spacing, d = 1.048)
were measured on a Datex—automated General Electric
XRD 6 spectrogoniometer with a scintillation countér,
approximately monochromatic Mo—Ku radiation (Zxr filter
and pulse-height analyser), and a 6-26 scan. Background
counts were made at the beginning and end of each scan.
The crystal used was a plate with dimensions 0.1 mm.
parallel to b and 0.3 mm. parallel to 101> and was mounted
with a parallel to the ¢ axis of the goniostat. No
absorption éorrection was made. Lorentz and polarization
factors were'applied, and the structure amplitudes were
derived. Of 2047 reflections with 26 <40°, 1834 (90%)
were observed, and the 213 unobser?ed reflections were

included in the structure refinement with F, = 0.6 F(min).

STRUCTURE ANALYSIS

The iodine position was aetermined from the
three—dimensional Patterson function (0.041, 0.196, 0.167),
and twenty—four atoms, mainly in the larger, nitrogen-
containing qage, were located on a first three—dimehsional
electron-density map. Eleven additional atoms of the
chain and tﬁe smaller, nitrogen—freé cage were located
on a second three-dimensional elecéron—density map on the

basis of the phases>computed from the positions of the first
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twenty-five atoms. The positional and thermal parameters
were refined by block-diagonal least-squares methods, with
minimization of w(F_|~|F])®, with v&w = 1 when |F | <F*,.
and vw =‘F*/|Fo| when IFOI > F*. F* was initially taken
as 30. For the 213 unobserved reflections, Fo was taken
as 0.6 F(min) and vw = 1.0. The scattering factors of the
International Tables for X-ray Crystallography6 were used.
After two cycles of isotropic refinement, a three-
dimensional difference map revealed five further atoms, .
which were éubsequently included in the refinement. Three
of the atoms‘prévigusly assigned as carbon were properly
assigned as OQYgen on the basis of their higher electron
densities; only two positions are possible for the nitrogen
atom of the iérger cage (since it carries a methyl group),
and one of_theée was assigned as nitrogen from chemical
considerations.

After three further cycles of refinement, R was
0.18; vw for the unobserved reflectiéhs was changed to 0.8,
and the iodidé ion was allowed anisotropic thermal parameters.
After four moée cycles of refinement; a second three-
dimensional difference synthesis revealed the location of
the final two étoms. The seven atoms located on the
difference mapé were those of the acetyl side chain and of the
molecule of séivent of crystallization (acetone); the
solvent atoms have high thermal paraﬁeters. At this point

also, two other atoms were re-assigned as oxygens, and an
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analysis of w(FO—FC)2 suggested that F* be changed to 40,
and vYw for the unobserved reflections be chanéed to 0.6.

Four further cycles of refinement with all the
atoms included and properly assigned resulted in an R value
of 0.095. Four cycles with anisotropic thermal parameters
for all 43 atoms completed the refinement, the maximum
shift in the final cycle being 0.30, and the final R was
0.089 for 1834 reflections. Measured and calculated
structure factors are listed in Table 1.

A final three-dimensional Fourier series was
summed, and sections of the resulfihg electron—aensity
distribution are shown in Figure l;.together with a drawing
of the molecule. A final difference map showed no spurious
detail, the ﬁaximum fluctions being +0.6 eﬁ—f except at the
iodide posiﬁion, where fluctuations of #1.3 eR—a were

observed.



Table 1

Measured and calculated structure factors for daphmacrine
methiodide. Unobserved reflections have [FOI = 0.6 F(min)
and are indicated by a negative sign before FO. With
respect to the right-handed axial set used to describe the
absolute configuration, the FO values are those for

reflections hk?%.
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-6.1 8.6 113 2 6 2 2 23 2
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39.7 1.0 1 18 & 2 10 7 3 4« 2 106.4 98,1
25%.6 297.6 115 a 2 e a8 3 4« 3 9.5 70,0
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° ¢ 4 z 3 88.0 85,9 o 17 s 5 11 2 36,0 6 & 1 21.1 22.0
52.5  49.1 4 2 v s 937 4 178 s 13 1.8 6 6 B 39,6 40.8
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17,6 4 7T 0 10%4 90,4 s v 2 s 11 2 13.7 6 12 2 3.7 29.0
382 & 7 1 &9 sS.e s 1 8 s 173 1442 6 12 3 3.4 30.8
i e 72 &89 w95 s 1 9 5 17 & 11.8 5 12 & 38,1 al.0
17.8 cooh T3 35S alLT 5 272 0 S 17 5 0.0 6 12 5  ~5.5 7.7
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%9.8 o1 T2l 23 s 2 4 s 18 2z 2.6 6 11 1 481 49.4
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%2 « 1 9 1z.6 1301 5 2 6 5 18 4« 23.2 6 13 3 385 9.6
2c.2 4 8 0 973 9t 5 2 7 5 18 5 l6.6 6 13 & 19,0 23.9
-6.0 4 8 1 4l.a 5001 5 2 @ 5 19 0 12.7 6 13 s 29,0 28,3
3.8 ¢ & 2 88,1 977 s oz 9 S 19 1 3b.6 6 13 6 21.6 2303
3701 - O S AL 5 3 0 s 19 2 18.2 5 13 7 2l.6  20.2
11.2 4 8 4 526 6d.e s 3 1 s 19 3 -5.8 6 14 0 -7 4.6
26.1 4 B % 297 29.9 s 3 2 5 15 4 9.9 6 14 1 13.8 10,9
11.3 48 6 330 332 s 3 3 5 19 5 21.4 6 14 2 4B.4  Si.b
20.3 4 8 1 137 L3 s 3 4 5 20 0 -S.4 6 14 3 6.5 13,8
17.8 o &3 2030 18.0 s 3 s s 20 1 21,9 6 14 & 393 196
ne 4 9 0 106.5 105.4 5 3 4 s 20 2 25.1 & 16 5 10,5 13,9
s « 9 1 65,0 70,6 s 3 1 s 20 3 27.0 6 14 & 1S.6 10.2
1ele 4 9 2 3.5 36l s 3 8 s 20 4 2C.6 6 15 0 24.8 21.2
39.0 e 9 3 70.5  T2.4 5 3 A 5 21 ¢ 26.0 6 13 1 386 39,0
2807 T s0T st 5 & 0 s 21 1 19.0 & 15 2 5.7 3.6
e “ 9 5 314 3.0 s 4 1 s 21 2 ar.2 6 15 3 9.0 T.e
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31.8 4 10 2 640 634 s & 1 6 6 1 638 6 16 2 28,3 269
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el 218 “ 12 s 281 2.2 s & 8 16.5 9.8 s 2 & 869 6 19 & 243 2108
9.3 3.8 LA 1z e las LS s 1 0 6 2 5 14 6 20 @ 2606 21.b
8.8 22.3 Los 21 30 279 s 1 6 2 b5 5.1 6 20 1 le.d  12.9
e Cile s 12 B 20,9 16.7 s 1 2 6 2 7 208.6 6 20 7 15.9 13.6
-5.5 9.9 “ 130 a1 21,8 s 1 2 6 2 8 25.7 6 20 3 35.6 330
13.2 12,5 e 13 1212 0.2 A 6 3 D 94k 6 21 0 5.7 9.9
16.8  15.2 122 299 30.4 5 1 3 & 3 1 9% 6 21 1 ~S.8 10.1
-6.0 0.6 4 13 3 124 8.0 5 1 6 & 3 2 2003 6 21 2 =~6.0 6.2
12.3 9.8 13 % 426 46.0 5 1 7 & 3 3 21.2 6 22 0 -5.8 1.1
-5.1 1.1 4 13 5 216 30.1 s 1 8 6 3 4 24.3 6 22 1 =5.9 5.8
124 8l7 e 6 oET o 8.0 5 8 0 6 3 5 15,4 Tc 1 2.9 6.0
121 6.5 BT e 12,8 s 8t 6 31 & 0.8 7 ¢ 2 asla 8003
10.9 9.6 € 14 Q. -a4ls 7.7 s 8 2 6 3 1T 3le T 0 3 -4.b 6.4
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leos 1003 4 b 6 3l 3322 5 8 6 6 4 2 101.2 T C 7 18.6  15.8
15c.1 136.3 4 16 S 27.8  29.8 s 8 7 & 4 3 44,9 T 0 8 S0.1 4T.a
48.9  43.0 4 16 6 20,6 22.8 5 8 B 6 4 4 61,9 7 1 0 36.5 27.0
30.5  39.2 s ke 7211 2046 s ¢ 0 6 4 5 1C.2 7.1 U 119.) 11422
47 na 413 0 258 23.0 s 9 1 6 & 6 21.1 71 2 aa 0.0
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continued

hki F
T3 1 12.9
7 3 2?2 25.1
T3 3 25.8
7T 1 & 52,9
73 5 35.%
7 1 & s2.8
o3 1T 19,9
T3 8 1642
74 0 60.4
T & 1 67.8
T 4 2 39.4
7T 4 3 95,4
T4 4 219
7T 4 5 36,2
7 4 6 la.1
Tooe 1 23y
7 4 8 12,7
7 5 0 l14.6
s 1 21.2
7 S 2 51,7
7 s 3 20.2
T 5 4 «e.8
7 5 5 15,9
T 5 b 7.9
7 5 7 19.1
T 5 8 18.%
16 0 26t
? L) t 50.4
16 2 el
T 6 1 116.0
76 4 41.B
T & 5 21.9
T & b6 216
7 6 7 18.8
1 L) L] 16,7
T 1 6 90.7
T 1 1 &C.e
7 7 2 22.2
T 1T 3 32,5
77 & 34.8
? 7 5 1.8
T 7 b SL.t
7 7 7 19.5%
7 7 ] 21,6
7 ] o 18.6
1 8 1 32.7
T 8B 2 45.4
7 ] 3 53.%
7 8 4 se.l

