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ABSTRACT

Structural investigations of the solvated compounds
MgyBrg0-4(CyHy g0) and CgHgMgBr-2(CyH;g0) were undertaken by
means of x~ray diffraction techniques. In addition, initial
structural studies were made on (CgHg)oMg-2(CyHy100) and the
space group and lattice constants were determined for an
oxy salt of the Grignard reagent solvated with tetrahydrofuran.

Mgy Brg0-4(CyH)30) was found to possess tetragonal

symmetry; the lattice constants based on a primitive unit

cell are:
o)
a = b = 10.68 A
o)
c = 15.34 A .

There are two MgyBrgO-4(CyH;0) species per unit cell.
Systematic absences indicated the space group PEZlc.

The structural analysis proceeded through a complete
three~dimensional Fourier. The bromine atoms form an octa-
hedron approximately 4.5 angstroms on an edge about the origin
With the magnesium atoms in alternating faces of the octa-
hedron, forming a tetrahedron of magnesium atoms. The mag-
nesiums are five-fold coordinated to three bromines, a "basic”
oxygen atom at the origin, and to an ether group packed
against the face of the bromine octahedron. The only model
compatible with the Fourier and least squares analysis and

with packing considerations involves a disordered structure



in which the ether carbons can be packed in three equivalent
ways against the faces of the octahedron formed by the
bromine atoms. Packing considerations strongly imply that
the ether oxygens are trigonally coordinated to the magnesium
atom and that only two of the three possible ether orienta-
tions are utilized in the crystal.

06H5MgBr-2(CquOO), a liquid at room temperature,
was 1solated by successive recrystallizations at low tempera-
tures. The lattice constants for this orthorhombic system

were found to be

o]
a = 12.25 A
(o]
b = 12.81 A
O
c = 11.02 A .

The space group was uniquely determined to be P2,2,2;, and the
observed density and chemical analysis both suggested 4 mole-
cules of C6H5MgBr'2(04HloO) per unit cell. Three~dimensional
Patterson and two-~dimensional Fourier analyses revealed that
the basic molecular unit consisted of the phenyl group, the
ether oxygens, and the bromine atom tetrahedrally coordinated
to a single-magnesium atom. There was no evidence of inter-
molecular interaction between the monomeric molecules of

4710
obtaining the data the carbon positions were not located by

06H5MgBr~2(C H 0). Because of experimental difficulties in

least squares refinement. Three-dimensional Fourier results

implied, however, that the ether molecules are tetrahedrally
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coordinated to the magnesium atom, although additional three-
dimensional work will be needed to confirm the structural
aspects relating to the carbon atoms. Since the magnesium-
magnesium, magnesium-bromine, and bromine-bromine distances
eliminate the possibility of RzMg-MgXZ type structures in
the crystal, it would be surprising if recent proposals
which disregarded the presence of the molecular species
RMgX+Z2ether in solution are correct.

(C6H5)2Mg-2(C4H100) has monoclinic symmetry and

lattice constants (lst setting) of

a = 14,21 X
(o)

b = 17.69 A Y = 910 24
o)

c = 17.87 A .

The observed extinctions
{hkt} h+ 2 = 2n+1
gave possible space groups of B2, B 2/m, or Bme. The ratio
of ether groups to phenyl groups of one to one was confirmed
by nuclear magnetic resonance studies. Density measurements
made on the NMR samples gave p = 1.09 gms/cm3. This cor-
responds to four molecules of (C6H5)2Mg-2(C4HloO) per unit
cell. Intensity data were taken of {hkO} and {hkl} reflec-
tions. No structﬁral interpretation was found for these data.
The lattice constants and space group of a salt
obtained by the oxidation of a solution of phenylmagnesium

bromide in tetrahydrofuran were determined by x-ray techniques.



The lattice constants obtained (2nd setting) were

Q
a = 8.05 A
b = 9.89 % y = 959 20°
c = 20.73 2 .

The only extinctions were {hOt} £ = 2Zn + 1 implying a space

group of Pc or P 2/c.
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INTRODUCTION

The most important of all organometallic compounds
during the past sixty years has undoubtedly been the Grignard
reagent, RMgX. This is true not only for the organic chemist
who has used the Grignards as an intermediate for the prepara-
tion of a wide variety of organic products, but also for any
scientist who wishes to study the interesting physical aspects
of the organometallic compounds inasmuch as the majority of
all other types of organometallics are prepared using the
Grignard reagent.

In spite of a great deal of research and speculation,
the exact nature of the Grignard reagent has not been estab-
lished. This has been primarily due to experimental difficul-
ties. This first problem involves the extreme reactivity of
the reagent to such compounds as water, carbon dioxide, oxygen,
organic halides, esters, some inorganic halides, aldehydes,
ketones, amides, acids, and halogens. A comprehensive treat-
ment of the reactions of the Grignard reagent is given by
Kharasch and Reinmuth (1). The second problem arises because
of the difficulty in isolating the pure Grignard from its
solvent and in working with the intractable unsolvated
material after isolation is achieved.

To familiarize the reader with the properties of the

Grignard reagent, a literature review is given next. This is
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followed by a statement of the purpose of this research.

Literature Review

In view of the large amount of literature concerning
the nature of the Grignard reagent, no attempt will be made
to give a complete review. The reader is referred to Yoffé
and Nesmeyanov (2), Rochow, Hurd, and Lewis (3), Coates (4),
Runge (5), Kharasch and Reinmuth (1) for a comprehensive list
of references. The research abstracted below seemed to have
the most direct bearing on the solution of the compositional
and structural problems involved in the Grignard system. In
the discussion which follows R represents an alkyl or aryl

group and X one of the halogens; Cl, Br, or I.

BMgX
Preparation The preparation of some of the unsol-
vated RMgX compounds can be accomplished with difficulty by

the reaction (6)
BX + Mg —> RMgX .

Another method is to remove the solvent under reduced pres-
sures and at temperatures 1500 or higher (1).

Properties and constitution The properties of the
unsolvated reagents indicate they are polymeric. They are non-

volatile, infusible, and for all practical purposes insoluble
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in all but polar solvents such as ethers, furans, and ter-

tiary amines, all of which probably form solvated complexes
with Grignards. This is all that is definitely known about
the physical properties of the unsolvated Grignard reagentse.

RMgXesolvent

Preparation The solvated reagents are much simpler
to prepare. The reaction is the same as for the unsolvated
material but is generally carried out in diethylether, tetra-

hydrofuran, or dimethylaniline at room temperature.

Properties and constitution The properties of the

solvated Grignard reagent indicate strong coordination of the
ether. Tschelinzeff (7) and Lifschitz and Kalberer (8) found
the following heats of solvation in kilocalories for the

reactions (see Table 1)
RMgX + nEt,0 —> BMgX-nEt,0 + Q .

From this it is obvious that proposed structures of the
Grignard reagent in ether solution must take into account the
coordination of the ether.

On the basis of the reaction
RMgXeether + dioxane —> RoMg (solution)
+ MgX, (precipitate)

Schlenk and Schlenk (9) proposed that equilibria of the type



Table 1. Heats of solvation of Grignard reagents in

kilocalories@
Compound Q1 Q2 Q3 Q# Q total
N-CHoMgI 6.63 5.66 .50 — 12.79
CoHsMgT 6.69 5.57 .23 - 12.46
CgHgMgBr 8.69 2.32 .83 .40 12.24
-~CH
@ -FgBr 7.45 3.40 .56 — 11.41
-MgBr
Oj 7.15 3.21 .83 -— 11.19
8Q, = heat of solvation by adding the nth ether

molecule.

2RMgX <5 RoMg + MgXo

existed in the Grignard solution. Noller and White (10)
showed that this method did not give true values of the
positions of such an equilibrium or of the time for equilibrium
to be reached. It is almost certain that the Grignard reagent
is not as simply formulated as proposed by Schlenk and Schlenk
(9), but is highly associated and complex in solution.

Evans and Pearson (11) noted an electrophoretic
effect for aromatic Grignards. In addition, the dark color
of the ether solution and a pronounced Tyndall effect also

brought them to the conclusion that the aromatic Grignards
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are partly colloidal in nature. The aliphatic Grignards on
the other hand form true solutions. The difference between
alkyl and aromatic Grignards was assigned to the greater
coordinating power of the benzene. Evans and Pearson also
found from electrolytic measurements that magnesium was
present in both the anion and cation portions of the molecule
and that several equivalents of R~ and X~ were transported
per Faraday. The cation is small but highly coordinated to
the ether while the anion is large but does not interact with
the solvent and so carries the most current. They noted that
if ZnCls was added to BMgX there was an instantaneous con-
version to RpZn. The conclusion was that if MgX, was added
to a solution of RyMg there would be instantaneous exchange
between the reagents.

Dessy et al. (12) and Dessy and Handler (13) did carry
out the exchange experiment to investigate this equilibrium.
Their procedure was to tag anhydrous magnesium bromide with
Mg28 or Mg25 and then to add .5 molar Mg*Br, to a .5 molar
solution of (06H5)2 Mg to give a solution, which chemically
is indistinguishable from a one molar solution of phenyl
magnesiumbromide. After some time dioxane was added and the
magnesium bromide precipitated. The supernatent liquid was
found to be .5 molar in magnesium and .0l molar in bromine.
When Mg28 was used, Dessy and Handler (13) found only 7%

exchange after 36 hours. When Mg25 was used complete exchange



was observed in all cases. This was attributed to impurities
in the Mg2>.

These results are very similar to those obtained by
Garrett gt al. (14) for cadmium. They found no exchange
between diethylcadmium and cadmium bromide in tetrahydrofuran.
However, Garrett g al. measured the solubility of MgCl, in
diethylether solution of (C2H5)2Mg and did not reach the
same conclusions as Dessy and Handler (13). At 0° and 15° C
the solubility of MgCl, was one mole MgClp; per mole of
(CoHg), Mg, indicating an equilibrium

—_—

R, Mg + MgX, (solid) <—— 2RMgX
At -31° C the ratio of MgCl,/B,Mg was 1.6 which was taken to
imply the formation of RMgXeMgXr>. No reaction was obtalned
at =79° C.

Dessy and Handler (13) also carried out exchange exper-
iments using ethylmagnesiumbrcmide. They found, using electro-
lytic methods, that for this compound the magnesium which
plates out at the cathode originated with the diethylmagnesium
wnile the largest portion of the magnesium at the anode came
from the magnesiumbromide. The basic cation was concluded to
be BMg+. From the results it was concluded that the structure
of the Grignard reagent was basically solvated RpMgeMgX, to
the exclusion of a species of the type BMgXesolvent, Dessy
and Handler's results are difficult to reconcile with NMR



studies of the aluminum and zinc dialkyls. [Al(CH3)3]2 is a
dimer as determined by cryoscopic measurements and infrared
spectra. The dimer has also been observed in the vapor from
100° to 160° (4) and is present in the crystalline phase (15).
Nevertheless NMR studies at room temperature distinguish only
one kind of methyl group which indicates rapid exchange of
methyl groups. Similar work (16) on mixtures of (CH3)2Zn,
(CHj)ZCd’ and (CH3)3A1 also showed the presence of only one
methyl group at room temperature.

The results of Dessy et al. (12) and Dessy and Handler
(13) are also at odds with those found by Korshunov et al.
(17) and Sinotova et gl. (18). Korshunov et gl. studied the
systems CgH MgBr-CRHy(I) and C,HgMgBr-C3H Br(II) using ¥ as
the tracer. (I) exchanged only to an extent of 5.0% at 80° C
during 12 hours. (II) however gave complete exchange. They
studied the effect of solvent and found exchange increased as
the polarity of the solvent increased, i.e. the exchange in
(II) was faster in ether than in benzene.

Sinotova gf al. observed fast isotopic exchange of
phenyl groups between (C6H5)2Mg and the Grignard reagent in
ether. They discovered rapid isotopic exchange in the systems
) _Hg-C*H _HgBr-dioxane.

5°2 65
There is alsc the observation by Schlenk and Schlenk

~C#* -
(C6H5)2Hg 06H5HgBr pyridine and (C6H

(9) that a compound with a molecular weight corresponding to

RMgX+2(C H;,0) crystallized out of solution at low temperatures.



If this is true, this molecular form must have some existence
in solution. In addition, Cope (19) has observed that the
percentage of diphenylmagnesium in solution as measured by
dioxane precipitation increases with temperature, indicating
some type of temperature dependent equilibrium.

Slough and Ubbelohde (20) concerned themselves with
the thermodynamics of the Grignard system. They discovered
that the Grignard reagent was photosensitive and extremely
reactive toward oxygen. For example they found the degree of
association of phenylmagnesiumbromide at 15° C is 1.85. 1In
the presence of oxygen the degree of association at 15° C
is 5.98. The degree of association decreased as the
temperature increased and the concentration decreased. The
degree of association of the various Grignard reagents varies
widely as illustrated in Table 2.

Slough and Ubbelohde make two postulates concerning
the bonding in arylmagnesium halides which because of their
relation to the structure of phenylmagnesiumbromide bear
repeating here. In the compound KCg the graphite rings
apparently act as acceptor groups {(21). A similar occurrence
for phenylmagnesiumbromide would imply polarization bonding
between the phenyl groups and the bromine atoms as in
Figure la. The second postulate concerns the use of the pi
orbitals of the phenyl group analagously to that found by

Bundle and Goring (22) for the silver ion and aromatic groups.



Figure 1. Models proposed by Slough and Ubbelohde (20)
for CgHgMgBr-2(CyH,)0)



Z Z
2
2 ' 0 %13
AN “u 3 _ N —bpN—ig-- - - *
| S —bN—ig -k o *N —~bw—ig
* 0 "i3 *
013 0 %43

0T



(W]
[

Table 2. Association of Grignard reagents

Compound Concentration Degree of
moles/liter -—association .
150 C 200 C

phenylmagnesiumbromide «331 1.97 1.77
ortho~tolylmagnesiumbromide 413 1.38 1.39
para-tolylmagnesiumbromide . 368 1.80 ————
« 566 2.03 1.82

p-methoxyphenylmagnesium~
bromide « 327 1.10 1.03
cyclohexylmagnesiumbromide . 324 2.93 2.94
«669 L.1y 3.33
cyclohexylmagneéiumchloride 551 1.28 1.29
MgBro .071 —— 1.05

The magnesium atom would make use of its tetrahedral orbitals
as shown in Figure 1b.

Aston and Bernhard (23) noted that dimethylmagnesium
reacted with acetone about fifty times as fast as methyl-
magnesiumiodide. Furthermore the reaction of methylmagnesium-
bromide was first order with respect to the Grignard and
independent of the acetone concentration. On this basis the
argument was made that there is no appreciable amount of free
dialkylmagnesium in solution and that the Grignard may be

represented by a skeletal structure of



solvent

solvent

The infrared spectra of several of the Grignard

reagents is given by Plum (24) and Zeil (25). Plum found

three bands at about 780, 910 and 4250 cm~l which were

characteristic of the Grignard reagent.

Several forms of crystalline Grignard compounds have

been reported. These are listed in Table 3. The variation

of degree of solvation should be noted.