1 B 5 je.6
T 8 & 2w
T8 T 19.4
1 9 [ 8.0
7 9 1 T3,
7 4 2 28,4
T4 3 6.4
T8 & 19,3
708 5 47,4
1 L] 3 12.4
T4 7 29l
T o1 ] 57.9
T 10 1 16.0
1 10 2 %9.0
7ote 3y 28,0
T 10 4 48.9

110 5 24.5%
T te & -s5.8
1 0 7 6.1
o0 1207
T 1 50,8
71 2 1.7
T3y 20
T 4 Lt
7 ot s “2.1
7ot 6 26.2
71 7 l1e.2
T2 Q 26.8
712 1 20.5
T2 2 50.5
T 12 3 4l
712 4 31.9
7oKz 5 ey
1o 6 =5.9
T 12 7 16.9
7 1) 6 37.4
7 13 1 18,6
7 13 2 .9
7 133 236
713 4 15,6
T 5 24.7
7 13 & 35.0
T 14 0 -4.9
T 14 1 t2.1
Tote 2 21,
T e 3 38,0
7 te 4 -5.8
T 56 S 10,9
T o1e 6 1%
7T 15 0 36
715 1 h4.ae
715 2 1402
T8 3 14.5
T IS 4 26,4
7 1% s 27,0
718 b 26.7
T 18 o 1.7
Tole 1 T
7 e 2 21.0
T e 3 28.5
T ole 4 Z6.
Toas 5 12,7
T LT 0 30.0
T o111 247
Tt 2 28,1
7T 17 3 -5.8
1o 4 22.1
T 5 22.2
T 18 o 10.4
T8 1 12.1
T 18 2 35.8
7 18 3 -5.9
7 18 4 3¢.8
7T 19 0 -5.%
118 1 22.8
7 19 2 =59
T 19 3 0.1
T 20 0 =5.7
T 20 [} -5.8
T 20 2 20.8
T 21 o 15.7
7o 1 18.13
8 © 0 «0.P
8 0 1 Ba4.e
] o 2 23.6
8 < 3 79.5

64,2
64,6

125.5

65,1

14.6
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Figure 1

(a) Superimposed sections of the three-dimensional electron-

density distribution (contours at intervals of 2, 3, 4, ...
-3

el for carbon, oxygen and nitrogen, and 2, 20, 30, 40,

-3
el for iodine), and (b) a drawing of the molecule. The

solvent (acetone) is omitted for clarity.



(b)

(@)
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COORDINATES AND MOLECULAR DIMENSIONS

The final positional and isotropic thermal
parameters are given in Table 2. 1In a structure of this
complexity the detailed valués of the anisotropic thermal
parameters are probably of little significance, and théy are
not listed. The bond distances and valency angles are given
in Table 3, and Figure 2 shows a packing diagram of the

structure.

ABSOLUTE CONFIGURATION

To complete the analysis, the absolute config-
uration was determined by the anomaious dispersion method?
Fifteen pairs of reflections of vafying intensity and -
IFc(hkSL)Iz/]FC(E}-{E)I2 ratio were chésen, and the intensities
were measured with a scintillation counter and Cu-K,
radiation.

Thé results are given in Table 4, and indicate
unambiguously that the parameters used to calculate the
structure factors (those of Table 2 referred to a right=-
handed axial set) represent the trué absolute configuration.
All diagrams in this work show the correct absolute
configuration. The molecular structure previously depicted

(arbitrarily) in reports of daphmacrines’8 is the optical

enantiomorph of the true configuratidn determined here.
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Table 2
Final positional (fractional x 103%) and isotropic (Rz) thermal
parameters. Mean standard deviations are o(x) = oly) =
o(z) =0.001 & for I, 0.013 & for N, 0.015 & for 0, 0.020 &

for C; o(B) = 0.05, 0.28, 0.34, 0.45 for I , N, O, C.

Atom X \% z B
N (1) 347 372 180 3.5
c(2) 414 327 219 3.3
C(3) 491 339 326 3.3
C(4) 456 342 472 4.7
c(5) 377 305 501 5.1
C(6) 299 298 391 3.0 ’
C(7) 347 281 262 3.0
c(8) 275 280 144 3.0
c(9) 302 252 010 4.9
C(10) 250 286 -090 5.7
C(11) 278 342 -051 4.6
C(12) 265 341 104 3.5
C(13) 169 364 147 4.6
C(14) 149 352 294 5.6
C(15) 245 355 369 4.0
c(16) 306 396 311 4.3
C(17) 563 384 296 4.2
c(18) 633 389 411 5.8
C(19) 613 375 165 6.0
C(20) 389 414 096 4.1

..../continued



Table 2,

Atom
C(21)
C(22)
C(23)
c(1")
C(Z')
c3)
c(4")
C(5")
c(6'")
0(7').
c(8')
0(9")
c(1l0")
c(11")
o(12"')
C(13")
0(1l4"')
C(15")
c(1")
c(2")
c(3")
o(4")

I(43)

continued

X
226
402
343
405
480
444
360

‘ 296
345
421
495
569
285
571
416
407
418

- 383
817
894
992
869

040.6

258
228
174
126
100
080
040
057
075
036
050
024
082
133
128
122
077
171
039
018
039
-008

196.7

451
268
272
221
310
444
426
311
195
163
232
222
066
331
523
661
706
724
339
239
263
145

164.0

5.4

31
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Table 3

Bond distances (o = 0.03 &) and valency angles (¢ = 1.6°)

Large cage:
C-C = 1.45-1.62 (21 bonds), mean = 1.54 R

Angles at C: in 6-membered rings,
107.2-117.5 (13 angles), mean = 111.1°
in 5-membered rings,
101.9-106.0 (9 angles), mean = 103.2°
others (substituent groups and external angles),
105.3-120.2 (19 angles), mean = 112.6°

C-N = 1.48-1.59 (4 bonds), mean = 1.54 R}

Angles at N: 103.6 in 5-membered ring o
107.2~-114.4 (5 angles), mean = 110.6

Small cage:
C-C = 1.43-1.57 (9 bonds), mean = 1.53 R

Angles at C: 97.5 in y-lactone
others in 6-membered ring
111.1-114.5 (5. angles), mean = 113.0°
others (substituent groups and extergal angles),
98.7-121.6 (14 angles), mean = 109.7

Substituent groups:

Chain o

C(7)-C(22) = 1.54 : C(7)=C(22)-C(23) = 117.7
C(22)y-C(23) = 1.57 C(22)-C(23)-C(1") = 109.9
C(23)-C(1') = 1.56

Y-lactone
C(6')-0(7') = 1.49 C(6')-0(7")-C(8') = 107.9
o(7')-Cc(8'") = 1.30 O(7")-C(8')-0(9"') = 120.8
Cc(8')-0(9"') = 1.23 O(7')-C(8')-C(2') = 112.5

0(9')-C(8')=-C(2') = 126.5

Acetoxy
C(3')~-0(12') = 1.49 C(3')-0(12")-C(13") = 117.9
0(12')-C(13') = 1.39 0(12')-C(13')-0(14"') = 116.9
C(l3')-0(14') = 1.22 0(1l2')-C(13')-C(15') = 112.0
C(13')-C(15') = 1.40 0(14')-C(13')-C(15') = 130.9

..../continued



Table 3, continued

Solvent (acetone):

C(1")-Cc(2") = 1.58
c(2")-Cc(3") = 1.50
c(2")-0(4") = 1.20

C(lll)_c(2ll)_c(3ll)
C(lll)_c(zll)_o(4ll)
c(3ll)__c(2")_o(4")