Table 3. Crystalline Grignard reagents

Compound Reference
CH4MgI*(CsHyy) 50 26
a-Cy oHpMgBre 3(CyHy0) 27
(C6H5)3CMgBr°2(Cquoo) 28
02H5MgIo2(Cleoo) 29
CgHgMgBr- 2(CyHy0) 29
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The structures of the dialkyl and diaryl magnesium
compounds are also unsolved. These compounds have physical
propertles similar to the Grignards in that they are infusible
and insoluble in all solvents except those with strongly
electronegative groups. The alkyl members sublime (30);
however, no successful sublimation of the diaryls is reported.

Preparation The preparation of the R,Mg compounds

can be carried out by the following reaction (31)

120° to 200° C

RoHg + Mg > RoMg + Hg .
vacuum

Dioxane precipitates MgBr, from a solution of RMgBr leaving
RoMg (27). A third method is through either of the reactions
(32)

600 to 120°
2RH + Mg > BzMg + H2
Hy
or
60° to 1200
Rroperties and consiitution Some very careful work

on the physical properties of the organometallic compounds of

Cd, Zn, and Mg was done by Strohmeier (33, 34). A major
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contribution of his work was the separation and isolation of
pure crystalline forms of these compounds. With some minor
adaptations his apparatus was used in this research for the
purification of phenylmagnesiumbromide and diphenylmagnesium.
He was not able to sublime diphenylmagnesium but did so in
the case of both diphenylcadmium and diphenylzinc. The
solubility and dipole moments which Strohmeier measured are
listed in Tables 4 and 5.

The organomagnesium compounds are not ionic as they
do not conduct an electric current. BRochow g gl. (3) point
out that [(06H5)30]2Mg is colorless in ethe: as is the cova-
lent (06H5‘)3cn, while the ionic (06H5)30‘Na is a bright red
due to the 061{50' ion.

In comparing the dialkylmagnesium compounds with
those of beryllium, Gilman and Brown (30) have noted that
dimethylmagnesium through di-n-butyl-magnesium are solids
which sublime with difficulty. Gilman and Brown also found
the solubility of dimethylmagnesium to be .08 moles/liter of
diethylether which was less than that of (C_H_ ) _lMg or

252
(C,H, ) _Mg. They obtained crystals from a solution of

L1072
dimethylmagnesium in ether but did not analyze them. These
reagents were all highly inflammable in air. Gilman and
Brown were unable to sublime or ether distill diphenyl-

magnesium or phenylmagnesiumbromide.

The decomposition products of the dialkylmagnesiums



Table 4. Comparison of the solubility of some organometallics

Solvent CaPh,, ZnPh, MgPh,, Mg(C,H),
FT—RoI7T  FT I FT——weIT BT ——msrT
Heptane .37 .0014 L.2 .019 <0001  am--- .099 .0012
Benzene 16 .06 79 .36 .11 .0006 1.3 .016
Dioxane b2.7 1.75 159 .72 42.9 2L o -———
Diethylether 60.5 .22 ® — © - 165 2.0
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Table 5. Comparison of the dipole moments of some

organometallics
Solvent HgPh, CdPh, ZnPh, MgPh,
u(D) u(D) u(D) u(D)
Benzene o2 o6 .8 ——
Dioxane iy l.4 2.7 4.9

include the series of compounds C H, Mg as byproducts (35, 36)
indicating metal-carbon double bond character. Diphenyl-~
magnesium decomposes into metallic magnesium, biphenyl, and
other organic byproducts (37).

Schlenk (29) has reported crystals of (CzH5)2Mg-
2(C,H,,0) and (CgHg)pMg-2(CyHy0). Some interesting erystal-
line products with the formula Li[MgPh3] are formed by the

reaction of phenyllithium with diphenylmagnesium (38).
Purpose

The purpose of this research is to provide some
insight into the structural features of the Grignard reagents
by means of x-ray diffraction techniques. In connection with
this the following points are of interest:

1. From the results of Dessy et gl. (12), Dessy and Handler
(13), Slough and Ubbelchde (20) and others the Grignard



17

reagent is probably associated in the liquid state. A
structural investigation of phenylmagnesiumbromide would
show whether or not the solid is associated and if so the
nature of this association. The bonding in polymeric
phenylmetallic compounds has not yet been studied by x-ray
diffraction techniques.

In conjunction with the normal association of the Grignard
reagent is the observation by Slough and Ubbelohde (20)
that the association is greatly increased by the addition
of oxygen. To determine the nature of this association,
an oxidation product of phenylmagnesiumbromidedietherate
was isolated and studied.

The water molecule utilizes an sp2

type hybrid bonding in
CuClz'ZHZO as determined by neutron diffraction techniques
(39). The question is whether the greater electropositive
character and steric effects of the ether group will allow
a similar configuration in Grignards, or if tetrahedral

sp3 hybrid orbitals of the oxygen will be used.

The Grignhard system which was chosen was that of

phenyimagnesiumbromide. The phenyl organic group was chosen

because very little is known about the interaction of this

organic species with the metal atom in organometallic com-

pounds. The bromine atom was chosen for crystallographic

reasons. In compounds containing benzene rings the interpre-

tation of the structure is sometimes easier if a heavy atom
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such as bromine is present. Phenylmagnesiumbromide has
also been one of the most widely used and studied Grignard
reagents.

Three compounds are intimately connected with the
phenylmagnesiumbromide system, the oxidation product
Mg, Brg0+4(CyH,30), phenylmagnesium bromide, and diphenyl-

magnesiume.

Computer Programs

The IBM 650, Iowa State Cyclone, and IBM 704 computers
were used in this work. The 650 and Cyclone were on the
campus of Iowa State University. The 704 of the Midwestern
University Research Association at Madison, Wisconsin, was
used via a data link.

The initial work was carried out on the IBM 650, a
smaller amount on the Cyclone, and the remainder, about half,
on the IBM 704. The basic programs necessary for crystal-
lography are a non-linear least squares and a Fourier program,
the latter preferably three dimensional. These were available
for both the IBM 650 and 704. The 650 least squares program
by Me E. Senko and D. H. Templeton of the University of

California* as modified by D. E. Williams and D. R. Fitzwater

*Senko, M. E. and Templeton, D. H. Department of
Chemistry, University of California, Berkeley, California.
L.S. for IBM 650. Private communication. gcgg. 1958.
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of Iowa State University¥* was modified a second time to make
use of the expansion of the memory of the 650 from 2000 to
4000 words. A patch was also written to allow for the
symmetry of the space group PEZlc. The least squares program
for the 704 was written by W. R. Busing and H. A. Levy (40)
of the Oak Bidge National Laboratory. The modifications of
this program for the "Frito® data link and for the treatment
of observed and unobserved data were written by R. D.
Willett**, One minor addition was written for this program
to permit the calculation of anisotropic temperature factors
for atoms in special positions for Mg Br 0°4(C H,,0). The
Fourier program used for the IBM 650 was "TDF2" written by
D. BR. Fitzwater***, The Fourier program used for the 704
was "MIFR 1", written by W. G. Sly and D. P. Shoemaker (41)
of the Massachusetts Institute of Technology.
Acknowledgements for miscellaneous programs for
purposes such as data correction, Patterson sharpening,

statistical tests, and weighting are made in the appropriate

#Williams, De E. and Fitzwater, D. R. Department of
Chemistry, Iowa State University, Ames, Iowa. L.S. IIM for
IBM 650. Private communication. gg. 1958.

**Willett, R. D. Department of Chemistry, Washington
State University, Pullman, Washington. Busing patches.
Private communication. gg. 1961.

#*%Fitzwater, D. R. Department of Chemistry, Iowa State
ggzgersity, Ames. Iowa. TDFZ2. Private communication. g¢g.
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experimental section. One program which proved invaluable in
terms of time saved transformed Busing and Levy's binary
structure factor output (40) into decimal structure factors
properly scaled and in a format appropriate for input into
Sly and Shoemaker's 704 Fourier program (41). The progranm,
LSSRT, also generated redundant data as needed, sorted the
data, and performed specified rejection tests. It was co-

authored by D. R. Fitzwater¥.

*Fitzwater, D. R. Department of Chemistry, Iowa
State University, Ames, Iowa. LSSRT. Private communication.

cg. 1961.
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STRUCTURE OF Mg, Br 0+4(CyH,,0)
Literature Review

Runge (5) mentions the preparation of compounds of
the type RMgX by the evaporation of the solvent in which
these compounds are prepared. During the initial attempts
to prepare crystals of phenylmagnesiumbromide by this method,
clear polyhedral crystals were obtained. The habit of some
of these crystals is illustrated in Figure 2. It was found
that the crystals were also formed if dry oxygen was passed
over the solution. In view of the theories which had been
proposed regarding the association of the Grignard reagent
and the observed increase in association with oxygen contami-
nation, it was decided to investigate the structural properties
of these crystals.

Holyrod (42) in 1904 prepared "clear colourless
crystals having the form either of octahedra or of combina-
tions of the octahedra and cube"” by passing acetylene dried
over phosphorus pentoxide over a diethylether solution of
phenylmagnesiumbromide. He reported 53.00% bromine and
10.86% magnesium. He found 8.44 cc of CO, evolved when the
material was decomposed with water and an electric spark
passed through the resulting gaseous mixture. MgZBr3C8H2103
would require 8.73 cc of 002, 52.85% Br, and 10.72% Mg.



Figure 2. Habit of some crystals of MguBr6o-Lp(cu}Lloo)



> o > L3

S TS S



24

Holyrod suggested the formula ”ngr3°H'2(Cquo°” the

acetylene serving merely to evaporate the ether
CgHsMgBreether + Hy0 —> CgHg + MgBrOH.ether

MgBrOHeether + MgBr,-ether —> MngrBOH.Z(ChH O0) + ether

1

Following some work of Zelinsky (43) he proposed the

structure
C2H5 MgBr C2H5 MgBr
/::::>o///// \\\\\o/////
02H5 \\\\br Czﬁ;//// \\\\DH

for this double salt.

Nesmeyanow (44) passed CO, free air over a diethyl-
ether solution of phenylmagnesiumbromide and obtained large
crystals. The analysis of the crystals gave 52.72% bromine
and 10.73% magnesium. He concluded the crystals were the
same as those prepared by Holyrod.

Wuyts (45) describes the oxidation of phenylmagnesium-

bromide by
0o 06H5MgBr 2H50
C6H5MgBr — 06H502MgBr > 206H50MgBr

>

2C¢HOH + Mg(OH), + MgBr,

and also
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CgHoMgBr + C,H.OC,H, + [03 —> CgH,CHOCH; + C,H,OMgBr .

5 25 5 5 25

Porter and Steel (46) believed that things were more
complicated and used the equations below to describe the

oxidation process.

CgHgMgBr + 0, —> C4Hz00NgBr
CgHz00MgBr + C HMgBr —> 2C4H OMgBr
CgHsOMgBr + Hy0 —> CgHLOH + HgBrOH

C6H500MgBr + CgH OMgBr —> C H00C.H, + (MgBr) 50

5 5 5

CgH500CgHs —> CgHLOCgHs + [0]

Gilman and Wood (47) noted than in diethylether solu-
tions of arylmagnesium halides, large quantities of
06H5CHOHCH3 formed as a result of the auto-oxidation of
ethyl ether.

H
C2H50C2H5 + 02 —_— C2H50 JIZ-O-OH
CH
3

The d-ethoxyethylhydrogen peroxide formed by this reaction
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decomposes into acetaldehyde, mono-ethyl acetal, acetic acid,
ethyl alcohol and COs. Acetaldehyde and its acetal then
react with C6H5MgBr to give C6H5CHOHCH3. The point of
interest here is the confirmation of Wuyt's suggestion that
the oxidation of the ether may be as important as the oxida-
tion of the Grignard reagent (45).

Meisenheimer (48) obtained crystals by the air
oxidation of CszmgI in diethyl ether solution. His analysis
implied a formula 02H50MgI-1 ether or perhaps something with
less iodide and higher magnesium content. He postulated the

following mixture.
. + .
(a) CzH5OMgI Cquoo Mg12 2H20

(v) 3(CZH

5OMgT) Gy Hy 10 + Mgo

Slough and Ubbelohde (20), while investigating
association complexes of aromatic Grignard reagents by
measuring the halogen/basicity ratio of the oxidation products,
concluded that Meisenheimer's Mg-0-R linkages were not in-

volved in the products of the oxidation of the Grignard

solution.

Preparation

A 1.5 normal solution of C6H5MgBr in diethylether was

prepared in a closed system under a nitrogen atmosphere. The
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best procedure was to use the nitrogen system in Figure 3a.
The sodium anthroguinone B sulfonate solution removes oxygen
from the system and is prepared according to Fieser (49).

The mineral oil solutions act as valves and are essential
because of the large pressure fluctuations in the system due
to the diethyl ether. It is convenient to dry the preparation
apparatus (Figure 3b) using a vacuum, in which case care must
be taken to close the stopcock to the mineral oil valves.

The stou bottles, drierite, and CaCl2 drying tube were
sufficient to remove the water from the nitrogen.

The preparation apparatus (Figure 3b) needs little
explanation. The reagent prepared in A was allowed to stand
for one hour and then filtered through the sintered glass
filter in B into a suitable receptacle. All of the apparatus
was vacuum dried using an infrared lamp.

The receptacles for this experiment were made from
3/4 inch glass tubing fitted with ground glass ball joints.
The female end of the ball joint was sealed off and the male
end fitted with a three to five mm inside diameter stopcock.
The ball joint was held tightly together by an appropriate
metal clamp. The use of stopcock lubricant was kept to a
minimum; however Dow Corning silicone lubricant was used
where necessary. The containers were attached to the transfer
line by means of a T connection which permitted thelr evacua-

tion and drying with a vacuum pump and infrared lamp.



Figures 3a and 3b. Equipment used for preparation of
Grignard reagent
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After transferring the Grignard solution, the stopcock
was opened just enough to allow passage of dry nitrogen into
the container. The containers were then disconnected from the
transfer line and allowed to stand, with the stopcock opened
as described, in the atmosphere of the laboratory. The vapor
pressure of diethylether at 20° C is 445 mm so that evapora-
tion takes place quite rapidly and large crystals form in as
little as six hours. By increasing the temperature of the
solution to 60° C, occasionally well formed rhombohedral needle
crystals were found growing with the polyhedral crystals.

These needle crystals grew both independently and as out-
growths of the polyhedral crystals. X~ray diffraction patterns
of these two different forms of crystals were identical.

A process which worked equally well in preparing the
crystals was to leave the containers connected to the transfer
line and to pass oxygen over the solution. The oxygen was
commercial tank oxygen which was dried by first passing it
through two phosphorus pentoxide towers and then filtering
it with glass wool. Crystals began to form in as little as

two hours.

Properties and Analyses

Eroperties

The crystals were found to be soft and very hygro-

scopic, decomposing rapidly in air with the evolution of heat.
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Upon standing the crystals turned white and then into a paste.
After washing the crystals with carbon tetrachloride and then
storing in a tightly sealed container which contained air as
an atmosphere, a definite odor of diethylether was observed.

One of the most difficult problems in connection with
crystals of a compound of this nature is that of transferring
the crystals. For the early chemical analyses the main
interest was in the Br/Mg ratio. The bonding energy of Mg to
Br is sufficiently large that one would not expect Br to be
easily displaced. A sample which had completely reacted with
the atmosphere should then have the same Br/Mg ratio as a
pure sample. This was later confirmed. For these reasons
the transference of samples in a dry box for which reasonable
precautions had been taken to insure a dry and inert atmos-
Phere was satisfactory for chemical analysis.