115.6
117.7
126.1

33



Figure 2
Packing of the molecules in the unit cell (heavy lines

indicate molecules in the upper part of the celi).
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Table 4
Determination of the absolute configuration (Cu-g, radiation)

2
|F_ (hk?) | I, (hk%)

hk 2 |F (hkg) | |F (hkR) | — ———
IFC(hkz)l2 I, (hk%)
121 119.7 105.8 1.28 1.31
142 90.7 106.8 0.72 0.64
143 11.7 19.0 0.39 0.54
157 27.4 37.2 0.54 0.94
162 43.3 29.2 2.20 1.66
211 34.0 56.7 0.36 0.42
224 55.1 64.0 0.74 0.77
2 4 2 78.1 65.1 1.44 1.53
2103 53.4 43.4  1.51 1.33
313 25.3 36.4 0.48 0.39
342 93.3 105.8 0.78 0.81
361 103.5 87.2 o 1.41 1.51
48 3 93.4 ©103.5 0.81 0.82
511 81.5 98.8 0.68 0.69
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RESULTS AND DISCUSSION

The crystal analysis has established the
structure and absolute configuration of daphmacrine
methiodide (acetone solvate). The compound consists of
two cage structures which are linked by a flexible chain
of two carbon atoms (Figures 1 and 3). The nitrogen-
containing portion consists of two six-membered rings in
the chair form, and one in the boat form, which are fused
together with two five-membered rings, as has been reported

for daphniphyllamine?'g’lo

The smaller, nitrogen-free cage
is formed of one six-membered ring in the chair form,
bridged by carbon and oxygen atoms.to form a five-membered
lactone (Y—iactoné), with methyl groups at each bridgehead.
The C(6')-C(1')-C(2') angle (97.50) is smaller than the
other angleg in the six-membered ring (111.1-114.5, mean of
5 angles 115.90), preéumably because of the bridging.
Other bond lengths and angles generally appear to be normal,
and considefing the complex framework involved, are not
significantly different from expected values. The position
of the acetoxy group has been determined as shown in
Figure 3, and the chain connecting the two cages contains
two unsubstiiuted carbon atoms.

The acetone solvent molecule is in the same

general region of the unit cell as the oxygen-containing

cage (Figure 2), but is involved in only van der Waals
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contacts. The shortest distances from acetone are to the
acetyl group, the minimum 0...0 and C...0 contacts being
3.54 and 3.21 R respectively. The shortest intermolecular

C...C distance is 3.53 .



Figure 3
Diagrammatic representation of the structure of daphmacrine

methiodide.
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PART III

THE STRUCTURE DETERMINATION

OF
EXO-TRICYCLO[3.2.1. 02" 4] OCT-6-ENE—SILVER NITRATE
AND

A REFINEMENT OF THE SILVER NITRATE STRUCTURE
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A. THE STRUCTURE OF EXO—TRICYCLO[3.2.1.02’4]OCT—6—ENE———

SILVER NITRATE.

INTRODUCTION

A study of potential cyclopropyl——silver ion
complex formationll had shown that silver nitrate forms a
solid complex with exo—tricyclo[3.2.1.02’4]oct—6—ene (1),
but not with the corresponding endo-isomer (II). The
observed differences in the equilibrium constants for complex
formation could be interpreted in terms of the inductive

electron-withdrawing properties of the cyclopropyl group,

silver ion

and provided no evidence for cyclopropyl
interaction, although such interaction could not be dis-
counted by the data obtained. An X-ray crystal structure -
analysis was undertaken to determine whether the silver ion
is complexea.to the cyclopropyl rihg or the double bond, or
to both, as'has been reported for analogous platinum

complexes (III)l?

cl cl
I IT ‘ III

exo~ (study cbmpound) endo-isomer
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EXPERIMENTAL

Crystals of exo—tricyclo[3.2.l.02’4

]oct—6—ene———
silver nitrate are colourless, but become white on exposuge
to light and air, and tend to cleave into irregular
fragments elongated along the b crystallographic axis. The
unit cell dimensions and space group were determined from

rotation, Weissenberg and precession photographs. The

density was not measured because of the instability of the

complex.

Crystal Data.— x(Cu—Kaj = 1.5418; A(Mo-K ) = 0.7107 .
Eko—tricyclo[3.2.1.02’4]oct—6—ene4f~silver nitrate,
CgHy gAGNO;, M = 276.0.

25.54(5), b = 6.28(1), ¢ = 5.60(3) A.

Orthorhombic, a
U =898.2 8%, 7z = 4, D_ = 2.04 g.cm.’

F(000) = 544. | |

Absorption coefficients: u(Cu—Ku) = 182 cmfl; u(Mo-Ku)'= 22 cm’’
Absent reflections: hoo, h odd; 0kO0, k odd; 00%2, 2% odd.

Space group P2,2;2, (D}).

The crystals, although qgite unstable on exposure
to light anq.air, were found to remain for about a week in
sealed capillary tubes without significant decomposition.
Two crystais were therefore used in the analysis; one to
determine the cell dimenéions and space group from films,
and the second to collect the intensity data on a diff- |
ractometer5

The intensities of all reflections with
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° (minimum interplanar spacing, 4 = 1.04 2)

bze(Mo-Ka) < 40
were measured on a General Electric XRD 5 spectrogoniometer
with a sciﬁtillation Counter, approximately monochromatic
Mo-Ku radiation (zr filter and pulse-height analysef), and
a 0-28 scan. Background counts were made at the beginning
and end of each scan. Two reflections measured periodically
as a check showed essentially no change in intensity over
the time required to collect the data. Some decomposition
while mounting the crystal and sealing off the capillary
is not precluded, however, and it was noted that the
crystals becgme translucent during.hanipulation.
| Thé:crystal used for inténsity measﬁrement was
an irregu;ar cleavage fragmeﬁt with approximate dimensions
0.25 x 0.éO x 0.15 mm., and was mounted with b parallel to
the ¢ axis of the goniostat. No absorption correction wag
made. Lorentz and polarization factors were applied and
the structure amplitudes derived. Of the 554 reflections
with 26 < 4OO, 322 (58%) had intensities greater than
30(I) above bACkground, where o(I) is defined as

U o(1) ={s + B+ (0.0’5"5)2}3’i
where S = scan count and B = bacquaund count. The
remaining 232 reflections were classified as unobserved

and given zero weight in the refinement; they are included:

in the structure factor table with I (unobs) = G(I(unobs)).f
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STRUCTURE ANALYSIS

Examination of the intensity data indicated that
all planes (hk%) for which h.is odd were weak, so that the
silver ion was expected to be at or very close to é position
which would confer false symmetry on the electron-density
map based on the heavy atom alone. The three-dimensional
Patterson function revealed this position to a first
approximation to be on a screw axis (0.056, 0.25, 0.0), so
that as expected from the observed intensity relationships,
- the resulting electron-density map exhibited pseudo-

- symmetry and could not be interpreted to give a reasonable
hydrocarbon‘br nitrate structure. ‘To compound this |
'diffiéulty, no partial structure would refine by least-
squares methéds, the shifts to coordinates being large, éhd
the temperatﬁre parameters ill-behaved (this occurred in.
spite of thé partial structures being correct, as verified
by the subseéuent structure analysis).

A;fe-examination of the Patterson function, and
an accurate.piotting of the cross-section of the peaks then
showed that.éhere was some elongation of the peaks in the
y and z diréctions, so that the silver ion appeared to be
displéced slightly from the screw axis. The extent of this
elongation was used to estimate new y and z parameters
(0.259 and 0.02 respectively) and an electron-density map 

based on the phases computed from this silver position
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showed clearly all the atoms except C(4) and C(7). These
were subsequently located on a three-dimensional difference

" map as thé highest peaks (but quite low electron-density)

and included in the refinement. A least-squares

calculation with all atoms assigned the appropriate
scattering curves6 for C, N, O and Agt, isotropic tempefature
.factors equal to 4.0 R?, and unit weights resulted in an R
value of 0.15; |

A comparison of the observed structure factors
"~ with films'indicated that some of the reflections had
been miéQinaéxed, probably due to ﬁhe long a axial length
(25.54 R), 6£ inaccurately measured, particularly the weak
odd h planes; Eighty-four reflectiéns were re-evaluated
on the baéiéhof film measurements, sixty-one of these being
odd h planeé.

‘Two further cycles of full-matrix least—squares:n
refinement with anisotropic thermal parameters for the
silver ion, and a weighting scheme of the form w = l/c%(Fo)
where o*(F ) = 59.56 = 2.56|F_| + of037|FO|2 resulted in
a final R of 0.105, and a weighted R of 0.127. Calculated
and observed $tructure factors are listed in Table 5.

The maximum ratio of parameter shift/estimated
standard deviétion (ésd) in the final cycle was 0.23 aﬁd a

- 3
final difference map showed maximum fluctuations of *1.3 ek,



A final Fourier map was computed, and sections of the
resulting electron-density distribution are shown in

Figure 4, togéther with a drawing of the structure.
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Table 5

Measured and calculated structure factors for exo-

tricyclo[3.2.l.02’4]oct—6—ene———silver nitrate. Unobserved

reflections have I = o(I) and are indicated by a negative

sign before FJ-
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Figure 4

(a) Superimposed sections of the three-dimensional
density‘distribution (contours>ét 2, 3, 4,... eR™°
carbon, oxygen and nitrogen, and 2, 10, 20, 30,...
for éilver), and (b) a drawing of the structure of

complex.
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COORDINATES AND MOLECULAR DIMENSIONS

The final positional and thermal parameters,
together with their standard deviations, are listed in
Table 6. Table 7.lists the bond iengths and angieé, ahd
‘figure 5 shows‘a view of the structure along the b
crystallographic axis; Although some bond lengths appear
-abnormal, phey-do not differ from the expected values by
mdre ﬁhan 30, and it would appear that any differences

are due to inaccurate data.



- Table 6

Final positional (fractional x 10") and isotropic (R2)

53

' thermal parameters, with standard deviations in parenthéses.

Atom
Cc(1)
1 C(2)
C(3)
C(4)

c(5)

C(6).

c(7)
c(8)
0(1)
0(2)
0(3)
.

Agt

X

© 1207(21)°
'1823(19)
"2131(35) 
21i4(34),
1654 (19)
,1430(20)1'

1190 (28) -

1189 (21)
0208 (19)

0209(17)

0817(23)

0420(14)

0532(02)

Y

-1799(076)
-2171(111)
-3624(131)

-0936(116)

0535 (077)

1470(085)

0220(127)

. -1183(100)

1 5632(085)

5334 (077)

3789 (086)

 4948(063)

2687(009)

. Z

0053(092)

~0205(094)

1799 (151)
1290 (148)
2422(088)
0175(100)

- -1039(141)

2743(100)

6743(087)

3170(072)

5413(100)

'5231(074)

0316 (006)

The anlsotroplc thermal factor for ag*t

B

4.26(125)

4.96(139)
6.40(209)

2.34(100)
3.69(116)

6.53(202)

'5.59(210) -

3.81(129) |

6. 75(131)

5. 24(104)

8.27(136)

3.34(086)

1 4.69(014)

: ’ -4
exp{—(19h2 + 345k2 + 33422 + 8hk + 17k& - 15h&) x. 10 }.



" Table 7

Bond distanées (o =~ 0.09 R for C-C; 0.05 for others)

and valency angles (o = 50) for C8H10AgN03.

.60 C(2)-C(1)-C(7) = 97

c(l)-c(2) =1
C(l)-C(7) = 1.41 | - C(2)-c(1)-c(8) = 99
c(l)-c(8) = 1.56 . c(7)-c(l)-c(8) = 101
C(2)-C(3) = 1.65 C(1)-C(2)-C(3) = 119
C(2)-C(4) = 1.36 C(1l)=-C(2)-C(4) = 113
S c(3)-c(4) = 1.71 - C(3)-C(2)-C(4) = 69
C(4)-C(5) = 1.62 C(2)-C(3)-C(4) = 48
- c(5)-c(8) =-1.61 . C(2)-C(4)-C(3) = 64
C(5)-C(6) = 1.50 ~ c(3)-C(4)-C(5) = 121
Cc(6)=C(7) = 1.21 . C(2)-C(4)-C(5) = 100
N-0(1) = 1.09 -  C(4)-C(5)-C(8) = 101
N-0(2) = 1.30 C(4)~C(5)-C(6) = 100
N-0(3) = 1.25 S C(6)-C(5)~C(8) = 94
- C(5)-C(6)-C(7) = 114
| C(1)-Cc(7)-C(6) = 109
Ag-C(6) = 2.42 C(1)-C(8)-C(5) = 92
Ag-C(7) = 2.41 ~ 0(1)-"N -0(2) = 114
Ag-0(2) = 2.45 O(l)- N -0(3) = 124
Ag-0(3) = 3.03 0(2)- N -0(3) = 121
Ag-0(1)I= 2.85
ag-0(3)I= 2.92
ag-o(1f= 2.56
Ag-0(2f%= 2.55
I X, fy, -1+ oz

IT -x, 5 +vy, % -z



Figure 5

A view of the structure along the b crystallographic axis.
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RESULTS AND DISCUSSION

The crystal analysis has established the structure
of the silver nitrate complex (Figure 4). The silver ion
occupies the exo- position and is therefore quite distant
from the three-membered ring, so that no silver ion—
cyclopropyl interaction is possible. This is in agreement
with the conclusion that such interaction is not required
to explain the relative equilibrium constants for complex
formationl}

As in other complexes of this type (cf. ref 13),
the nitrate groups are linked by coordination to the silver
ions to buiid up layers, in this cése parallel to (100).
The layers are centred around 0 and %a (Figure 5), with
the hydrocafbon molecules between, and with only van der
Waals forces between the hydrocarboh molecules (the closest
interlayer contact is C...C at 3.6'2). The silver ion
aéproaches £hree nitrate groups in the layer, so that
close contaéﬁ is made with two oxygen atoms of one nitrate
group (Ag...0 = 2.55 énd 2.56 R); a second nitrate group
is more distant (Ag...0 = 2.85 and 2.92 %); and the third
nitrate group shares its oxygen atoﬁs unequally (Ag...0 =
2.45 and 3.03 R). Thus the silver ion appears to be
coordinated .to each nitrate group as a whole rather than

o individuai OXygen atoms, sSimiiar TO CtTaer compounds of

thisbtypel3_l§ On this basis the silver ion coordination

can be described as distorted tetrahedral (to three
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nitrate groups and one double bond), and Figure 6 shows the
lengths and angles involved if the mid-points of the 0...0
vectors and the C=C double bond are taken as apices of the
tetrahedron. This type of distorted tetrahedral coord-
ination has been reported for germacratriene14 and geijerene16
silver nitrate complexes.

Within the somewhat limited accuracy of the
refinement, the bond lengths and angles do not differ
significantly from the expected valuesl7 (average C(sp?)-
C(sp®) = 1.59, C(sp®)-C(sp?) = 1.46, C(sp?)-C(sp?) = 1.21 £).
The nitrate éroup is planar (average 0O-N-O angle is 120°),
and the average N-O distance of 1.21 R is comparable to vélues
determined for other silver nitraté complexes,lB—ls’ 18-20
and for silVer nitrate (see next seétion). No attempt should
be made to cérrelate N-O and correéponding Ag...0 distances

as has been done for AgCN’ZAgNO3%l

since the low accuracy
precludes any comparison of individual values. In a case
where the acéuracy is low, this correlation is not always
justified. .For example, the apparent distortion of the
nitrate groﬁb in silver nitrate reported previouslyzz_has
led others ta make this correlationl§ but the present
refinement of the silver nitrate structure has shown thatl
there is in‘fact no significant distortion, so the
comparison is not valid.

The silver ion contacts the two carbon atoms of

the double bond at Ag...C distances of 2.41 and 2.42 R



Figure 6

Coordination around the silver ion in the complex.



09



61

(Ag—mid-point of C=C = 2.34 ), and the interaction is
similar to that in other silver-olefin complexes to which
reference has been made. The silver ion is equidistant
from the two carbon atoms, although in other complexes

this is not always the case (see Table 8). Maximum overlap
of the metal orbitals with the m-orbital of the alkene
would be expected23 when the Ag, C(6), C(7) and the C(l),
C(5), C(6), C(7) planes are at 90° to each other.» This
angle was fouﬁd to be ll4o,lsomewhat'larger than the
corresponding value for similar compounds, but as shown

in Table 8, iarge deviationé from 90° have been reported.
It appears that trans-double bonds afford the greatest
ability to meet the requirement for maximum overlap, and
cis-double bonds show deviations from it depending at

least partially on the amount of steric hindrance involved.
It should bé noted that the greates£ deViation from 90°
reported préﬁiously, ll2o,‘is for norbornadiene, which is
closely related to the present compound, so that the angles

may be expected to be similar.