For crystallographic analysis the problem is more
difficult. A major factor for any external decomposition
effect is the larger area/volume ratio of the crystal in
comparison to say the larger mass of a chemical analysis
sample. The time involved for the transfer of a single
crystal with a maximum dimension of .4 mm to a soft glass,
thin walled capillary with a comparable diameter is generally
longer than that for an aggregate sample transfer. For
chemical analysis the crystals can be grown in the sample

container so that no transfer at all is needed. For
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MguBr60°4(CuH 0) there is evidence from thermogravimetric

10
analysis that the ether of crystallization is not tightly
held which means that decomposition which was observed to
occur in apparently the driest dry~box could be explained by
the loss of ether of crystallization rather than by the
assumption that the dry-box was unsatisfactory. In addition
it was found that Mg,Bg 0-4(CyH,,0) decomposes in the x~-ray
beam and the effect was undoubtedly attributed to "poor"
transfers in early work with this compound thus adding to

the difficulty in evaluating a given transfer technique.

A satisfactory technique for preparing samples for
chemical and thermogravimetric analysis was to grow the
crystals in a small ampule, decant the mother liauor,
evacuate the ampule, partially fill it with argon dried over
phosphorus pentoxide and then to seal it off.

When transfers made in a dry-box using nitrogen dried
first over sulfuric acid and then over phosphorus pentoxide
failed to give satisfactory samples for x~ray analysis,
attempts were made to transfer the crystals under some inert
liquidse. Semi-success was obtained with mineral oil.
Ultimately the best procedure was the use of a combination of
argon dried over sulfuric acid and P205, and petroleum jelly
to cover the crystals. The dry-box was swept out first for
24 hours with dry nitrogen, then two hours with argon. P205

trays were placed in the dry-box before the above operations.
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The containers containing the crystals were kept covered as
much as possible and any crystal removed from the mother
liquor was quickly covered with petroleum jelly before
transferring to German thin walled, soft glass capillaries
.2 mm in radius. The capillaries were sealed with pyseal
and then upon removal from the dry-box quickly resealed with
a microburner attachment for a gas-oxygen torch.

The density was found by the flotation method using
isopropyl iodide (d = 1.703 gms/cm>) and normal propyliodide
(& = 1.747 gms/cm3). The density as determined at 270 C

was found to be 1.73 gms/cm3.

Chemical analvgis

Several chemical analyses were made on the samples by
the Ames Laboratory Analytical Chemistry Group I under Dr.
C. V. Banks. These results are given in Table 6.

Table 6. Chemical analysis of Mg,BrgO-4(CyH;;0), No. 1

Sample Element Determi- Determi- Averages
determined nation 1 nation 2
1 % Br 52.72 52.69 52.71
1 % Mg 8.79 8.76 8.78
2 % Br 53.40 53.32 53.36
2 % Mg 8.58 8.62 8.60
3 Z Br 53.31 53.31 53.31
3 % Mg 7.79 7-79 7-79
Average § Br = 53.13 + .28 -
Average % Mg = 8.39 + .40 Br/Mg = 1.92
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At the time these samples were submitted carbon and hydrogen

analyses were not available. The ratio of bromine to magnesium

indicates MgnBr2n as a major constituent of the crystal.
Crystallographic analysis later showed that the ratio

of bromine to magnesium given above was incorrect and instead

was three to two. Neither initial crystallographic evidence

nor electrostatic considerations ruled out the formula

Mg Br, 0+4(C H,,0) rather than MngrBOH-Z(CLI,HlOO). As indicated

in the literature review, phenoxy and ethoxy groups were also

possible constituents. Because of the discrepancy between

chemical analysis and crystallographic results it was decided

to reanalyze the crystals. This chemical analysis was made

on two samples. The first sample contained crystals which

had been allowed to react completely with the atmosphere,

the second consisted of the pure crystals. The results of

the chemical analysis of these two samples are given in

Table 7. The values given for C' and H' were found after the

material had been allowed to stand in a dessicator in a dry-

box for 24 hours. The ratio of bromine to magnesium for the

pure crystals is 1l.45 and for the reacted material 1.48.

These values are in close agreement with the crystallographic

ratio of l.5. The comparison of the observed percentages

and those calculated for Mngr3OH-2(C4HloO) and for Mg, Br 0-

4(CyH,,0) are given in Table 8.
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Table 7. Chemical analysis of Mg,Brg0.4(CyH;o0), No. 2

Sample Elenment Determi= Determi- Determi- Averages

deter- nation 1 nation 2 nation 3
mined
Pure £ Br 51.22 51.22 mmeee 51.22
crystal % Mg 10.76 10.76 = e«w-=- 10.76
% C 20.72 20.38 = wmee- 20.55
Z H 4.03 .10 = eeee- 4.0k
% C' 21.97 22,02 21.92 21.97
% H' 4041 4025 4'31 4032
Reacted % Br 58.46 58.36 = ~wem- 58.41
crystals & Mg 12.02 12.03 12.02 12.02
% C <24 237 eee- .30
% H 5062 5086 ----- 5'7“'

Table 8. Observed and calculated elemental percentages

Observed Calculated for Calculated for

MgZBrBOH-Z(CuHIOO) MguBréo-h(CuHIOO)
% Br 51.22 52.85 53.92
% Mg 10.76 10.72 10.94
£ 0 12.398 10.58 9.00
% C 21.45 21.18 21.61
%4 H 4.19 .67 4.53
M.W. = 453,64 M.W. = 889.26

8By difference.
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ihermogravimefric analysis

A thermogravimetric analysis was also made on the
material (Figure 4). The sample was at all times under a
stream of nitrogen gas. The results of a chemical analysis
of the residue from the thermogravimetric analysis are given
in Table 9. The thermogravimetric results, while not
sufficiently accurate for a quantitative treatment, do give a
good qualitative picture of the thermal stability of the

crystals.

Table 9. Chemical analysis following thermogravimetric
analysis

Determi- Determi~ Determi-  Averages Milligrams
nation 1 nation 2 nation 3

% Br 3.01 2.78 ————— 2.90 2.1
% Mg 54.79 54.69 54.72 54.73 bo.2

From the time the sealed ampule containing the
crystals was opened until the temperature reached 39.5° C the
sample was gaining weight. This is obviously not due to a
simple replacement reaction where one ether group is being
replaced by one water molecule, but is probably due to
increased coordination of the magnesium. The compounds

MgBr,-MgBrOH-2ether and Mgy BrgO-4ether do not have enough



Figure 4. Results of thermogravimetric analysis of MguBréo-u(Cquoo)
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electron donor groups to permit even four-fold coordination
of the magnesium atom without some type of bridging. Com-
pounds such as Mg(H;0)¢Brp are quite stable and formation of
this type of compound would account for the initial weight
increase. The crystai begins to undergo thermal decomposi-
tion at 39.5° C. The ir.terpretation given the results in
Figure 4 was to assign the weight lost from A to B primarily
to the effects of adhering solvent, ether of crystallization
and water absorbed. The loss of weight from C through D is

due to vaporization of the bromine, probably as HBr.

infrared analysis

Infrared spectra taken in connection with this research
problem are shown in Figures 5 through 11. The data were
taken on a Perkin-Elmer model 21 infrared spectrophotometer
equipped with a sodium chloride prism. The strong peaks of
Figure 5 at 3 microns and 6.15 microns are typical of
frequencies due to OH stretching and OH bending modes for
inorganic salts containing water of hydration (50). From the
thermogravimetric results and from the observation that the
crystals can only be handled under extremely moisture free
conditions (argon dried over two or more P205 towers), one
can assume that the majority of this water of hydration is
obtained during the preparation of the sample for infrared
analysis. The presence of absorption peaks in the region of

k.5 microns is difficult to explain. Spectra in this range



Figure 5. Infrared spectra of MguBr60°4(04H100) + H,0+KBr pellet
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Figure 6. Infrared spectra of Mg0O + H,0-KBr pellet
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Figure 7. Infrared spectra of Mg(OH),°n(H0) KBr pellet
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Figure 8. Infrared spectra of diethyl ether (CjH,,0)



FREQUENCY (CM-)
10000 50004000 3000 2500 20001800 1600 1400 1200 000 950 900 850 800 750 700 650

100 - T T T T I T I ! 1 I i T I i T T T T 1T

®
o

8

H
Qo

TRANSMITTANCE (PERCENT)

n
(@]

O

WAVELENGTH ( MICRONS )

Al



Figure 9. Infrared spectra of C6H Br

5



TRANSMITTANCE (PERCENT)

FREQUENCY (CM-)
10000 50004000 3000 2500 20001800 1600 1400 1200 1000 950 900 850 800 750 700 650

100 LAY AR S S | T T T T T | A SR S Bt N A SR

@
(@)

(o]
o

£
(@

8

| 2 3 4 5 6 7 8 9 o I 12 13 14 15
WAVELENGTH (MICRONS)



Figure 10. Infrared spectra of unsolvated C6H5MgBr + HZO sample
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Figure 11. Infrared spectra of unsolvated CéHSMgBr + HZO’ Sample 2
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derive from bonds of the type -CN, -CHS, ~-OCN, SiH, MgH,
metal carbonyls, and multiple bonds such as -C=C=C (51, 52).
A possible explanation comes from Figures 6 and 7 which show
the spectra of MgO.H,0 and Mg(OH),°n(Hz0). In the Mg0-H0
spectrum, absorption occurs at 4.2 and 4.85 microns similar
to the 4.5 and 5.4 microns in the MgBr salt spectrum. It is
also probably significant that these peaks are of much lower
intensity in the infrared spectra of the more highly hydrated
Mg(OH),°n(H,0). The small peaks in the region of 7 microns were
attributed to the bending modes of the CH groups present as
part of the ether of crystallization. Because of scattering
by the magnesiumbromide content above 7.5 microns, the infra-
red results did not provide a basis for determining if

aromatic groups were present in the crystal.

Comparison with MgBrjyediethylether

When chemical analysis first indicated a bromine to
magnesium ratio of 1.90, crystals of MgBr,ediethylether were
prepared to determine if this compound was the same as that
prepared from the Grignard solution. The method of prepara-

tion followed that of Plum (24). The reaction
BrCH,CH,Br + Mg + diethylether —> CH,=CH, + MgBrj,.diethylether

is exothermic and proceeds in a manner similar to the Grignard

preparation. The method used to obtain the crystals from



solution was identical with that used to obtain the crystal
from the Grignard solution.

The habit of the crystals of MgBr,°diethylether is
needlelike and the external symmetry quite unlike the symmetry
of the crystals obtained from the Grignard system. The density
was found to be 1.99 gms/cm3 which indicated the two crystals
were not identical. This was later confirmed by the second
chemical analysis. Further properties of MgBrpediethylether
are given by Menschutkin (53) and Evans and Rowley (54).

summary of the apalvidcal resulis

The empirical formula of this compound was determined
almost entirely by x-ray analysis. Chemical analyses were
found in the first instance to give the wrong Br/Mg ratio
although later work did confirm the results which had already
been found from x-ray structural analysis. None of the
analytical results were of sufficient accuracy to distinguish

between the formulas
(a) Mg,Br 0-4(C,H, 0) ang
(b) MgBrzMgBrOHo2(C4HlOO) .

The calculated density from x-ray analysis gives for the

total molecular weight in the unit cell

NM = 1778 for (a) NM = 1814 for (b) .
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The observed total molecular weight in the crystallographic
unit cell is 1802 * 25. Clearly both formulas fit the
Observed density within experimental error. Neither can one
rule out either of the two formulas from electrostatic
conslderations. The x-ray analysis was, however, quite
conclusive in distinguishing between (a) and (b). There was
simply no way in which two hydroxyl groups could replace the
one oxygen atom even in a disordered model. Furthermore, the
oxygen temperature factors were normal, indicating that this
aspect of the structure was not disordered. Finally the OH
groups if present would necessarily have to lie on fourfold
positions on the § axes in the space group Pﬂélc. With 4
bromines and two oxygen atoms already on the [ axes, there
is not enough room for two more hydroxyl groups or water
molecules.

The conclusion was reached from x-ray analysis and
was qualitatively supported by the various analytical means

that the empirical formula is Mg, Br0<4(Cy H,,0).
Space Group Determination

Examination of the crystals of Mg, Br 0+4(CyH;,0) under
a polarizing microscope showed that the crystals were either
uniaxial or biaxial with extinctions occurring every 90°.

Closer examination of several crystals seemed to indicate
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that the uniaxial system was favored; however, it was difficult
to ascertain this definitely as the crystals were in capil=-
laries and were covered with either decomposition product or
petroleum jelly.

A piezoelectric test for acentricity was positive
indicating an acentric space group.

Initial x-ray data were taken on a precession
camera. These pictures gave the Laue symmetry as P 4/m mm
with a = b = 10.65 X, and ¢ = 15.33 R. The extinctions
observed were h + £ = 2n + 1, {nOt} data; k + £ = 2n + 1,
{Ok4} data; and £ = 2n + 1, {hht} data. The first two extinc-
tions are equivalent for the tetragonal system and represent
n glides in the [010] and [100] directions. The extinctions
for {hht} data correspond to a ¢ glide in the [110] direction.
The diffraction symbol is thus implied to be P-nc. The tetrag-
onal point groups which can have P-mm symmetry are P4mm and
P 4/m mm. The possible space groups are thus Phnc and
P 4/m nc.

Checking this space group determination from long
exposure, Weissenberg pictures of the {0k4)} zone showed that
there were some reflections with {Ok4}, k + £ = 2n + 1. This
changed the observed extinctions to {hhi}, 4 = 2n + 1; {h00},
h = 2n + 1; and {OkO}, k = 2n + 1. The diffraction symbol is
now P-2yc. The only tetragonal point group with P-2m

symmetry is Ph2m. The probable space group is therefore
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uniquely determined as PEZlc. The fact that the space group
was initially determined to be P 4/m nc or Pinc is evidence
that a considerable portion of the scattering matter utilizes
the symmetry of one of these space groups. Comparing the
three space groups P 4/m nc, Pinc, and Pﬂzlc, it is observed
that this will be the case if the positions x, y, O; ;, X, O3
X, ¥y 05 ¥, Xy 05 1/2 + x, 1/2 -y, 1/2; 1/2 + y, 1/2 *+ x, 1/2;
1/2 - x4, 1/2 4+ y, 1/2; and 1/2 - y, 1/2 = x, 1/2 are utilized.
Special positions such as 0, 0, 0; 1/2, 1/2, 1/2 also obvious-
ly satisfy this criteria. These conclusions were later
confirmed.

A note of affirmation is given by Kitaigorodskii (55)
who shows that the space group Pﬂélc glves closest packing
for organic structures.

Measurements made on a General Electric XRD5
diffractrometer gave lattice constants of a = b = 10.68 %

.03 X, and ¢ = 15.34 + .02 X. These were used in the deter=-

mination of the structure.

Collection and Correction of Intensity Data

Lorentz polarization
{hk0}, {hkl}, and {O0k4} two-dimensional Weissenberg

film data were first taken. All data were judged visually

against a standard set of reflections. The data were
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corrected for the polarization of the x-ray beam and the

motion of the crystal (Lorentz factor) in the beam by

E'(hki) = KL(hke)p(hkt)|F(nke)]? = KI'(hki)
where E'(hki) = observed intensity
K = scale constant
Lp = Lorentz polarization factor
sin €(1 + cog® 28)
2 sin 2 e(sin2 6 - sin® u)l/z
M = angle of inclination of incident beam

to the plane normal to the crystal

rotation axis

The absorption correction is neglected in the above expres-~

sion. The computor program used to make these calculations

was the IBM 650 Incor I written by Zalkin and Jones®* of the

University of California and modified by D. E. Williams¥*¥,

This program also calculates the atomic scattering factors

for each reflection using a table look up.

Three sets of three-dimensional data were taken on a

G.E. XBD5 diffractrometer. The first set was taken using

crystals transferred under mineral oil. The crystals used to

*Zalkin, A. and Jones, R. E.
University of California, Berkeley,
Private communication. g¢g. 1958.

Department of Chemistry,
California. Incor I.

¥#Williams, D. E. Department of Chemistry, Iowa State

University, Ames, Iowa. Incor IM.
ca. 1958.

Private communication.
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take the first set of three~dimensional data had a largest
radius of .3 to .35 mm., the large size being necessary to

locate the transparent crystals in the mineral oil.

Absorption

The absorption of the x-ray beam by the crystals of
this compound is a serious effect. If I'(hki) is the
intensity of the diffracted beam corrected for Lorentz and
polarization effects, the true expression for the observed

intensity is

E(hkt) = KA(hke)I'(nke) = KI(hke)
v 1 .
= - +
K{fo Lexp [~u(r, + rp)] avlI'(nke)
where rg, = path length of the incident beam in the
crystal
rg = vpath length of the diffracted beam in the
crystal
M = +total absorption coefficient
K
= pEgylu/e)y» p = density of
i=l crystal

g; = mole fraction
of ith element

(W/p)y mass absorp-
tion coeffi-
cient for ith

element .

If the values of (u/p); given in "The International Tables for
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X~-ray Crystallography", Volume III (56) are used for the
compound MguBréoob(CquoO), the value of u for molybdenum
radiation is 75.70 cm~l and for copper is 104.02 cm~1l.

The two-dimensional data and the first set of three-
dimensional data were corrected for absorption by assuming
spherical crystals. Values for this type of absorption
correction have been tabulated in Volume II of "International
Tables for X-ray Crystallography® (56). Structural analysis
of the two-dimensional and first three-dimensional set of data
failed to locate the ether carbon atoms so it was decided that
better data were needed. This was achieved in two ways: by
improvement in transfer techniques which gave better and
smaller crystals, and by using an absorption correction
program written by W. B. Busing® of the Oak Ridge National
Laboratory.

Busing's program makes use of Gauss's approximation
(in 57) to evaluate the absorption integral for a crystal
bounded by a set of planes. For the last two sets of three-
dimensional data two crystals were used (Crystals 1 and 2)
having ten and nine bounding planes respectively. The
equations of the planes were determined by measuring the
corners of the planes in a convenient coordinate system. Of

the 19 planes observed for the two crystals, only one was

#Busing, W. R. Oak Ridge National Laboratory,
Tennessee. Abcor. Private communication. 1962.
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defined by only three corners so that in general it was
desirable to fit the observed n points to a plane. This
could have been done by least squares analysis, however,
complications arise in using this method because there is a
high probability that the points defining the plane face of a
crystal will have n fold rotation or mirror symmetry and it
1s sometimes convenient to define the origin in such a way
that some of the planes pass through the origin. This causes
some of the terms in the least squares matrix to vanish and
usually results in a singular matrix. To avoid any complica-
tions due to symmetry, the following method was used. For a
set of n planar points the number of all possible planes
through these points is equivalent to the number of ways of
combining n objects three at a time which is

n!

(n-3)!3!
Tabulated this gives

no. pts. no. planes

1
L
10
20

35

=~ O\\n LW

The best fit as determined by least squares of the coefficients

of all possible planes to an "average plane™ is simply the
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average of the coefficients. This method needs only minor

modifications to be independent of the location of the origin.

A 704 program was written with R. Dillon* of the Computor

Service Group of Iowa State University which

a. scaled, inverted, and rotated the microscope coordinate
system to give a coordinate system consistent with
Busing's program

b. calculated and printed out all possible planes for a
set of points in terms of the direction cosines of the
plane and its distance from the origin and

c. formed an "average plane" for each set of points and the
distance of each point from the average plane.

This made it convenient to determine quickly if some points

were greatly in error.

A simple method for checking the absorption correction
is inherent in the data collection geometry of the XRD5
diffractrometer. The reciprocal space of a crystal can be
defined in terms o machine coordinates ¥, ¥, and 2 8. The
XBD5 is instrumented in such a way that a reflection observed
at X = 909 is independent of the ¢ setting. This means that
as the crystal is rotated through @, the intensity of a

spherical crystal should remain constant. For a non-spherical

*Dillon, R. Computer Services Group, Ames Laboratory,
Atomic Energy Commission, Ames, Iowa. AVPNl. Private
communication. g¢g. 1962.
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crystal, even for very small absorption coefficients, the
intensity will vary as the path length of the x~ray beam
through the crystal varies. The intensity curves for
crystals one and two at X = 909 are shown in Figures 12 and
13. It is obvious from these curves that the assumption that
the crystals are spherical is a very poor one. The absorption
corrections and the corrected intensities at X = 900 are also
shown in these figures. Only 180° in §# are shown as the
intensity and absorption curves are duplicated through 180°.
The maximum intensity error for crystal one was 10.70%. The
average error should be somewhat less than this. The results
for crystal two were not as satisfactory as there is a
maximum error in intensity of about 25%. Because of this the
results from this crystal were not averaged together with
those from crystal one, but were used only as a reference to

check the results of crystal one.

Collection of data on the G.E. XBDS diffractrometer

This instrument is capable of giving extremely
accurate intensities; however, because there are more machine
parameters than for a film camera more care must be taken in
collecting the data. It is extremely important that the
optimum x-ray aperture widths, x-ray tube alignment, voltage
settings, and peak height analyzer settings be used. The
reader is referred to the General Electric Company's

instruction manual (58) for making these adjustments.



Figure 12. Experimental verification of absorption
correction for Mg, Brc0-4(C H,,0),
Crystal 1
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Figure 13. Variation of background intemsity at X = 90°
and verification of absorption correction for
MgyBrg0-4(CyH; 0), Crystal 2
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L 1t

The decomposition of the crystal in the x-ray beam
(Figure 14) was recorded by taking two standard reflections
every six hours. Crystals exposed to the x-ray beam also
changed color to a pale yellow while crystals which were
transferred simultaneously but not exposed to x-rays did not
show a similar change. The yellow color could be explained
by decomposition with the liberation of bromine. The maximum
intensity decrease desired was 25%. It was possible to take
an average of 150 reflections a day using a 200 second scan
and a 100 second scan for the background associated with each
reflection. A total of about 900 reflections were taken so
that it was possible to get a complete data set, including
streak corrections and machine checks, in seven days. The
decrease in intensity over this periocd of time was not
greater than 25%. The effect of decomposition was corrected
by interpolation for each reflection between the points in

the curve in Figure 14.

Skreak

The x-ray tube does not emit pure monochromatic
radiation and this results in a significant portion of
the diffracted energy from a given reflection having a non-
Laue contribution. This "streak intensity"” must be subtracted

from the total peak intensity. Necessary équations for this



Figure 14. Rate of Bhotochemical decomposition of
Mgy, Br¢0- ( CL;H:LOO)’ molybdenum Ka radiation
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correction have been independently derived by Dr. D. R.
Fitzwater®* and D. E. Williams*¥*. The form of this correction
is given by the following. If an effective wave length of A,
1s being used, an absorption edge filter will remove all
radiation with A < A,. For example for molybdenum radiation
A\ = .7107 & so that a zirconium filter with an absorption
edge, A5y = .6888 X, will remove all radiation with A <

.6888 3. The intensity of the nth reflection will have a
streak contribution from the reflections which lie on a line
toward the origin of the reciprocal lattice. The corrected

intensity for the nth reflection is then given by

Iﬁ (streak corrected) = Iﬁ (uncorrected) - & Ig
m
( F 2

u Ik(Lp)n 24, cos 8 sin Ae)s F

where Is =
(Ip)axy

and F = -

s Ik(Lp)S 24, cos 8, sin (Aes)
a 2

FS is evaluated at Am/lk = dm/dn' The factor Alk/sin (Aes)

-

in F. need not be evaluated since its reciprocal appears in

S

*Fitzwater, D. R. Department of Chemistry, Iowa State
University, Ames, Iowa. Streak correction. Private communica-
tion.

#*Williams, D E. Department of Chemistry, Iowa State
University, Ames, Iowa. Streak correction. Private communica-
tion. 1962.
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Ig. In practice a table of the ﬁSZ is made up and a table
interpolation made. The streak correction calculation was
carried out on the 704 computor using a program written by
D. B. Fitzwater* and modified by R. D. Willett**. The (305)
reflection streak was used to make up the streak table since
it is a strong prime reflection at a comparatively high 26
value (17.879).

Since molybdenum radiation gives a lower absorption
coefficient (75.70 cm~l) than copper radiation (104.02 cm-1),
it was used to collect the intensity data. Generally there
1s a great deal of difference between the total absorption
coefficient for molybdenum radiation and that for copper.

The reason there is not in this case is that the bromine

K a absorption edge is at 0.92 X which is fairly close to the
wavelength for the molybdenum radiation mean K a wavelength

of 0.7107 X. This greatly complicates the streak correction
curve (Figure 15). The large peak observed in the middle of
this curve results because white radiation with a wavelength
less than .9200 2 is highly absorbed by the bromine atoms while

all radiation with wavelengths longer than this are much less

#*Fitzwater, D. Be Department of Chemistry, Iowa State
Uhéversity, Ames, Iowa. 704 streak. Private communication.
1961.

**Willett, B. De Department of Chemistry, Washington
State University, Pullman, Washington. 704 streak M. Private
communication. 1961.



Figure 15. Streak curve for MguBr60°h(C4leOO) Molybdenum Ka radiation
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absorbed. The ideal situation would have been to collect

the data using radiation of .93 or .94 X; however the means
for this were not available. This effect results in less
accurate intensity measurements for very low order reflections.

The wave length range covered by the fixed scan A8, is given by
Ay, = 23, cos 8, sin (48g)

for the rth reflection. The intensity data were taken with a
fixed A® scan, so that for low order reflections a much

larger A\ range is covered and the absorption edge is included
in the A0 ; scan. The streak correction is also not as accu-

rate for this type of curve.

dnomalous dispergion

One final consideration arises from the use of
radiation only .21 K less than bromine absorption edge. This
is the effect of anomalous dispersion. The radiation scat-
tered from the bromine atom has an anomalous phase shift
because of the K a absorption edge. The atomic scattering

factor for the bromine atom is therefore represented by
f = fo+ '+ if" =~ fo - .3+ 1 (2.6)

Experimentally this means that Friedels' law does not hold

and it is no longer true that

E(nkt) = E(h k t) .
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This effect can be used quite effectively (59) for determining
the phases of a non-centrosymmetric structure if f" is large
enough. For film data f" should be 3.0 or greater, but for
counter data Pepinsky claims structures with f" as low as .5
may be determined by this method. Because of the problems

of decomposition and high absorption, this method was not
applied to this structure; however the real part of the

correction to the scattering factor was used.

Background
In addition to the Bragg scattering, crystals scatter

radiation incoherently due to thermal vibrations, the influ-
ence of strains and deformations, the Compton effect, and
similar phenomena. It is necessary to subtract out the
contribution of the incoherent scattering from the total
intensity. To do this the assumption is made that the total

intensity may be represented by

Ip = Ig+ Ipx

where I is the total intensity, IB is the background or
diffuse scattering contribution and IPK is the Bragg
intensity. For Mg, Brg0-4(C H,,0) counter data this correc-
tion was realized by the following method. The intensity data
were taken by using a constant 200 second A® scan through a

reflection peak. The crystal was then effectively rotated
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to a point where it was just offset from the Bragg reflection
position. The diffuse scattering was measured using a constant
100 second A® scan. This measurement was made for all reflec-
tions. The backgrounds thus observed were separated into

small groups of sin 6, the grouping being also a function of
the order in which the reflections were measured. Plots were
made of the backgrounds in a group versus the 2 & values for
the backgrounds. Points lying off the resulting curves were
rechecked for recording errors and were weighted toward the
background curve. These corrected and checked background

values were then used to determine the Bragg intensities.

Computer programming for correction of raw data

For the first set of counter data, a 704 master
program was written which corrected the data for the above
effects excluding the streak correction and assuming a
spherical absorption correction. For the second two sets of
data, a program written by G. E. Engebretson®* was modified to
permit correction for decomposition and all of the above
effects were taken into account, including the absorption
correction for a crystal bounded by n planes. This latter

calculation was performed first by Busing's Abcor programi*#*.

*Engebretson, G. E. Department of Chemistry,; Iowa
State University, Ames, Iowa. Private communication. Counter
workup. 1961.

#*Busing, We R. Oak Ridge National Laboratory, Tennes-
see. Private communication. Abcor. 1962.
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Solution of Structure

Because the identity of the compound was not
definitely known at the start of this problem, solution of
the structure was by a trial and error procedure. It was
soon apparent from the two-dimensional data that the chemical
analysis giving a ratio of bromine to magnesium of 2 to 1 was
untenable from the crystallographic standpoint.

The procedure employed in the determination of the
structure was to calculate the Patterson projection, establish
the atomic parameters, and confirm these by electron density
maps and least squares refinement.

The Patterson function for the space group P42;c
has the symmetry of the Laue Group P 4/m mm. The general
vector positions for P 4/m mm are given in Table 10. The
reader is referred to the "International Tables for X-ray
Crystallography®, Volume I (56), for the special positions.

The Patterson function for the general case is
;L'EEEIF(hkL)lz cos 2m{hu + kv + 4w)

-

P(luvw) =

For D2h symmetry this reduces to

8 ©
Pluvw) = T £ © ¢ lF(hkL)I2 cos 2mhu cos 2mkv cos 2miw
€ h=0 k=0 £=0
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Table 10. Vector space symmetry (P 4/m mm) for the space
group PEZlc

Wyckoff No. of Point Positions
notation positions symnmetry
u 16 1 UVW UVW UVW UVW
UVW UVW UVW Uvw
YVUW VUW VUuUW VUuw
YUW VUW VUW VUuw

The full expression to be calculated for th
(P 4/m mm) can be shown to be

ﬁ_ © @ @ 2
P(uvw) = £ T I |F(hkt)|” {cos 2mhu cos 2mnkv

Ve h=k k=0 4=0
+ cos 2nku cos 2nhv} cos 2miw

For computing purposes however, it is more convenient to use
the function for D2h and to supply the redundant intensities
|F(nkt)|? , h < k. Since |F(nke) | = [F(kh&)lz for Dy,
the correct symmetry is obtained by this procedure.