-

C,Hg (AgNO

C,H,AgNO

Collyo

ClSH

C8H

Compound

3)2 _
(Norbornadiene)

88 3

" Table 8

Angle (

112

93

(Cyclooctatetraene) 100

(AgNO;) 4
(Cyclononatriene)
(CyoH1o) 3A9BF
(Bullvalene)

4

CyHy g (ANO3)

(Geijerene)

24AgNO3

(Germacratriene)

Ci5Hyy (AGNO5)

(Humulene)

10AgNO3

(Study compound)

107

91

92
103
104

105
84
82

86
90

85
87

114

o) C=C
type
cis

cis
cis

cis

cis
cis
cis
cis
cis
terminal

terminal

trans

trans

trans

trans

cis

Ag-C(R)

2-31"

2.78,
2.46,

2.38,

2.69,
2.66,
2.45,
2.48,
2.30,
2.39,
2.54,

2.48,
2.52,

2.35,
2.33,

2.41,

2.41

2.84
2.51

2.84
2.78
2.58
2.55

2.33
2.59
2.54

2.57
2.54

2.43
2.42

and Ag-C(olefin) distances for some related compounds.

Reference

19

18

20

23

16

14

13

62

Angles between the Ag, C=C plane and the C, C=C, C plane,
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B. A REFINEMENT OF THE SILVER NITRATE STRUCTURE.
INTRODUCTION

During the course of refinement of the complex of
silver nitrate (C8H10AgNO3) described previously, attempts
were made to compare the coordination in the complex with
that in silver nitrate. A structure analysis had been
carried outzg and showed silver nitrate to have a structure
unique in the AXO3

silver ion coordination. Unfortunately the accuracy of the

class of compounds, and quite irregulaf

analysis was no. bétter than for the unstable complex (o,bond
distances 0.05-0.08 R), because of the use of visual
photographic data, the limited number of reflections
measured aﬁa the use of Cu—Ka radiation, for whigh the
absorption is high. It was considered useful to collect
more extensive data by the single-crystal diffractometer
method, witﬁ an attempt to minimize the errors due to

absorption by using Mo—Ka radiation.

EXPERIMENTAL

Crystals of silver nitrate are colourless plates
with well-developed {001} faces. The space group was
determined from precession photographs and diffractometer
data, and accurate unit cell parameters were determined by
application:qf the extrapolation method of Farquhar and

24

Lipson™ " to a back-reflection Weissenberg photograph
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obtained with Cu—Ka radiation. The values obtained agree

well with those reported previously%z'25 and the

parameters of the U.S. National Bureau of Standards25 are

used throughout.

1.5418, 1.54051,

Crystal Data.— X (Cu-K , K , K
o (o8] o)
1.54433; X (Mo-K ) = 0.7107 ].

Silver nitrate, AgNO M = 169.9.

3’

Orthorhombic, a = 6.995, b = 7.328, ¢ = 10.118 &, U = 518.6 K3,
; -3 . -3

Dm = 4,35 g.cm.. , Z = 8, DC = 4.35 g.cm.

F(000) = 624.

Absorption coefficients: u(Cu-K ) = 617 cmy ) (MoK ) = 73 cms

Absent reflections: 0k&, k odd; h02, 2 odd; hk0, h odd.

15
-

Space group Pbca (D
The intensities of all reflections with 28(Mo—Ka) <
54° (minimum.interplanar spacing, d = 0.83 R) were measureéd
on a Datex-automated General Electric XRD 6 spectro-
goniometer with a scintiliation counter, approximately
monochromatic Mo-Ka radiation (Z2r filter and pulse-height
analyser), and a 6-26 scan of 2° per minute in 26. Back-
ground count§ of 20 seconds were made at the beginning and
end of each %Can. The crystal used for data collection was
cut to a rouéhly square cross-section of 0.2 -mm., and
length 0.6 mm., and was mounted with a (needle axis) parallel

to the ¢ axis of the goniostat. No absorption correction

was made. Lorentz and polarization factors were applied,
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and the structure amplitudes derived. On the basis of
comparison with the intensities of systematically absent
reflections, 410 (76%) of the 538 independent reflections
were classified as observed. The remaining 128 were
assigned their measured value, but were given zero weight

in the refinement. .

STRUCTURE ANALYSIS

Because reflec;ions hk&, k¥ + 2 odd are weak, the
silver ion was expected to lie on or near to a position
which causes the appearance of false symmetry in the
electron-density»map based on the silver ion alone. The
three-dimensional Patterson function showed an apparent
silver ion pgsition at 0.125, 0.0, 0;125, but slight
elongation of-the peaks in the y direction indicated that
the y parameﬁer could be changed to 0.01. This change
resulted in enhancement of some of the resulting Fourier
peaks at the expense of others, so that the true nitrate
group could bé discerned from its false image. A cycle of
full-matrix least-squares refinement with the light atoms
assigned the scattering curve for oxygen? initial isotropic
thermal parameters equal to 4.0 R% and with unit weights,
resulted in an R value of 0.15. Two further cycles with
weights basedvon the counting statisfics, and with the

nitrogen assigned its usual scatterihg curve reduced R to
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0.13, and two cycles with anisotropic temperature factors
further reduced R to 0.082.

Examination of the structure factors indicated
that the 211, 004, 020, 024, 040 and 102 reflections were
reduced due to extinction. These were excluded from the
refinement, and the two anisotropic cycles were repeated,
resulting in an R value of 0.064, and R.W of 0.094. Two
further cycles of full-matrix least-squares refinement with
a weighting scheme of the form w = 1/02(Fo) where GZ(FO) =
32.66 - 1.09|Fo[ + 0.0088|FO|2 + 0.00008|F_|® gave a final
R of 0.067nénd Rw of 0.068 for the remaining 404 reflections.

Thé maximum ratio of parameter shift/esd in the
final cycle.was equal to 1.0. A final difference map
showed maxiﬁum fluctuations of %2.2 eA—f except at the
silver ionvposition, where a trough of -4.4 eA”’ was
observed. Final measured and calculated structure factors

are listed in Table 9.



Table 9

Measured and calculated structure factors for silver nitrate.
Unobserved reflections are assigned their measured value,
but are given zero weight in the refinement, and are

indicated by a negative sign before Fo.
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Table 9
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Table 9, continued
The following reflections were excluded from the
refinement for suspected extinction. Fc values were

determined from the last cycle in which they were included.

hk 2 F F
004 188 320
020 153 282
024 208 290
040 171 230
102 121 171

211 165. 238
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COORDINATES AND MOLECULAR DIMENSIONS

The final positional and anisotropic thermal
parameters, with their standard deviations, are listed
in Table 10. Interatomic distances and angles are listed
in Table 11, together with those determined previouslyzg
for comparison. Figure 7 is a view of the structure along
the b crystallographic axis, and Figure 8 shows the thermal

vibration ellipsoids projected in the plane of the nitrate

group.



Table 10

Final positional (fractional x 10%) and.anisotropic

thermal (RZ x 102?) parameters for silver nitrate, with

standard deviations in parentheses.

Atom
Ag

N
0(1)
0(2)

0(3)

Atom

Ag

0(1)
0(2)

0(3)

X
3650 (1)
3749 (14)
3841 (13)
4860 (14)

2580(12)

y
4902 (1)

3608(12)
3164 (11)
2930(12)

4757 (11)

z
1298 (1)
4074 (9)
5264 (8)
3243 (8)

3711 (8)

mean o (U)

71



Table 11

72

Interatomic distances (R, o = 0.01 R) and valency angles

(degrees, o = 1°) for silver nitrate, with previously

determined values for comparison.

ref. 22 ref. 22
N~O(l) = 1.25 1.19%0.06 O0(1l)-N-0(2) = 121 118%5.6
N-0(2) = 1.25 1.32+0.06 O(1l)-N-0(3) = 120 117%5.6
N-O(3) = 1.23 1.23%+0.06 0(2)-N-0(3) = 119 125%*6.0

Ag...0 and Ag...N contacts i
ref. 22

Ag...o()T = 2.48 2.5140.05
Ag...o(L)IT = 2.4s 2.54%0.05
Ag...0(2)T = 2.50 2.48%0.05
Ag...0(3) = 2.56 2.53%0.05
Ag...0(2) = 2.58 2.5940.05
Ag...0(3)TV = 2.75 2.73%0.04
Ag...0(3)T = 2.77 2.80£0.05
Ag...0(2)Y = 3.05 2.9940.05
Ag...N = 2.97 2.9840.06
Ag...NT = 3.01 2.99+0.06
Ag...NTTT = 3.29 3.32%0.06

I 5 - x l -y 5 z

II x Y-y -k 4oz

III 1l -x L+ vy X -z

v 5 X Yy Y - 2

\% -5 + x y - 2



Figure 7

The silver nitrate structure, viewed along the b
crystallographic axis. Heavy lines are nearer the viewer;

the distorted octahedron of nitrate groups is indicated.
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Figure 8

The thermal vibration ellipsoids viewed perpendicular to

the plane of the nitrate group.
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RESULTS AND DISCUSSION

The crystal analysis has verified the structure
of silver nitrate, as previously determinedZ% and has
provided more accurate interatomic distances and angles
(Table 11), as well as a detailed analysis of the aniso-
tropic thermal motion.