Because of the high symmetry of the tetragonal system,
a simplification is obtained in the interpretation of the
vectors for PEZlc if the principles of group theory are
applied. The analysis of coordinates and vector distances for

the space group PEZlc is given in Table 1l.
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Table 11. Analysis of coordinates and vector distances for rZzlc

Operation Axis Location Coordinates General vectors P ﬁ mum: 16 (u)
1 - p3 y z X = X, Yy < Ys z, - 2,
2 001 000 x y z x, t %, y, *y, 2, -z,
7! 001 000 ¥ x z X, = Y, ¥, = %, 2 @z,
&4 00l 000 y x z X, = Y, y, T, z) 2z,
21 010 %0k ¥-x X4+y %-2 %+x1+x2 %—Z‘yl-yz %+zl+
2l 100 (1223 54+ x X-y %-2z %-i—xl--x2 %-i-yl-l-yz %i-zl-:-
n - 110 5+y Y%+ x %+ z %+zl-y2 %+y1-x2 35+21-
c - 110 -y 3-x %+ 2z %-:-x1+y2 11'-:’:-yl-i~x2 %»i-zl-




ances for PZZIC

General vectors P ﬁ mum: 16 (u) Special vectors P i mmm

X = X, A 2 z) -2, 8(e) 0 0 0

Xy + X, Yy + Yo z) - 2, 8(£) 2x 2y 0

X -y, y, < %, z, “ z, 16 (u) X+ y y - X 2z

X =Y, ¥, T %, z, oz, 16 (u) X~y y + X 2z
z %+xl+x2 % - Yy~ Y, %+ zl+ z, 8(t) L 54 22 X + 2z
z Y+ X, - X%, y + ¥, + Yy X+ z, - z, 8(t) % + 2y X+ 22z
z %-{-zl-yz 55+y1-x2 35+zl-22 4(x) ¥+ x-y (+y-x %

z %-:-x1+y2 »12'+y1+x2 35+z1-z2 4(k) ¥+ x+y 3+y-~-x %
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Table 10 and Table 11 are all that are needed for the complete
analysis of a three-dimensional Patterson. Any two~dimensional
Patterson will be a special case of the above tables. The
multiplicity of the vectors is very important as it determines
the integrated peak intensities in vector space which in turn
indicate the type of atoms for which the interactions are
occurring. For the general vectors the multiplicity is 1,
that is, they are in 16 fold positions. The "special posi-
tions" represent the vectors for atoms in equivalent positions
in the space group PEZlc. Since there are 8 equivalent
positions, there will be an 8 fold multiplicity for the

vector at the origin of vector space for each atom in a
general position in real space. The special vector 2x 2y 0
will have a multiplicity of 2 because the vectors u v w and
uvwof PL4/mn mm have degenerated into the special set 8(p)

which has mirror point symmetry.

Two=di iopal Patt
The two-dimensional Patterson functions for {hk0},

{hk1}, {Okt} data are shown in Figures 16, 17, and 18. The

{hk1} Patterson is a "generalized" Patterson, and is given by

Pi(uv) = T¢I |F(nk1) |? cos 2mhu cos mkv .
h k

The results of this can be interpreted as if the peaks of the

{nk0} Patterson projection were weighted by the function



Figure 16. Patterson (001) grojection for
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Figure 17. Generalized Patterson ({hkl1} data) for
MguBréo-h(CquOO)
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Figure 18. Patterson (100) projection for Mg, Br¢0-4(Cy H, ,0)
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cos 2mw. The peaks at w = 1/2 should have the same modulus
as the Patterson projection onto (001) but should be negative
in sign. The peaks at w = 1/4 should vanish and those at
w = 0 should have the maximum algebraic value.

From the {hkl}) projection it is observed there are two
large negative peaks at 12.5/80, 12.5/80, 1/2 and 23.5/80,
23.5/80, 1/2. Referring to Table 11, special vectors are
expected 1/2 + x - y, 1/2 + 3y - x, 1/2 and 1/2 + x + y,
1/2 + y + x, 1/2. The first of these using the results in
Table 10 can be written 1/2 + x -y, 1/2 + x - y, 1/2.
Assuming the large observed peaks are bromine-bromine inter-

actions for the equivalent set it is found that
x = 23/80, y = 4.5/80

satisfy the above Patterson vectors. These peaks have a
multiplicity of 4. The above values predict a vector at
xt+ty+ 27.5/80 x - y = 18.5/80. The {hkl]} Patterson shows
there is a very strong peak at w = 0 corresponding to this
vector. This implies 2z = 0 so that z = 1/2 or 0. There is
no way to distinguish between these two values of z, hence the
bromine positions to a first approximation are given by

x = 23/80, y = 4.5/80, z = 0 or 1/2. The results for the
remainder of the special vectors are given in Table 12.
Agreement is good with the exception of the 2x, 2y, 0 peak

which has a multiplicity of only 2 and is not as obvious.



Table 12. Vector distances for bromine atoms at (23, 4.5, 0 or 1/2)
Special vectors _Pogitions in 80ths Multiplicity

X y z

0 0 0 0 0 0 8

2x 2y 0 -3k 9 0 2

x +ty y - X 2z 27.5 -18.5 0 3

X =Yy y t x 2z 18.5 275 0

L+ 1 1+ L i

> 2x = < 2z 6 5 . L

& i i i L

> > + 2y ) + 2z > -131 > L

%*‘x-y %*‘y-x 12.. -21.5 21.5 '12' L

l+x+y L+y+x 3 -12.5 -12.5 % n

06



Table 13. Vector distances for bromine atoms at (0, 0, 17)

Special vectors Pogitions in 80thg Multiplicity

X y z

0 0 0 0 0 0 L

0 0 2z 0 0 34

L i i i i r4

3 > > T ez 2 2 6 €

L 1 L L 1 L L

2 2 2 2 2 2

Table l4. Vector distances for bromine atoms at (0, 0, 17) and (23, 4.5, Q)
(non-equivalent interactions)

Vectors io 0 Multiplicity
X y z
Xl yl -22 23 4.5 -17
L
X1 Y1 z2 23 h.5 17
% + x; % oy % +z, =17 -35.5 -23
L
L+ x Lay, 3 -z, -17 -35.5 23

16
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The vector peak at x = 23.0/80, y = 4.5/80 on the
{hxo0}, {hkl}, and {0ke} Patterson projections all imply a
second bromine atom at 0, 0, z. This is checked as above,
the results being given in Table 13. Again, the bromine-
bromine interactions along z have a multiplicity of only two
and are difficult to distinguish. The question as to whether
to assign the value of z = 0 or z = 1/2 to the first bromine
is now settled as indicated in Table 14. If z were 1/2 the
z parameters of the first two and last two entries would be
interchanged, but the resulting positions are not observed
on the {0ki} projection.

There are several observations to be made at this
point. First, all of the obvious peaks were explained by the
two sets of bromine atoms. This was disappointing since it
implied that the lighter atoms would be difficult to locate
from these data. Actually, this difficulty is not so much
inherent in the data as in the problem itself. Since on the
average the contribution of any one atom to the diffracted

intensity is

<I(hkt)> = T f.° ,
j J
it can be shown that the contribution of the bromine atoms
for Mg, Brg0+4(CyHy,0) will be about 3/4 of the total contribu-

tion. In effect the contribution of the remaining atoms is
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"swamped" by the bromine scattering.

Second, the previous note that the extinctions
k +4 =2m + 1 implied a large amount of scattering matter
with the symmetry of the space group P 4/m nc is confirmed.
The near 2 fold symmetry at 1/4, 1/4 is not a property of
PEZlc but of P 4/m nc. The bromine atoms are in fact
centrosymmetric and do not contribute to the determination
of any of the phases of the acentric structure.

The bromine positions above will then give two
structures, that is, each acentric position will have a
centric counterpart if an electron density map is computed
on the basis of the bromine positions. While it simplifies
the solution to have a heavy atom which determines the phases
of diffracted intensities, the problem becomes more difficult
if the heavy atom contributes so much that the light atoms
are difficult to find. It is even more difficult to locate
light atoms when the heavy atoms are in special positions.

Even though the first set of three-dimensional counter
data were poorly corrected for absorption, the crystallo-
graphic results obtained from these data did not differ
significantly from that obtained from the last two sets of
counter data. However, since it is believed that the last
counter data were better than the first set, the treatment
and results will be given in reference to the final two sets

of data.
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Iihree-dimeneional Patterson

Because there is a good possibility that independent
vectors of a Patterson map may overlap, it is important that
the individual peaks be resolved as much as possible. If it
is assumed the scattering factors of the structure can be

written

where f, the unitary scattering factor, is the atomic scat-

tering factor normalized to 1 at sin @€ = 0, one can write

(hke) = ¥z, exp 2mi(hx + ky + 12) .

iatd b

F(hkt)/f are the structure factors of a set of point atoms,

and if

|F(nke) |2

HE

are used in computing the Patterson function, better

resolution of the peaks is obtained. The coefficients

| F(hkt) |2

52

need, however, to be infinite in number so that the Patterson
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function will converge. To circumvent this requirement,
Jacobson gk gl. (60) and Donohue and Trueblood (61) have
considered convergence functions of the form

A+ B sin® @ -c? sin® o
exp .

12

ln

The sharpened coefficients can be written

2
z 2
|SP(nke)|? = [ =28) |F(hke)|? exp 2B 2in° 8
£ A2

The application of the convergence function gives

2
|SF(nke) |2 = -253 |F(nke) |? (a+B SMC-8)eyr (2B - o2) RIS
r° \ A°

Typical values used by Donohue are
B = 16, P = 4, A = 0, c° = 18.66 .
Jacobson gt gl. (60) derive their sharpening function
by defining a gradient Patterson function.

111
v%j(‘)%vp(x,y,z%w(x"u, ytv, ztw) dxdydz

Q(u,V9W)

®
16 2 T in 6 2 2 s
= ___v" hzlfl, (i%—l_ |F(hke) | “exp2ni(hu + kv + w) .

This function gives a highly peaked maximum in vector space
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with minima surrounding it. The minima can be reduced by
adding in some of the original Patterson function so that

the total function computed is

AP(U,V,W) + BQ(U,V,W)

or
16n? 2;2 2 sin® @ 2 sin® @
) lF(hkL)' (A" + .___._.)exp((ZB - C )-——-—)exp 2mi
2 12

(hu + kv + 1w)

where c2 is 4ﬂ2/p (62)s The values for the parameters are
usually taken as A' = 1/6 and c® = 5.5.

Figures 19 and 20 give the level w = 0 for
Lipscomb's sharpening. In Figure 19 the value of 2B = c?
was taken as 3.5 and in Figure 20 the value of 2B - c? was
-5.5. Donohue's function for w = 0 is shown in Figure 21.
The point is well illustrated here that while there is no
ambiguity in interpreting the largest peaks, the smaller peaks
must be assigned with care. This is particularly true around
the origin or large peaks where "ripple" effects are more
noticeable. |

From the first chemical analysis, it was expected
that there would be six magnesium atoms. From Figure 22 and

Table 15 which give the space group diagrams and positions
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Figure 19. Sharpened Patterson section, w = 0, for

Mg, Br 0-4(C H 0). 2B - c? = 3.5. Sharpened

according to Jacobson gt al. (60)



Figure 20.

Sharpened Patterson section, w = 0, for MgyBrgO-4(CyH;40). 2B = c?

-5.5.
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Sharpened Patterson section, w = 0 for
MgyBrgO-4(CyH; (0). Sharpened according to

Donohue and Trueblood (61)



Table 15. Positions for P42,C D';_’d
No. posi- Point Coordinates of Conditions limiting
tions and symmetry equivalent reflections possible reflections
Wyckoff
notation
i _ L+ i _
8e 1 Xy z 5 = X > Ty > z

Xy z % + x % -y % -z hhi: t=2n

Y x z L+ 1+ 1+ + h=

Yy xz S y 5 X 5 z h0Os 2n

Yy Xz % -y % - X % + z

Remainder have
above plus

hq 2 0

o
N
o

o
+
N

VY o

o

N |
o

o
- o
1

N

hkt: 4=2n

hkO: htk=2n

ke 2 00z

+
N

hkiithtkti=2n

] B ]
o o
(6] o VY o

!
N

00T



Table 15 (Continued)

No. posi- Point Coordinates of Conditions limiting
tions and symmetry equivalent reflections possible reflections
Wyckoff
notation

2b n 00 % z 12= 0 hki: htk+4=2n

2a L 000

] o
o
o

hki: htk+i=2n

10T
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Figure 22. Space group diagram for PEZlc
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for PEZlc as given in "International Tables for X-ray
Crystallography", Volume 1 (56), it can be seen that six
magnesium atoms would require the use of the special positions
4d or 4c plus 2b or 2a. The magnesium atoms in 4d or kc
would be required to have two~fold symmetry while those in

2b or 2a would have to have L symmetry.

The three~dimensional Patterson indicated the
utilization of the set 2a. There was the possibility of two
equivalent atoms in 2b, however the 2b interactions were much
less than those for 2a and were questionable. Since the
distance of both sets of bromine atoms to the origin (2a) is
about 3.16 X, there could be no bonding between the bromine
atoms and the atom at the origin. The Patterson map then
revealed the presence of Atom 2 in either the general position
x=.13 y=«.08 z= .07 orx= .13 y = .08 z = .07. The
reason for the two choices is that when several atoms are in
centrosymmetric positions in an acentric space group, there
is an arbitrary choice in locating the first atom which
occupies an acentric position since the atom can be placed in
a generel position, (x, ¥, z), or in the centrosymmetric
counterpart, (x, y, z). The choice determines uniquely the
origin of the unit cell and in this case whether a "left- or
right-handed" notation is to be followed.

Atom 2 was slightly less than 2.0 K from the origin,

but the most significant factor was that it was only about
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2.6 R from the bromine atoms. The approximate Van der Waal
radius of bromine is 1.95 ' and of oxygen is 1.4 X. The
expected bromine-oxygen distance is therefore about 3.35 2.
The ionic radius of magnesium is .65 X so one expects a
magnesium bromide distance of 2.55 X. These considerations
strongly implied that the atom at the origin was not magnesium,
but oxygen. Furthermore, Atom 3 was found from the Patterson
map at x = .26, y = .17, z = .15 or x = .26, y = .17, z = .15,
depending on whether Atom 2 was taken at x = .13 y = =.08

z = .0270rx=.13 y= .08 z = .07. The distance of Atom

3 to Atom 2 was close to 2.05 K, approximately the proper
distance for a magnesium-oxygen distance.

No other atoms could be definitely located from the
three~dimensional Patterson function. In particular no
magnesium atom interaction peaks could be found in either
the set 44 or 4c.

Figure 23 shows the proposed model derived from the

three-dimensional Patterson.

Least squares and Fourier analysis

The equations for the structure factors which are the
coefficients of the electron density or Fourier maps of the
space group PEZlc are given in Table 16. Although the
analysis of the Patterson was confirmed by successive Fouriers,
the least squares calculation was used to calculate the signs

and phases of the Fourier coefficients. The least squares



Figure 23.

Model of MgyBrg0-4(CyH;,0) showing octahedral
arrangements of bromine atoms about origin.
Small spheres represent magnesium atoms,

dark sphere at center of octahedron is
oxygen atom. Ether oxygens are not shown.