The average N-O distance in the nitrate group is
1.24(1) R, and the average 0O-N-O angle is 120°. as shown
in Table 11, the individual values do not differ significantly
from the averages, so the slight asymmetry of the nitrate
environment does not cause any significant distortion of
the nitrate ion from D3h symmetry. After correction for
rotational dscillation errors2§ the mean N-O distance is
1.26(1) R, éiightly longer than that reported for sodium
nitratezz 1.218(4) R, but comparable to the values reported
for several silver nitrate—olefin complexes discussed
previously. The average N-O length reported earlierzg
1.25 R, is in good agreement, but the variation in length
(1.19-1.32 R), although not significant in terms of their
estimated standard deviations, suggests a distortion of
the nitrate group which in fact, does not exist, as shown
by the present analysis.

The thermal vibration ellipsoids are shown in
Figure 8, aﬂa Table 12 lists the lenéths and directions of
the principal axes with respect to axis 1 along the N-0O(1)

bond, axis 3 perpendicular to the NO, plane, and axis 3

3



Table 12
Principal components of the thermal vibration ellipsoids
and their orientations with respect to axis 1 along the

N-O(1l) bond, axis 3 perpendicular to the NO3 plane and

axis 3 equal to 1 x 3.
Angle with respect to

Atom Component U R ) axis 1 Axis 2 Axis 3
Ag 1 0.160 17.6 91.3 72.5
2 0.189 85.9 162.1 107.4

0.225 72.9 72.1 154.9

N 1 0.134 65.0 152.4 101.0
0.159 155.0 114.7 - 93.6

0.170 91.3 - 78.5 168.4

0(1) 1 0.140 11.4 - 83.5 99.3
0.174 86.0 - 164.5 104.9

0.230 100.7- ~76.0 162.3

0(2) 1 0.130 49.6 80.1 137.9
2 0.183 -130.7 112.1 131.1

0.245 113.1 24.4 97.6

0(3) 1 0.145 105.8 83.3 162.8
0.197 114.0 27.7 77.0

0.220 29.3 63.3 101.1
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equal to 1 x 2. The nitrogen atom has its smallest
component of motion perpendicular to this plane, and
approximately equal components in the plane. The smallest
vibration of all three oxygen atoms is directed along the
N-O bonds, and the largest motion is roughly in the plane
of the nitrate group.

The structure is composed of silver ions co-
ordinated to nitrate ions to form a three-dimensional
network so that the silver ions, which lie essentially in
layers parallel to (010) separated by %b, are linked by
coordination to the nitrate groups which bridge the gap
between layefs. Ag...0 and Ag...N distances are listed in
Table 11 with the values determined previouslyzg for
comparison. The eight Ag...O 1engths listed do not form any
easily recognizable geometric coordination around the silver
ion, and the silver environment is best described as
irregular.

As'hoted in the earlier réportzg there are groups
of six nitrate ions in an irregular octahedral arrangement
around centres of symmetry. These form a large ca&ity
(Figure 7) thch is occupied by two silver ions 3.238(2) R
apart, related by the centre of symmetry. No nitrate group
is uniquely‘associated with any one siiver ion, but all
contacts are shared; of the eight néarest oxygen neighbouré,
three are very close to the silver layers (0(3)), and the |
other five (0(l) and (0(2)), lie between layers to bridge

the gap and form the three-dimensional network.



PART IV

THE STRUCTURE DETERMINATION

OF

N,N-DIMETHYL (FERROCENYLMETHYL) AMMONIUM TETRACHLOROZINCATE
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INTRODUCTION

The isolation of N,N-dimethyl (ferrocenyl-
methyl)ammonium tetrachlorozincate, an intermediary complex
in the ZnClz—HCl catalysed self-condensation of N,N-di-
ﬁethylaminomethylferrocene, has been reportedZ? Although
the ammonium structure was indicated by the strong infrared
absorption near 3.7u for the solution, infrared data on KBr
pellets for the crystalline compound appeared to be
inconsistent with N-protonation in the solid state, and
suggested the possibility of coordinate covalent N-+Zn
bonding2§ The crystal structure analysis was uhdertaken to
resolve this problem} and to obtaiﬂ information about the

orientation of the rings in the ferrocene portion of the

structure.

EXPERIMENTAL

Crystals of N,N-aimethyl(ferrocenylmethyl)ammoniﬁm
tetrachlorozincate hydrate, [C5H5FeC5H4-CHZ-NHMez];-ZnClZZ-
Hzo, are thin orange-brown plates elongated along c with
{100} developed. The unit cell pafémeters and space dgroup
were determined from rotation and Weissenberg photographs,
the unit cell parameters being refined by a least-squares
procedure applied to the 26 values of 30 reflections

measured on a single-crystal diffractometer with Mo—Ka

radiation.
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Crystal Data.— A(Cu-K ) = 1.5418; A(Mo-K ) = 0.7107 X.

N,N-dimethyl (ferrocenylmethyl)ammonium tetrachlorozincate

hydrate, [C NFe]zanl *H,O, M = 713.5.

13"138 4" .

Monoclinic, a = 18.076(6), b = 14.038(5), c = 12.246(5) K,

B =95.70(1)°, U = 3092.1 &%, D_ (flotation in bromoform-
benzene) = 1.522 g.cm?a, zZ =14, Dc = 1.532 g.cm'.;3

F(000) = 1464.

Absorption coefficients: u(Cu-K ) = 118 oms s M (Mo-K ) = 21 cm.
Absent reflections: h0&, % odd; 0k0, k odd. |

| Space group P2,/c (Cgh).

The.intensities of all reflections with 29(Mo-Ka) <
40° (minimum interplanar spacing, d = 1.04 R) were measured
on a Datex-automated General Electric XRD 6 spectrogoniometer
with a scintillation counter, appro#imately monochromatic
Mo-K, radiation (Zr filter and pulse-height anelyser), end
a 6-20 scan Qf 2° per minute in 26. Background counts were
made at the beginning and end of each scan. The crystal
used was a thin plate with dimensions 0.1 x 0.4 x 0.6 mm.,
and was mounted with c¢ parallel to fhe ¢ axis of the
goniostat., ©No absorption correction was made. Lorentz and
polarization factors were applied, end the structure
amplitudes derived. Of the 2991 independent reflections
2012 (67%) had intensities greater than 30 (I) above back- ﬁ
ground, where o(I) is defined by
o(I) = {s + B + (0.05s>2};2

where S = scan count and B = background count. The
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remaining 979 reflections were classified as unobserved.

STRUCTURE ANALYSIS

The data were placed on an absolute scale using
Wilson's methodz? and values of |E| were calculated with

the program of #a113? The |E| statistics obtained are

31 for centrosymmetric

compared with the theoretical values
and non-centrosymmetric structures in Table 13.
The structure was solved by a direct sign-determining

procedure3% which uses a reiterative application of Sayre

relationships3§

The origin-determining reflections and
éymbols (Table 14) were selected frpm those reflections of
highest |E| which enter into the gréatest number of Sayre
relationships and which were of suitable parity groups.

, Permutations'of the signs of the symbols 'a’', ‘b', 'c' and
'd' led to 1% starting sets. Planes having |E]| values
greater than 1.7 were used and twelve passes throughrthe
list were pefformed for each starting set, with newly
determined signs not used to estimate additional signs until
the next pass. This procedure yielded two possible solutions
with consistency index of 0.83 (next highest 0.60), and the
E-map computéd with the signs of oﬁe of these showed.the two
Fe positions and the ZnCl4_2 group. Compared with the

fully refined structure, 280 of the'296 predicted signs were

correct. The E-map computed from the other set with consis-

tency index 0.83 did not show recognizable structural features.
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Table 13
|E| statistics for N,N-dimethyl (ferrocenylmethyl)ammonium

tetrachlorozincate hydrate..

Experimental Theoretical
Centro. Non-centro.
<|E|> 0.785 0.798 0.886
<|E?]> 1.008 , 1.000 1.000
<|EZ - 1}]> 0.995 0.968  0.736
|E] > 3.0 (%) 0.37 0.30 0.01
lE] > 2.0 (%) 4.28 5.00 i.so

|E| > 1.0 (%) 32.83 32.00 37.00
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Table 14

Base set of reflections for sign-determination.

determined

h k 2 E sign/symbol sign

1 21 4.64 +
10 2 1 . 3.23 + :_origin

4 5 9 3.77 +

2 2 1 - 2.61 a +

1 0 2 3.02 b -

1 ¢4 4 2.93 c -
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A structure factor calculation based on the heavy-
atom coordinates from the E~-map, with the Wilson scale,
scattering factors from the Intefnational Tables6 and
isotropic thermal parameters B of 3.0 &2 for all seven
atoms gave an R value of 0.40. A difference map based on
the heavy-atom positions was computed, from which twenty-
two light atoms were located. With these included in the
phasing model, subsequent difference maps revéaled the
" positions of the remaihing non-hydrogen atoms. With all
light atoms assigned the scattering curve for carbon, and
isotropic tﬁérmal parameters of 4.6'22, the R value was 0.35.

Thé-nitrogen and oxygen atoms were assigned their
' appropriate scattering curves, and three cycles‘of full-
matrix least-squares refinement wifh the Fe, Zn and Cl atoms
allowed anisotropic thermal paramefers, and unit weights
for.obsérved, zero weights for unoﬁserved reflections,
reduced R to 0.082. Two cycles of block-diagonal_least—
squares with all atoms assigned aniéotropic thermal parameters
further reduced R to 0.068, but the anisotropic,thérmal
parameters fér the light atoms are hot considered accurate,
and are not_iisted. In the final cycles the data were
weighted so that v& = 1 when |F, | < 45, and Y& = 45/|F |
when IFOI > 45. For the 979 unobsefved reflections, v/w was
taken as 0.86. Final measured and calculated structure |

factors are listed in Table 15.
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A final difference electron-density map showed
-3
spurious fluctuations as high as t1 el , and hydrogen atoms

could not be located reliébly.



Table 15
Measured and calculated structure factors for N,N-di-
methyl (ferrocenylmethyl)ammonium tetrachlorozincate hydrate.
Unobserved reflections are assigned their measured value,
but weighted as described in the text, and are ‘indicated by

a negative sign before‘Fo.
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COORDINATES AND MOLECULAR DIMENSIONS

' The numbéring system used is shown in'the‘diégram
of the‘structure in Figure 9, and the final positional and'
thefmal pafametérs are listed in Table 16. Bond lengths
~and valéncy‘angles are given in Table 17, and Table 18 gives
‘the equatibns of the ﬁeénlplanes'through the cyclopenta- |
'aiehyl rihgs with the angles between the normals of these
plénés. Figure 10 shows é view of the ferrocenyl groups -
alonglthe normals of these planes, and Figure 11 is a

-packing diagram-vieWed along the c crystallographic axis.



Figuré 9
A diagram of the structure, which shows the numbering

system used.
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Final positidnal (fractional x 10*) and thermal parameters (RZX

Table 16

isotropic), with standard deviations .in parentheses.

'O_

Atom X
Fe(l) 3640(2) .
Fe(2) - =3735(2) ~-
Zn. 1170(2)
Cl(l) 1190 (4)
C1(2) 0090 (4)
Cl{(3) . 2148(4)
Cl (4) 1188 (5)
Atom . X
Cc(1) 2547 (11)
C(2) 2980(14)
- C{(3) 3525(14)
C(4) 3407 (15)
C(5) 2813(12)
C(6) 3926 (15)
C(7) 3702 (16)
C(8) 4218(15)
c(9) 4732 (16)
C(10) 4543 (15)
C(11) 1972 (12)
c(12) 0630(15)
C(13) . = 1063(14)
N 1214 (10)
-1110(13)

0389(20)

RN Rl W N

U22

.69(19) .
.69(17) -
.49 (15)
.59 (36)
.98(54)
.19 (40)
.69(37)

- -1613(10)

Y Ui
1096 (2)" 4383(3). .5.41(18)
1086 (2)y 0954 (2). 5.41(18)
4360(2) 2753(2) 6.39(16) .
4281(5) 4631(5) 10.98(48)
3641(6) - 2099(6) 7.21(39) 1
3599 (5) 2198(5) 7.87(38)-
5901(5) 2185(6) 11.64(54)
Cation 1
Yy z B
0890(15) 3870(16) 3.8(4)
0865(19) 2965(19) 5.5(5)
0097 (20) 3177(21) .- 5.6(5)
-0322(16) 4167(22) 7.4(7)
0165(16) 4627(19) 4.6(5)
1735(20) 5866(22) 6.3(6)
- 2427 (18) 5035(24) 7.3(7)
2311 (19) 4184(25) 7.4(7)
1568 (21) 4535(23) 6.3(6)
1220(20) 5550(22) 5.8¢(5)
1593(1l6) 4080(18) 4.2(4)
1756 (23) 4214(24) 7.5(7)
1134 (19) 2472(20) 5.7(5)
1184 (14) 3723(15) 4.7(4)
4391(17) 10.2(6)

U33

NN utuoiw o,

. X

-2928(12)
-3588 (12)
-4184 (14)
-3870(13)
-3099(12)
~3316 (14)
-3601(16)
-4350(14)
-4562 (14)
-3943(17)
-2204 (12)
-1811(14)
-0864 (15)

.19(18)
$61(15) -
.34(14)
.04 (32)
.60(41)
.82(39)
.97 (42)

102 for anisotropic; 82 for

U13

Uiz

-1.15(33) 1.78(31)

0.77(31) 2.22(28)
=0.51(27) 1.00(26).
-6.01(72) 3.00(67)
-3.58{(78) =-0.44(70)

1.79(68) 5.88(63)

0.77(77) -3.33(82)

Cation 2
y 2

1194 (16) =-0077(16)
1682 (16) -0528(16)
0982(18) -0652(18)
0086 (18) -0258(19)
0218(15) 0082 (17)
1545 (21) 2458 (18)
0627 (22) 2551 (20)
-0642(21) 2182 (18)
1514 (22) 1842 (18)
2139(18) 1999 (18)
1684 (18) 0224 (19)
1415(19) =-1676(20)
21801 (21). =0131(23)
1314(13) -0480(16)

-1.
0.
0.

-1.

-0.
1.
2.

AT IO WR Ok

U2 3

56(32)

35(29)
26 (26)
56.(61)
95(81)

91(68)

95(69)

.6(4)
.4(4)
.9(5)
.7(5)
.9(4)
.4(6)
.7(6)
-9(6)
.2(6)
.0(6)
.8(4)
.8(5)
.4(6)
.5(3)

96



Table 17
Bond 1engths'(g) and valency angles (degrees) with

standard_déviaﬁiohs in pafenthesés.

‘gy¢lopentadienyl Rings:

i

Cation 1 : Cation 2 .

Fe-C (1) 2.03(2) 2.03(2)
Fe-C(2) 12.03(2) 2.04(2)

- Fe-C(3) ©2.03(3) 2.06(2)
Fe-C (4) 2.05(2) 2.04(2)

" Fe-C(5) 2.03(2) 2.05(2)

" Fe-C(6) ©2.05(3) 2.03(2)
Fe-C(7)" 2.03(3) 2.05(2)
Fe-C(8) 2.03(3)" 2.05(3)
. Fe-C(9) 2.07(3) 2.03(3)
Fe-C(10) 2.07(3) 2.02(2)

| - Mean = 2.04

- C(1)-Cc(2) 1.42(3) 1.44(3)
c(2)-C(3) 1.46(4) 1.46(3)
c(3)-c(4) 1.38(4) 1.44(3)
C(4)-C(5) 1.44(4) 1.43(3)

. C(5)-C(1) 1.43(3) 1.42(3)
C(6)~C(7) 1.44(4) 1.40(4)
C(7)-C(8) 1.48(4) 1.38(4).
C(8)-C(9) 1.43(4) 1.34(4)
C(9)-c(10) 1.41(4) 1.42(4)
C(10)-C(6) 1.41(4) 1.47(4)

_ R Mean = 1.43

©c(5)-Cc(1)-C(2) 0 108(2) S 109(2)
c(1)=c(2)-c(3) 0 107(2) 107 (2)
©c(2)-c(3)-Cc(4) *108(2) - 107(2)
S C(3)-C(4)~C(5) 0 109(2) - 109 (2)

c(4)-Cc(5)-C(1) = - 108(2) 1108 (2)

. +../continued
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Table 17, continued

C(10)~C(6)-C(7)
C(6)-C(7)-C(8)
C(7)-C(8)-C(9)
C(8)-C(9)-C(10)
C(9)-C(10)-C(6)

Side Chains:

c(1)-C(11)
N-C(11)
N-C(12)
N-C(13)

C(2)-C(1)-C(1ll)

C(5)-C(1)-C(11l)

C(1)-C(11)-N
- C(11)-N-C(12)
C(11)-N-C(13)
C(12)-N-C(13)

109(2)
106 (2)
108 (2)
108 (3)
109 (2)

1.47(3)
1.51(3)
1.50(4)
1.53(3)

127 (2)
124 (2)
109(2)
110(2)
112 (2)

S 111(2)

Tetrachlorozincate group:

Zn-C1l (1)

Il

Zn-C1l (2)

Zn-C1l (3)

|

Zn-Cl (4)

2.299(7)
2.270(8)
27229(7)

2.274 (7)

Cl(1)-zZn-Cl(2) = 105.
Cl(1)-Zn-C1l(3) = 110.
Cl(l)-zZn-Cl(4) = 110.
Cl(2)-Zn-C1(3) = 111.