Table 16. Structure factor equations for PEZlc

¥

24
F(hkt) = A(hke) + B(hkt) tan~l B/A = a(hki)
Condition Equations
h+k+ ¢ =2n A(hkt) = 4 cos 2ntz[cos 2nhx cos ky + cos 2nkx cos 2nhy]
B(hke) = -4 sin 2miz[sin 2nhx sin 2nky + sin 2nkx sin 2wnhy)
with a(hkt) = «al(h k £) = -a(hke) = -al(hkt) = -a(hki)
h+k+4=2n+1 A(hkt) = 4 cos 2miz[-sin 2nhx sin 2nky + sin 2nkx sin 2nhy]
B(hke) = =4 sin 2miz[-cos 2nhx cos 2nky + cos 2nkx cos 2mnhy]

with a(hke) = -a(h k 2) = n-a(hki) = n-a(hke) = -a(hkt)

40T
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comparison of the observed and calculated structure factors
was then also used as an added criterion for the “correctness"
of the proposed model.

Yelghting of least sguares The importance of
weighting of the least squares equations and some of the types
of weighting recently used for counter data in this laboratory
have been discussed by Willett (63); Willett used a weighting
scheme based on the concept of finite differences which worked
satisfactorily. Another scheme which utilizes Hamilton's
treatment of unobserved reflections (64) was used for this
problem and is given below.

Let the observed intensity be given by
I(hkt) = ALp|F(nkt)|?

where A is the absorption correction, Lp the Lorentz polar-
ization factor, and |F(hkt)| the magnitude of the structure

factor. The definition of the standard deviation is

n 2
c?(f) = % (gif) o® (x;) + covariant terms .
i=1 1
The covariant terms may be neglected, since to a first
approximation there is no interaction between A and |F|.
Using this definition one arrives at the following expression

for o(F):
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o2(F) = O(I) + (o®(a)/a®) 17
L4 IATp

The weighting of the least squares when refinement is carried

out on |F(hke)| is so that if expressions can be found

olF
in terms of observables for o(I) and o(A), the desired func-
tion will be obtained.
02(I) is a function of both systematic and statistical

errors.
2 _ 2 . 2
o“(I) csy(I) ost(I)

The statistical variations of counter data are given by a

Poisson distribution. Since

—
I

Total counts = Background counts - Streak counts

= T~«Ba=3S

i

62 (I) = T+ B+ S8
st

The systematic errors to be included are extinction, small
variations in circuit voltage because of electronic tubes
going "bad", the readjustments of the voltage to compensate
for this, and any other non-random errors. A good assumption
regarding these errors is that they are a function of the

intensity measured, that is
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2 _ 2 2 2
csy(I) = (PT'I‘) + (PBB) +(PSs)

where Pq, Ppg, and Pg are the estimated percentage systematic
errors in the recording of the intensity for total, background,
and streak counts respectively. The same assumption is made

for o(A),

o2(A) = (PAA)2 .

The particular problem under consideration is the
case when the measured intensity, I, is small. In this
instance the statistical standard deviation ozt(I) is greater
than the measurement, I, and no meaningful measurement can be
given for the value of I.

Hamilton (64) has considered this problem and has
derived the equations for the most probable intensity and the
statistical standard deviations for these reflections for

both acentric and centric space groups.

H = most probable intemsity = I‘%ln'(acentric)
= ‘l{§un (centric)
2 . .
2 4 I” min 2.1 min
Centric: I = I =
entric: og(I) 45 ogt (1) 5 /3
2 2 . I mi
Acentric: °st(I) = 4-min 1) = =i
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Hamilton left the definition of I min to the reader.

D. R. Fitzwater* has defined I min as "that intensity which
would have to be measured to be statistically significant."
In making the decision as to what this value must be, the
observation is first made that the systematic errors
previously described do not contribute to determining whether
a reflection is to have a statistically significant value.
Using a 99.7% confidence limit, I will be statistically

significant
if I > 304(I) = 3(T+B+s]/?
If, however, I < 3 ogt(I) then |
Imin = 3 og¢(I)
Using Hamilton's results (64), og4(I) = a I min where
= 2 for centric structures, and—3%— for acentric

3/5 2 /3

structures. The intensity for the reflection is given by

_ Llmin b

3 for centric structures

]

2 for acentric structures .

The procedure is now the same for both groups of reflections

*Fitzwater, De R. Department of Chemistry, Iowa State
Unéversity, Ames, Iowa. Disc. 1001l. Private communication.
1962.
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il

o2(1) 62 (I) + ¢2 (1)
st sy
0gt(I) = ol (1) if I <3 0 (1)

(1) .

ost(I) if I >3 Ot

Refinement Structure factor calculations were
first made for bromine atoms only. Temperature factors were
not varied, but were set equal to 3.00. The scale factor
between observed and calculated data was found by carrying
out some trial two-dimensional calculations on an IBM 650.

The bromine positions found from Patterson analysis
were used as input. After three cycles of least squares, the
positions were Br (0, 0, .206) and Br (.293, .061, -.010),

The agreement factor

E[[Fol - IFc]]
=|F,

B =

for the observed reflections was 30.7%. The weighted agree-

ment factor

mw(|F | - [F ]2
w|F_|?

sz

was 34.5% for observed reflections.
The expression for the calculation of the Fourier

electron density map for Pﬁélc which is suitable for computa-
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tion on a computer is

h+k+4=2n
ﬁ--..
p (xyz) = v {ghgk§4 (A(hke) cos 2whx cos 2wky cos 2miz

- B(hk4) sin 2nhx sin 2nky sin 2wiz)

+k+

2n+l

L:
[}
T (B(hk¢) cos 2nhx cos 2nky sin 2niz
0

h+k
® o
+zTZ
00
- A(hk{) sin 2uhx sin 2nky cos 2miz)} .

As for the Patterson function, redundant terms have been
added to give the correct symmetry. The calculated phase

angle is given by
tan~! Be/Ac = a -
The observed A, and B, are given by

A, = |F | cosa, ana B, = |F | sina .

The Fourier is calculated using these coefficients. The
difference Fourier is given by coefficients A, - A, and
Bo - Be-

A three-dimensional Fourier and a difference Fourier
map for the bromine atoms were calculated using the IBM 704.

Taking the largest peak which matched on both the Fourier and
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difference Fourier gave the same magnesium position as found
previously. The resolution of the Fourier was disappointing.
This was probably due to the bromine atoms contributing only
to the real part of the structure factor so that the Fourier
shows all acentric atoms as being centric and having half
weight.
The magnesium atom was next inserted at x = .076,

y = =.14, z = .078 with an isotropic temperature factor of
L.0. Least squares refinement gave the shifts and results

in Table 17 after three cycles.

Table 17. Shifts and results of least squares refinement
including bromine and magnesium atoms

Atom Qriginal position —shifted position.
b ¢ y 2 X y 2
Br 0 0 .2078 0 0 .2075
Br . 2938 .0619 -.0065 <2941 0597 -.0092
Mg 0762  ~.1407 .0778 L0847  -.1243 .0730
Agreement factor: observed reflections R = 26.3 Bw = 28.4
all reflections R = 31.7 Ry, = 28.7

From the Fourier calculated using the magnesium atom
both oxygen atoms were discernable. The peak height of the

o]
oxygen atom at the origin was about 9 electrons/AB. The
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bromine peak height was 51 electrons/XB. The peak height of
the oxygen atom in the general position x = .178, y = =.252,

z = Jd44 was 5 electrons/ﬁB. The magnesium peak height was
about 18 electrons/XB. The difference Fourier showed positive
peaks in the bromine and magnesium positions. This indicated
the scale factor was still low since Busing scales F(calcu-
lated) to F(observed) and the coefficients |Fy| - k|Fc| were
too large.

Putting oxygen atoms in two fold positions at the
origin and in eight fold positions at x = .178, y = =.252,
and z = .144 gave R = 23.1 and R, = 23.9 for observed data.
The temperature factors were isotropic and not varied.

At this point a comparison was made with the least
squares results from two-dimensional film data. The {hkO}
film data were not of sufficient quality that an analysis
was possible. This was determined by an examination of
equivalent reflections. The {hkl} and {0kt} data, however,
were refined using least squares methods. These data were
taken on different crystals and with different transfers and
were completely independent of the counter data and each
other. The result was an R factor of 15.7% for observed data
for both {hkl} and {Ok4)} data. The refined positions and
temperature factors of the two-dimensional data are compared
with the refined positions of the counter data in Table 18.

The temperature factors of the three-dimensional counter data



Table 18.

Comparison of results of refinement of 24 and 3d data--5 atoms

Atom - .Counter parameters —{hkl) and {oks} parameters
X y z B x y z B

Br .0 .0 .2071 3.0 0 0 .2061  L4.67
Br . 2938 .0594 -.0092 3.0 .2932 .0576 -.0060 6.10
Mg .0813 -.1241 .07130 4.0 .0840 -.1239 .0684 2.86
0 1775 -.2524 <1440 4.0 1754 .2703 .1625 2.60
0 0 0 4.0 .0 .0 .0 7.03

911
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had not been varied for this model.

The Fourier maps from the 3-d data 5 atom model
indicated possible carbon atom parameters for the two atoms
close to the oxygen atom. When these were included and the
temperature factors of all the atoms refined it was possible
to postulate the remaining ether carbon positions from the
resulting Fourier.

The ether carbon positions were not at all clear on
the Fourier maps. The peaks which were chosen to represent
the atoms were in approximately the right positions but very
weak. That these positions were highly dubious was revealed
by the refinement of the model with the ether carbons
included. The R factor for this model was 15.7% for observed
reflections. The weighted R factor for all data was 14.2%
and for observed reflections only was 13.5%. The temperature
factors of the carbon atoms had, however, gone up to the
extent that their contribution was nearly negligible. It
was also observed that the temperature factors of the bromine
atoms were relatively high. The values for the bromine atoms
were 5.39 and 6.41. The value for the magnesium atom was
3.29. The oxygen temperature factors were 7.67 for the atom
in the general position and 4.15 for the atom at the origin.
The carbon temperature factors ranged from 17 to 25.

Since the thermal motion of the bromine atoms was

high and also, as indicated by a difference Fourier map,
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quite anisotropic; it was decided to use anisotropic temper-
ature factors for the atoms and to continue the refinement.
All of the information obtained prior to this point was
reanalyzed in an attempt to find better carbon atom positions.
When it was felt that this had been done, refinement was
continued. After four cycles the R value had dropped to
9.4% for observed reflections. The weighted R value for all
data was 9.4% and for observed reflections was 8.6%. The
ether carbon shifts, however, were still as much as .1 of an
angstrom which is surprisingly high at this stage of a
structure determination.

Although little has been said in regard to packing
considerations, these were used at all stages of the deter-
mination as guides and aids toward finding the correct
structure. The basic structure at this last stage is still
that in Figure 23. The bromine atoms form an octahedron
about the origin of the unit cell. The distance from the
origin oxygen to the bromine atoms along 00z is 3.17 2. The
distance of the remaining four bromine atoms to the origin
is 3.19 Z. These latter bromine atoms were .08 ﬁ off the
plane z = 0. The bromine-magnesium distances were equal for
both sets of bromine atoms and were 2,62 2. The magnesium=~
origin oxygen distance was 1.95 X and the magnesium-ether

o
oxygen distance was 2.11 A.
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Discussion of Structure

The final observed and calculated structure factors
are given in Figure 24. The weighted discrepancy factor
including unobserved reflections was 9.4%. The weighted
discrepancy factor omitting unobserved was 8.3% while the
unweighted discrepancy factor omitting unobserved reflections
was 9.4%. The final parameters obtained from least squares
are given in Tables 19 and 20. Table 21 gives bond angles
and distances for these parameters and Figure 25 illustrates
the thermal ellipsoids described by the atoms by means of
stereograms projected along the z axis of the unit cell.

The magnitudes of the displacements along the axes of the
ellipsoids are given in angstroms.

Although the observed density, 1.73 gms/cm3, agreed
with the calculated density for MgyBrgO-4(CyHn0), 1.69
gms/cm3; a styrofoam Van der Waal packing model of the unit
cell showed that the atoms were not closest packed. This was
particularly true in the region about 1/2, 1/2, 0 in the unit
cell. This cculd be explained if

(a) the model were incorrect gor

(b) the ether molecules were disordered.
(a) was unlikely because of the very good agreement between
observed and calculated structure factors (9.4%). (b) on the

other hand was highly probable for several reasons.



Figure 24. Comparison of observed and calculated structure factors for
MgyBrgO-4(CyHy0). Columns are for constant h and k miller

and are Fobs Fealc Acalc Beale -
Asterisks indicate unobserved reflections.
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Figure 25 (Continued)
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Table 19. Final positional parameters and standard errors
obtained from least squares refinement for

MgyBrg0-4(CyHy0)
Atom x y z o(x) oly) o(z)
Bry .0000 .0000 . 2065 .0000 .0000 .0002
Bro .2930  .0586 =.0054 .0002  .0002  .000k4
Mg .1262 -.0821 0722 .0007 .0007 .0005
0y .2627 -.1701 .1501 .0018 .0016 .0012
Cl 157 <241 «373 .006 .008 011
Cy .099 .273 364 .003 .007 .007
C5 .277 .239 .286 .007 .006 .002
Cu <141 431 . 293 .006 .007 004
02 .0000 .0000 .0000 .0000 .0000 .0000

Table 20. Final thermal parameters and standard errors
obtained from least squares refinement for

Mg, Br 0-4(Cy 1, ,0)

(a) Anisotropic temperature factors

Atom B, B B B B

11 22 By, 12 13 23
Brq .0138  .0163  .0039 .0039  .0000  .0000
Br, .0088  .0180  .0091 -.0022 -.0009  .0026
Mg .0086  .0091  .0048 ~.0004  -.0022  .0001
0, .0198  .0140  .0059 .0029 -.0064  .0015

Cy .0387 .0595 .1019 -.0187 -.0526 -.0136
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Table 20 (Continued)

(a) Anisotropic temperature factors

Atom By B2 B33 B By 5 By

Co .0113 .0526 .0555 -.0037 -.0196 -.0241
Cq .0525 .0554 .0091 -.0165 =.0070 =.0049
Cy .0680 .0673 .0183 -.0251 0165 -.0133
0o .0088 .0088 .0025 .0000 .0000 .0000

(b) Standard errors of anisotropic temperature factors

Atom o(B);) o(B,,) o(B33) a(B,,) °(B13) a(B23)
Brl .0008 .0008 .0001 .0007 .0000 .0000
Bro .0003 L0004 .0002 .0002 .0004 0004
Mg .0009 .0009 .0003 .0007 .0006 .0006
04 .0028 .0024 .0010 .0020 .0015 0014
Cy .0110 L0142 .0185 .0105 .0135 .0120
C2 .0048 0112 .0090 .0057 .0058 .0084
C3 .0220 .0216 .0037 0214 .0074 .0079
Cy 0134 0145 .0053 .0119 .0068 .0079

0o .0015 .0015 .0010 .0000 .0000 .0000
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Table 21. Bond angles and interatomic distances
Mgy Brg0-4(CyH; 40)

(a) Bond angles

Atoms defining Bond angle Error
bond angle®

0, - Mg - Br, 87.36 $0.29
0, - Mg - Br, (III1) 88.48 +0.28
0, - Mg - Br, 86.61 +0.29
0p = Mg = 07 179.80 + .65
Bry - Mg - Brj 121.14 + .30
Bry - Mg - Brp (III) 117.53 + .30
Mg - Br; -~ Mg (I) 75-93 * .35
Mg - Brp (III) - Mg (III) 75.33 .34
Mg = 07 = Cy 127.85 +6.04
Mg - 07 - C3 118.85 +2.90
Mg - 0 - Co 136.44 +3.63
Mg - 01 - Cy 114.82 +2.40

(b) Interatomic distances

Atoms defining Interatomicg o
interatomic distances distances A Error A
Bry - Brz 4.555 + .005
Bry - Brp (II) 4.438 + .005
Brp - Br, (II) 4.516 *+ .003

aThe subscripted atoms correspond to the positions
given in Table 19. The Roman numeral suffix denotes the
subscripted atom has been operated on by the following

symmetry operators: (I) x y z; (II) ¥ x z; (III) ¥y X zZ.
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Table 21 (Continued)

(b) Interatomic distances

Atoms defining Interatomic Error X
interatomic distances distances X

Br, - Mg 2.613 + .009
Bro - Mg 2.617 + .008
Br, - Mg (II) 2.578 + .008
Brp - 0, 3.192 + .002
Br; - 05 3.168 + .003
Bry - 0y 3.45 + .02
Brp - 0y 3.43 + .02
Br, - 01 (II) 3.38 + .02
Mg - 07 2.11 + .02
Mg - 0, 1.952 + .008
01 = G 1.33 + .09
01 - Cy 1.61 + .06
01 - Cq 1.44 + .05
07 - Cy .73 + .08
C; - Co .72 + .09
Cy - Cy 2.5 + .1

First, the symmetry of the ether oxygen, with respect
to the bromine atoms, is for all practical purposes trigonal.

There are three possible ways which are equally suitable to
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pack an ether molecule against the bromine atoms. This is
illustrated in Figure 26. Second, the Fourier maps indicated
small peaks with about 1/3 the expected carbon peak heights in
the regions close to the ether oxygen. Finally, the aniso-
tropic thermal parameters and coordinate shifts of the ether
carbons in the final model indicated the statistical electron
density in the regions close to the ether oxygen was distrib-
uted over a large area.

To determine the optimum orientations of the ether
molecule it is convenient to define a new coordinate system
§;,‘5;,’§3, in terms of the old coordinate system-gi,'gz,'gs,
where the'§;'s are orthogonal unitary vectors coincident with
the'—af, 3: and_c? unit cell vectors. 'b.; is defined to be in
the same direction as the origin magnesium - ether oxygen
vector. This vector also defines the pseudo three-~fold axis
of the bromine atom. _33 defines an angle a with'ﬁ? (the ¢
axis of the unit cell). The vector produced when'g; is
projected on the plane defined by—gi and Ez'defines an angle

—_—
g with ay (the & axis of the unit cell). The relation between

— — — - —
b,, b,y b, a2and a., a,, 2, is then given by the following
1 2 3 2 3
- — .
by cos a cos B - cosasinp = sin_;W Fél
b2 = sin B cos B 0 a2

b3 sin a cos B - sin a sin B cos a a4
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55.38°
32.94°

cos @ = .5682 sina = .8229 o
.8393 sin 8 = .5438 )

i
]

cos B

This reduces to:

by] (4769 - .3090 - .8229] [ay]
bz = .5“38 .8393 0 ars

Figure 26 represents a projection in the direction of ;gs of
the bromine and magnesium atoms. Figure 27 shows the overlap
of the methyl groups with the bromine atoms assuming the
ether molecule is linear and the oxygen atom is trigonally
bonded to the magnesium atom. This configuration gives a
bromine - methyl carbon distance of 2.41 R if the C-0-C
angle is trigonal and 2.54 2 if the C=0=C angle is tetra-
hedral. The expected bromine~-methyl Van der Waal's radius is
3.95 2 so that this configuration is highly improbable. One
can assume either that the ether groups are not planar and
the methyl groups are rotated about the methylene-oxygen axis
away from the bromine atoms or that the ether group is tetra-
hedrally coordinated to the magnesium atom. The first pos-
sibility, that the methyl groups are rotated, is explored
first. Assuming an 0,-C distance of 1.45 & and an C-0-C
bond angle of 108° (electron diffraction) the methylene



Figure 26.

Projection along pseudo 3 fold axis through octahedral face of
bromines in MgyBrg0-4(CyH)00). Dashed lines indicate planes for

optimum packing of a linear ether molecule (excluding hydrogens).
Trigonally coordinated to the magnesium atom.

0€T



Figure 27.

—

Overlap of bromine atoms and methyl groups for planar (excluding the
hydrogen atoms) trigonally bonded ether molecule. This is a section
through Plane II in Figure 26.

€T
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carbon~bromine distance for an ether molecule trigonally
bonded to the magnesium atom is found to be 3.44 X. The
distance of the methyl carbon from the bromine atom as a
function of the rotation angle about the methylene carbon -

ether oxygen axis is given by

2 2 2
degp = dypp * dyg - 2dyppdyc cos (a * F))

where dyp, is the bromine - methylene carbon distance and is
equal to 3.44 X for C, of Plane I in Figure 26. dyg is taken
from electron diffraction values to be 1.50. a is the rota=-
tion angle measured from @, and ¥, is the angle Br-M-C for a
linear ether molecule. depy 18 2.50 3 for the linear molecule

so @, is given by

(2.50)%2 = (3.44)% + (1.50)2 - 2(3.44)(1.50)cos &,

cos §, = .7587, g, = 40.65° .

The amount of rotation required to give a Br-C Van der Waal's

distance of 3.95° is given by
(3.95) = (3.44) + (1.50) =~ 2(3.44)(1.50)cos
(40.65 + a)
or a = 57.78° .

If 11 i LB are the direction cosines of the oxygen-
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- - >
methylene carbon vector in the coordinate system (bl, b2, b3),

then the relation between the coordinates of the rotated

methyl group and the linear model methyl group is

Xn
¥n| = [xo’ Yor zo] [P]
Zn
where®*
p = [Cos a + 4145(1-cos a) + 1341 (1~cos a) -]
2
41 (1=cos a) 13 sin a i1, sin a
2142(1=cos a) - cos a + 12t3(1l-cos a) +
2
13 sin o 12(l-cos a) 4] sin a
13t1(1l-cos a) + 1243(1-cos a) - cos a +
1o sin «a 4] sin a L%(l-cos a i

Choosing the rotation axis to be the 01-02 bond for the ether

Plane I in Figure 26 gives

*See, for example, Volume II, page 63, of International
Tables for X-ray Crystallography (56).
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p = | .767 -.627 .138
.367 .605 .707
-.525 -.491 .694

and new methyl coordinates of (~1.18 X, 2.02 X, L. 60 K) in the
coordinate system (EI, E},-ég). It is interesting to note
that these methyl positions are midway between the bromine
atoms (Figure 26). The methyl coordinates for the remaining
ether molecules are easily found by making use of their three
fold symmetry about—gé and the methylene coordinates are
similarly determined by using their six fold symmetry about
5.

There is a strong reason for suspecting that the
ether molecule does not in actuality use the orientation
indicated by Plane III in Figure 26. This plane is perpendic-
ular to the T axis of the unit cell so that the long distance
of the ether molecule is parallel to the plane defined by the
2 and D unit cell axes. Without the ether molecules the
configuration of the atoms about the origin is spherical so
that the closest packed structure would be a body centered
cubic. Placing the ether molecules in the structure as
described with the long axis of the ether molecule perpendic-
ular to the ¢ axis would be expected to give if anything a
lengthening of the'éfand—g'unit cell axes. The unit cell
axes are, however, in the ratio 1:1:1.44 which indicates the

closest packing of an ellipsoid of revolution which has its
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long axis in the € direction. This would only be true if the
ether molecules were lying along Planes I and II in Figure 26.

The carbon positions for the disordered ether molecules
are given in Table 22. Because it is unlikely that the Plane
III configuration is used, these positions are indicated by

an asterisk. The ether molecule is labeled
C /Cl\ O/Cz\c
3 1 L

and the Roman numerals indicate the corresponding Cl-O-C2
plane in Figure 26.

To compare the carbon positions in Table 22 with
those in Table 20 it is necessary to transform the least
squares carbon positions by the space group symmetry
relation 1/2 - x, 1/2 + y, 1/2 = z. Table 23 gives the
transformed least squares carbon positions.

Table 24 gives some of the packing distances for the
disordered ether model.

The possibility of a tetrahedrally coordinated ether
oxygen is rejected for the following reasons. The methylene-
carbon bromine distance for the trigonally coordinated ether
oxygen is calculated to be 3.43 3. Pauling (65) assigns a
Van der Waal's radius of 2.0 X to the methylene group which
gives a theoretical bromine methylene carbon distance of

o}
3.95 A. Since the hydrogens are not pointing at the bromine
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atom the .52 X discrepancy is probably permissable, however,
if the oxygen atom is tetrahedrally coordinated, either the
methylene carbons or the methyl carbons are of necessity
rotated closer to the bromine atoms. In the linear ether
model, the methyl groups are already too close to the bromine
atom (2.50 K) and the methylene carbons are at the lower
limit of their Van der Waal's radius from the bromine atoms
(3.43 2) so that it is doubtful if a tetrahedral oxygen

configuration could be utilized.
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Table 22. Possible disordered ether carbon positions

Atom Coordinates Coordinates
in B) by By (R) in 3; 3,35 (&)
x! y! z' X y z
¢y (1) 1.01 - .59 4.91 3.55 =3.01 1.96
Cy (1), C3 (II) 2.3% © 4 .60 4L.30 -2.78 .68
C2 (1) -1.01 .59 4.91 3.23 =1.39 3.62
Cy (1), c¥ (III) -1.18 2.02 4.60 3.72 0 3.58
C, (II) 1.01 .59 4.91 k.19 -2.01 1.96
¢, (II) -1.01 - .59 L4.91 3.07 =2.39 3.62
Cy (II), v (ITI) -1.18 =2.02 4.60 1.52 =3.40 3.58
c# (III) .00 1.17 4.91 4.03 =1.22 2.79
c¥ (III) .00 -1.17 4.91 2.75 =3.18 2.79
Coordinates
(35'55'35)
in fractions of the unit cell
X Yy z

c; (I .332 -.282 .128

C3 (1), C5 (II) 403 -.260  .O44

Co (1) .302  -.130 .236

Cy (I), C5 (III) .38 0 .233

¢, (I1) .392 =-.188  .128

C, (II) .287 =.224  .236
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Table 22 (Continued)

Coordinates
(3 3, 3,)
in fractions of the unit cell
x y z
C, (II), Cy(III) - 142 -.318  .233
C1 (III) <377  -.114  .182
C, (III) .257 -.298 .182

Table 23. Least squares carbon positions for comparison
with Table 22

Atom b 4 y z
Cl 343 =.259 .127
C,y <401 -.227 .136
03 .223 =.261 <214

Cy .359 ~-.069  .207
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Table 24. Some packing distances® for discorded ether model
for MgyBrgO-4(CyH100) as calculated by Busing's

function and error, IBM 704 computer program (66)

Description of distance Distance, X
C3(I) to C1(I)(intramolecular) 1.51
C,(I) to 01(I)(intramolecular) 1.45
Co(I) to Cy(I)(intramolecular) 1.b45
Cy(I) to Co(I)(intramolecular) 1.45
C3(I) to 1/2, 1/2, OP 2.85
C3(I) to C4(I) at (&, x, z) b1
C2(I) to Br at (x, y, 0) L.22
C2(I) to Br at (0, 0, z) 3.54
Cy(I) to Br at (0, 0, 2)° 3.7k

aLabeling of carbon atoms is as described previously.
The Roman numeral in parentheses denotes the C-0-C plane in
Figure 26 with which the ether molecule is associated. The
subscript refers to the ether carbons. 1 and 2 are methylene
groups as illustrated in Figure 26 and 3 and 4 are the methyl
carbons which go with 1 and 2 respectively. The intra-
molecular distances for ether molecules of Plane I are given
for illustration.

brhis distance together with the distances immediately
following describes the packing of the proposed methyl ethers
about (1/2, 1/2, 0).

o}

CThe bromine-methyl Van der Waal radius of 3.95 A was
used to derive the methyl carbon positions, however, the
assumption was made that the bromine atoms are planar and
rotated by 3-fold symmetry which is not precisely true. Hence,
as the true bromine positions were used for the function and
error progran there is a discrepancy between the calculated
and Van der Waal's diameter. This difference is not great
enough to affect the argument.
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Table 24 (Continued)

Description of distance Distance, X
0y (I) to Br at (x, y, 0) 3.76
C1(I) to Br at (0, 0, z) 4.81
C3(I) to Br at (x, y, 0) 4.19
CB(I) to Br at (x, y, 0) 3.68
Cy(II) to Br at (0, 0, z) 3.74
Cy(II) to Br at (x, y, 0) 3.61
Cy(I) to Cy(I) at (1/2 - x, /2 + y, 1/2 - z) 3.70
C,(I) to Br at (1/2, 1/2, z) 3.88
C1(I) to Br at (1/2 + x, 1/2 - y, 1/2) 3.88
Co(II) to Br at (1/2 + x, 1/2 = y, 1/2) 3.88
Co(III) to Br at (1/2 + x, 1/2 - ¥y, 1/2 - z) 3.78
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STRUCTURE OF CgH MgBre.2 (CyHy,0)
Preparation, Purification and Properties

The Grignard reagent was prepared as described for
Mg),Brg0+4(CyH;,0). The apparatus (Figure 3) was thoroughly
dried by infrared light and vacuum pump. The magnesium metal
was covered with ether and then 10 ml of a solution of 5 ml
diethylether and 95 ml of bromobenzene added. The length of
time required for the reaction to start depends on the amount
of moisture present in the diethylether. Reagent grade canned
anhydrous ether was used. Care must be taken not to add too
much bromobenzene initially as the reaction is very exothermic
and diethylether quickly volatilizes to build up excess pres-
sure in the apparatus. It is advisable to have an ice bath
avallable the first few times the reaction is carried out. A
one molar solution was used for most preparation although
more diethylether was added if needed. If an inadequate
amount of ether is present or if the reaction gets so hot that
the ether is evaporated out of the system, the reagent already
prepared gives off a light grey smoke.

After the initial addition of the bromobenzene-ether
solution, the remainder of the bromobenzene and ether is
added over a period of about an hour. The solution is a

dark reddish brown depending on the concentration. The
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transfers to the purification apparatus were made after
allowing the solution to stand for several hours or overnight.
After transferring to the right side of the apparatus
in Figure 28 the solution is allowed to stand for several
hours. It is then filtered into the left side and a dry ice=-
acetone bath placed under the left side. After several
minutes the dry ice - acetone bath is removed and the solution
is allowed to warm up. As the solution warms up spontaneous
crystallization occurs, the crystals forming in groups which
are spherical in shape. The melting point of the crystals
was 15 - 20° C, however no crystallization was obtained by
lowering the temperature of the solution just below the
melting point for several hours. After crystallization was
complete, the excess mother liquor was decanted back to the
right side of the container in Figure 28. The crystals were
allowed to partially melt and then the dry ice - acetone
bath was placed again under the left side. This causes
diethylether to thermally distill to the low temperature side.
The solution is again allowed to warm up so that the crystals
nearly melt and then crystallization is reinduced, only this
time the temperature is lowered gradually so that the crystal-
lization proceeds slowly. The mother liguor from the crystal-
lization is decanted to the right side and pure ether
redistilled back over. The crystals are then regrown and

the process repeated until crystals of the desired purity are
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/ FOLDED SURGICAL RUBBER
K TUBING  (SEAL)

(GERMAN SOFT
GLASS CAPILLARIES

Figure 28. Apparatus for preparation of samples of
C6H5MgBr-2(Cb,H100) and (C6H5)2Mg-2(CuH100)
for x-ray analysis
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obtained. When care is taken in the preparation and purifica=-
tion, the crystals are white; however, more often they have a
creamy or light reddish tan color which is a diluted version
of the color of the phenylmagnesiumbromide solution.