Cl(2)-Zn-Cl(4) = 110.

106 (2)
108(3)
111 (3)
109 (2)
106 (2)

Mean =

1.49(3)
1.53(3)
1.48(3)
1.54 (3)

123(2)
127(2)
110(2)
114 (2)
110(2)
111(2)

Cl(3)-Zn-Cl(4) = 109

108

2(3)
2(3)
6(3)
1(3)
7(3)

.0(3)
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Table 18
Equations of mean planes, in the form X' + m¥' + nZ' = p
where X', ¥' and Z' are coordinates in R referred to

orthogonal axes a, b and c¥*.

Atoms in plane 2 m n P disgix.(ﬁ)
Cation 1:
1 C(1)-C(5) 0.6056 0.6440 0.4673 5.5153 0.010

2 C(6)-C(10) 0.5725 0.6704 0.4720 8.6592 0.005

Cation 2:
3 C(l)-C(5) -0.3197 0.2112 0.9237 1.9555 0.006

4 C(6)-C(10) -0.3202 0.2127 0.9232 5.2432 0.006

Angles between plane normals;



Figure 10
Views of the cyclopentadienyl rings normal to their planes.

Heavier lines are nearer the viewer.
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Figure 11

Packing'diagram viewed along the ¢ crystallographic axis.
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RESULTS AND DISCUSSION

The crystal analysis has confirmed the formulation
of the compound as the tetrachlorozincate, and preciudes
any possibility of N-»Zn coordination. The lack of
absorption in the Nt stretching region (3.8-4.2u) for the

28

crystalline compound is probably related to the strong

hydrogen bonding from N-H to O and Cl (discussed below).
As shown in the packing diagram (Figure 11), the .

structure is composed of 'ionic layers' parallel to (100)

4

‘side chains are directed into the layers, with the Fe-

which contain the ZnCl groups; the nitrogen—containing
hydrocarbon portions between layers. Within the ionic
layers groupézof four catioﬁs, two anions and two water
molecules (tWo formula units) are linked around centres of
symmetry by N-H...Cl (3.11 R), N-H...0 (2.76 &), and O-H...
Cl (3.05, 3.17 R) hydrogen bonds as illustrated in Figure 12.
The layer is extended in the (100) plane by weaker C...Cl
interactions ranging upwards in lengfh from 3.56 R (Table 19).
These involve primarily the N—methyl carbon atoms of
‘adjacent side'chains. The shortest contact between layers
is C...c = 3.65 &. |

The.£Wo chlorine atoms which are hydrogen bonded
to the waterlmolecule subtend an angle of 127° at the oxygen
atom so that‘£he hydrogen atoms of‘the water molecule are

‘most probably. directed not far from the 0...Cl vectors.



Figure 12
The environment of a ZnClZ2 group, which shows the

hydrogen bonding around a centre of symmetry.
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All crystallographically independent distances < 3.7 ]

Table 19

between atoms in different asymmetric units.

AtomI “to Atom
0. ...H-nN(IH
o-H...crnt
0-H...cLait
cl(1l). . H - N(2)T1L
ci(l). . . .ct@atV
ci(1). . . .c2q3) It
c1(3). . . .ctant
cr(4)y. . . .c2@ytil
clioy. . . .c2V
clazy. . . 2antv
c2(12). . . 2amnVt
c2@2) . ..t

1 Cation 1 2':Cation 2

I X y

IT - X 1l -y

III - x 3 Y

v X -y

v 1l + x Yy

VI X 5 -y

Ny

N

distance_(g)
2.76

3.05

3.67
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The N...O...Cl angles are 97° and 121°, and the C-N...0 and
C-N...Cl angles are very close to the tetrahedral value at
109°, 105° and 110°, and 107°, 117° and 98° respectively.

The extent to which the chlorine atoms take part
in hydrogen bonding is reflected in the Zn-Cl bond lengths
(Table 17). C1(2) and Cl(4) each interact with an oxygen
.atom at distances of 3.05 and 3.17 h:4 respectively, and have
similar Zn-Cl lengths (2.270 and 2.274 b4 respectively)..
Cl(1l) 1is hydroéen bohded to a nitrogen atom at 3.11 8, and
the corresponding Zn-Cl distance is somewhat longer (2.299 R),
while Cl(3)'has no contacts less tﬁan 3.6 &, and is involved
in the shorﬁést Zn—-Cl distance (2.229 R). A similar
situation héé'been reported for the ZnClZ

34

LiZZnC14-2H20 structure~. Two hydrogen bonds to one chlorine

atom 1engtheﬁ'the Zn-Cl distance to 2.30 8, and a single

groups in the

interaction for two other chlorine atoms result in lengths’
of 2.28 3, while the chlorine atom which is not involved
in hydrogen bonding has the shortesf Zn-Cl distance of

2.25 R. These values may be compared with the normal.

35

distance for covalent tetrahedral zinc-chlorine bonds of

2.30 A. Combarable Zn-Cl distanceshhave been reported for

the three modifications of ZnClz36

compounds37f39

, and for several related

Thé,iron atoms are sandwiched between two cyclo-
pentadienyl'rings which are planar within experimental

error (Table 18), approximately parallel, and separated by
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3.28 & (cf. ref. 40). The rings are nearly eclipsed as
shown in Figure 10, and can be described in terms of the
rotation of one of the rings from the eclipsed position
as determined by the vectors from each carbon atom to the
Fe atoms in the projection shown. The angles listed in

} Tablé 20 show that both ferrocene groups differ by only
approximately 7° from the fully eclipsed position (0°)
compared with the fully staggered position (360), and are
best descfibed as approximately eclipsed. Similar small
rotations from the eclipéed position have been reported>for
other ferrocene derivativeé, for ekémpie, 5° in diferro-

cenyl ketoné49 12° in a—keto—l,l'—trimethyleneferrocene4l'

and 9° in l,i'—tetramethylethyleneferrocene4%

The bond lengths and angles in the cyclopenta-
dienyl rings and .the side qhains dovnot differ from
expected valtiesl7 (Table 17), and the iron atoms appear\to

be bound equally to all the caibon atoms of the rings, the

mean values being Fe-C = 2.04 and C-C (rings) = 1.43 L.
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Table 20
Angles from the eclipsed position for the cyclopentadienyl

rings of the cations.

- Cation 1 ' Cation 2
C(1)-Fe-C(7) = 6.6 C(1l)-Fe-C(6) = 11.2
C(2)-Fe-C(8) = 7.5 C(2)-Fe-C(10)= 5.5
C(3)-Fe-C(9) = 4.4 . C(3)-Fe-C(9) = 2.1
C(4)-Fe-C(10)= 7.3 C(4)-Fe-C(8) = 6.4
C(5)-Fe-C(6) = 8.0 - C(5)-Fe-C(7) = 9.7

}Mean = 6.8 Mean = 7.0



SUMMARY
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Oﬁe of the objects of this work has beéh to sﬁowv
how the various methods of X-ray diffraction can be used to
overcome thé phase problem and deduce crystal and molecular
‘structure. Although it is extremely useful and interesting
to examine a series of related cbmpounds and to correlate
the results in terms of bondihg, intermolecular interacﬁions,
etc., it is also of value to gain familiarity with the
methods of X-ray crystaliography by applying them to as
diversified a set of problems as possible;

Examples have been chosen from organic (néturéi
products), inorganic and organometailic compounds, and,
‘while all céhtained heavy atoms, éfructure elucidation was
not élways étraightforward because of problems peculiar to
eaéh compouna. These differences ére also reflected in the
‘final results; one involved hydrogen bonding interactions
between moleéules; others ionic coordination to build up
the crystal network (Ag...0 and Ag...C).

Since in this case there.can be no continuing of
a series, and since the analyses héVe provided answers to
the immediate problems proposed, an appropriate project to
- follow might be the investigation of compouﬁds df higher
symmetry, as all those stuqied wereﬁeither monoclinic or
orthorhombic; This would logically involvé minerél or
metallic crigtals, and is not inconsistent with the author's -

interests.
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