The purification proceeds best when the apparatus is
rartially evacuated. This evacuation must not be too great
or the crystals "explode™ as ether of crystallization
vaporizes. If too much of the ether is removed, the Grignard
becomes a syrupy polymeric substance and crystallization is
not possible. Once the material on the left side has been
purified the container is kept sealed.

To get the purified reagent into the capillaries,
the right side is frozen with a liquid nitrogen bath and the
pure crystals on the left side allowed to melt. The crystal=-
line melt is then poured into the capillary connections. A
dewar filled with either liquid nitrogen or a dry ice -
acetone mixture is placed beneath the capillaries to force
the melt to run into the capillaries. Two considerations are
important in filling the capillaries. PFirst, only a small
amount of melt can be used in the capillary in taking data.
Ideally a single droplet which is 1 or 2 mm long in a .2 mm
radius capillary is desired. Second, the liquid must be
quickly drawn into the capillary and the capillary sealed to
prevent thermal distillation of ether into the capillary,

since it was found that crystallization in the capillary could
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not be induced if the solution was diluted. The capillary is
sealed using a liquid nitrogen dewar and a gas torch with a
very fine tip, preferably a micro-burner attachment. It is

then cut into lengths of about 1 cm and mounted on the x-ray

camera.

Chemical analvsis
The results of the chemical analysis of three samples

of the crystalline melt are given in Table 25.

Table 25. Chemical analysis of C6H5MgBr-2(CuH100)

Sample RBun 1 Run 2 Avg. Runl1 BRun 2 Avg. Br/Mg
number % Br % Br % Br % Mg % Mg % Mg

1 25.32  26.20 26.26 7.69 7.69 7.69 1.04
2 28.33 28.49 28.41 8.57 8.57 8.57 1.01
3 27.7% 27.67 27.70 8.34  8.35 8.3%  1.01

The calculated percentages of bromine and maghesium in
C6H5MgBr-2(CuHIOO) are 26.6 and 7.33 respectively. In a
qualitative chemical test the melt gave a positive result

for Gilman and Schulze's test for a metal-carbon linkage (67).
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Growth of Single Crystals

Low temperature apparatus

The low temperature apparatus used to collect data
for this compound is shown schematically in Figure 29. The
thermocouple switch breaks the circuit to the heating element
if the nitrogen level gets too low, thus preventing damage to
the glass lined liquid nitrogen dewar. This apparatus was
later modified as indicated in the experimental discussion

for (CgHg)HMg-2(CyH,0).

Experimental technigues for growing single crvstals

Crystallization was induced in the capillary by first
putting a small drop of liquid nitrogen on the capillary and
then allowing the temperature to increase to near room
temperature. A polarized light source was placed on one side
of the capillary and an analyzer (polarizing) lens inserted
in a microscope on the other side. The poly-crystalline mass
first grown was allowed to melt fairly rapidly until a small
portion of it remained, the temperature then being adjusted
so that the melting of the remaining crystals was barely
observable. Stroking the capillary with a hat pin which had
previously been warmed to room temperature gave the desired
temperature gradient. When the crystals have been regrown
and melted so that only one nucleus is left, the last nucleus

can be oriented by virtue of its movement due to the Brownian
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GLASS TUBE FOR FILLING DEWAR

EVACUATED
COPPER TRANSFER
TUBE

TO VARIAC

# =~ STYROFOAM

SEAL

— LIQUID NITROGEN
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LOW TEMPERATURE APPARATUS
USED FOR CgHgMgBr -2 C4H 00

Figure 29. Low temperature apparatus for
CgHgMgBr -2(CyH, (,0)




148

motion of the liquid. Although this movement is quite rapid
when the nucleus is small, it decreases as the crystal
increases in size and with a little patience the desired
orientation can be obtained. The needle crystals had a
decided tendency to be dendritic in directions close to the
needle axis and once grown also thermally distilled along
this axis so that the preferred orientation was to have the
needle axis of the crystal perpendicular to the direction of

the greatest thermal gradient of the cold stream of nitrogen.
Space Group and Lattice Constants

The space group determination was made with a
precession camera using a crystal grown with the needle axis
perpendicular to the capillary walls.

The Laue symmetry was Pmmm and the crystal class was

orthorhombic with

a = 12.25+ .04 A
b = 12.81 + .04 %

11.02 + .04 &

Q
it

The precession axis, using this assignment of axes, was b.
To confirm the space group {0kt}, {ike}, {2kt}, {hk0}, {nkl},
and {hk2} data were collected. The following extinctions

were noted:
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{nhoo} h = 2n+1
{oxo0} k = 2n+1
{004} L = 2n+1

In addition {hkO} with k = 2n + 1 and {hO4} with h + ¢ = 2n + 1
were weak or missing. The space group was uniquely determined
to be P21272;. It can be shown that the two-fold screw axes
in this space group do not intersect, so that the origin of
the unit cell is conveniently chosen to be midway between the
three pairs of non-intersecting screw axes. There are two
ways to do this, with the alternative origins 1/4, 1/4, 1/4
from each other. The convention used in the “International
Tables for X-ray Crystallography”, Vol. I (56) was followed.
The space group diagram is given'in Pigure 30, and Table 26
glves the equivalent positions for P212121.

Table 26. Equivalent positions P2,2,2,

No. of positions Point Equivalent
and Wyckoff notation symmetry positions
ha 1 Xy ¥y Z;

1/2 + x, 1/2 - y, z3
X, 1/2+y, 1/2 -~ z
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Figure 30. Space group diagrams of P22, 2
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Collection of Data

Two-dimensional {hkO} data were collected with a
precession camera using molybdenum Ka radiation at about
~50° C. Three~dimensional data were taken on the G.E. XRD5
diffractrometer, also with molybdenum radiation, at the same
temperature. All data were collected on a twenty-four hour
basis because of difficulty in preserving the crystal.

The total number of three~dimensional intensities was
895. Since the planned method of attack for this structure
was to solve two~-dimensional projections, {hOt}, {Oki}, and
{nkO} data were taken before the rest of the three-dimensional
data. The three-dimensional {hk0}, {hkl}, {nk2}, {0k},
{1k4¢}, and {2kt} counter data were qualitatively checked
against film exposures of these reflections.

While taking the three-dimensional data, standard
intensities were taken periodically and the experimental
results are shown in Figure 31. The dotted curve is the
least squares fit of the points to a fourth order polynomial.
The variation of intensity with time was primarily due to the
thermal distillation of the crystal in the capillary, although
there was some evidence that the reagent was also sensitive
to x-rays, and this may have made a contribution to the inten-
sity drop. However, this latter effect was probably a minor

one.
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Correction of Data

The two-dimensional {hkO} precession data were judged
against internal standard reflections by two observers. The
equivalent sets of reflections {hk0}, {hk0}, {h k 0} and
{hk0} were averaged together.

The Lorentz polariéation correction for the precession
camera has been derived by Waser {68). The function is quite
a cumbersome one and will not be repeated here. An IBM 704
program was written to make the Lorentz polarization cor=-
rection for an arbitrary precession angle.

The three~dimensional data were corrected for the
Lorentz polarization effect, the variation of intemsity with
time, and the anomalous scattering of the bromine atoms as

previously described for MgBrgO-4(CyH;0).

Solution of Structure

Geperal procedure
The space group P212121 is acentric so that the

structure factors are complex and of the form
F(hkt) = |F(hkt)] exp i ¢ (hke)

To avoid the necessity of determining the phase ¢ (hkt), it

is better to do the preliminary structural work in two
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dimensions since all of the pinacoidal projections for P212121
are centrosymmetric. The procedure that was followed was to
first calculate the three-dimensional Patterson and then to
confirm the interpretation of this in the two-dimensional
projections. The final least squares and Fourier analyses
were then carried out in three dimensions. As a check, the
two-~dimensional precession data were used to calculate a two-
dimensional Patterson. All features derived from the three-
dimensional counter data were checked with the least squares
and Fourier analysis of the two-dimensional {hkO} precession

data.

dnitial conglderations

The weighted reciprocal lattice gave two clues as to
the nature of the packing in the crystal. For the {hk0}
reflections, it was observed that the {hk0}, k odd reflections
were weak or missing and that the {h00} reflections were
relatively strong. In addition the {hOt}, h + £ odd reflec-
tions were generally weak. Both of the pseudo extinctions can
be explained if a majority of the scattering in the crystal
has near mirror symmetry at x = 0. It is not difficult to
show that a mirror at x = 0 generates the additional symmetry
elements T, n, and b; and that by interchanging the labels of
the axis, the space group Pnma is obtained. That Pnma is not
the true space group indicates only that there is not a true

mirror at x = 0. Finally, the observation that the {h00}
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reflections be strong requires that the following function

has a large algebraic value:
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Now if the x; = 1/8, F(200) = 0; but F(200) is quite large
so that scattering must result from atoms at x = 0, 1/4, or
1/2. This information was utilized in interpreting the
Patterson vector map.

As mentioned previously the observed density is
1.17 gms/cm3 which compares fairly well with the calculated
density of 1.27 gms/cm3 for four molecules of C6H5MgBr‘
2(CyH)40) per unit cell. The packing coefficient

Al

kK =

v

is .64 for four molecules of phenylmagnesiumbromidedietherate
using the values in Table 27 to determine V,. Vg, is the
molecular volume, Z is the number of molecules in the unit
cell, and V is the volume of the unit cell. This is in the
range of the expected values for k for organic crystals as

determined by Kitaigorodskii (55).
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Table 27. Volume increments fecr determination of
Kitaigorodskii's packing coefficient (55)

Group Volume Remark
increment
o)
Br 31.05 r = 1.95 A Ionic and
Van der waal
Mg 11.48 r=1.4 & Tetrahedral
covalent
o}
Mg 1.13 r = .65 A Ionic
0 5.09 r = 1.36 X Ionic and
Van der waal
o}
0 1.21 r = .66 A Covalent
Aromatic CH 13.9 Kitaigorodskii
CH, 16.6 Kitaigorodskii
CH3 22.1 Kitaigorodskii
Aromatic carbon A8 Kitaigorodskii
OH 12.8
Patterson calculations

The Patterson function for orthorhombic space groups
is |

P(UVH) = o lF(hkL)lz cos 2nhU cos 2nkV cos 2miW

z
Ch

<}
™M

z
1

The analysis of vectors for the space group P2,2,2; is given

in Table 28.



Table 28. Analysis of coordinates and vector distances for the space group P212;27
Operation Axis Location Coordinates General vectors Pmmm:8( Q) Special vectors Pmmm
1 - - X, ¥, 2 _ Xp " Xps ¥y " Vs 2y 7 2, 4(a) 0,0, 0
2, 100 0%0 X +x, 5~-y,2z X+ X) " Xy, ¥+ Yyt Yy 2yt 2, 4(v) %, 5+ 2y, 22
2, 010 00% X, by, k-2 X+ %y, X+ Yy " Yy X + z, + 2, 4(x) 2x, %, 5+ 2z
21 001 %00 X-x,y,5+z %X+ X, v X, ¥t Yy X 5 z, -z, 4(z) %+ 2x, 2y, %
Table 29. Analysis of coordinates and vector distances for the plane group pgg
Operation Axis Location Coordinates General vectors pmm:4(1) Speclal vectors pmm
1 - - X, y Xy = X5 ¥y " Y, 4(a) 0, 0
g - 0% %'F'X,%'Y 52+x1'x2,35+y1+}’2 2(h) %,%-1‘2}’
4 - %0 ¥-x, 5+y ¥t x) tx, ¥ty -y, 2(f) ¥+ 2x %
2 - 00 X y X, + xz, ¥y + y, 4(1) 2x 2y

LS T
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P212121 projects along all three of its axes into the
centrosymmetric plane group, pgg- The analysis of the vector
distances for this plane group is given in Table 29.

The {hkO} Patterson is shown in Figure 32. The large
peaks at U = 1/2 are what one would expect for a bromine-
bromine interaction with a multiplicity of two. The pseudo
mirror at V = 1/4 results from the pseudo b glide noted
previously. There will be equivalent bromine-bromine peaks
at 1/2, Vand 1/2, 1/2 - V if 2x' = 1/2 so that x' = % 1/4,
the prime being used to indicate plane group coordinates. If
this is the case the plane group vector 1/2 + 2x', 1/2
degenerates into 0, 1/2 and one expects this bromine~bromine

peak to have a multiplicity of four as observed. The x' and

Y’ coordinates of the bromine are thus found to be x' = * .25,
y' = .09 or .16. The magnesium-bromine vector is found by
drawing a circle of radius 2.65 Angstroms about the origin.
The magnesium atom, if coordinated to the bromine, must lie
inside this circle. The only peaks which satisfy this
criterion are the origin peak and the peak at U = 0, V = .19.
The latter peak is about the size expected for the magnesium-
bromine interaction and is 2.35 K from the origin. Since it
lies at U = 0, the magnesium atom must have the same x'
coordinates as does the bromine atom, that is x' = * .25.

All of the bromine-magnesium vectors lie at U= 0 or U = 1/2

and it is possible to determine the y' coordinate of the



Figure 32. (001) Patterson projection for precession data for
C6H5MgBr-2(CzH100). Coordinates are x4ij .

1/2 x 1/2 of the unit cell is shown.
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magnesium atom similar to the manner in which the bromine y'
was found. It is also possible to assign oxygen x' and y'
coordinates from this Patterson, however it was decided at
this stage to compare the precession {hkO} data results with
the three-dimensional Patterson obtained from counter data.
The relationship between plane and space group

coordinates is given in Table 30. In particular a plane
group coordinate of x' = + 1/4 for the {hk0} projection

corresponds to a space group coordinate of x = 0 or 1/2.

Table 30. Relationship between space group coordinates of
P21212l and the coordinates of the projections

of P21212l on (100), (010), and (001), using

projections of the 2-fold screw axes as origins

xyz from x' y' x=x"+1/4
y=y'

xyz from y" 2" y=y" +1/4
z=2z2"

xyz from x"' z*' z=2z"' +1/4
x=xéﬂ

The level, U = 0, of the three~-dimensional Patterson is
shown in Figure 33, and U = 1/2 is given in Figure 34. The
peak heights and locations confirm the bromine positions

found from the two-dimensional Patterson. Furthermore the



Figure 33. Three-dimensional Patterson section, u = 0, for C6H5MgBr-2(C4HlOO)
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Figure 34. Three~dimensional Patterson section, U = 1/2, for 06H5MgBr'2(Cl+H100)'
Coordinates are z .

g
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bromine-magnesium vector is quite clear. The second largest
peak at U = 0, V = 1/2, W can be explained as the overlap of
the intermolecular phenyl carbon-carbon interactions if the
phenyl groups are assumed to be nearly planar and lying in

the same plane as the bromine and magnesium atoms at an angle
of 109° to the bromine-magnesium vector. Oxygen coordinates
which fit the three-~dimensional Patterson were at approximately
Xyz and ;&z, and completed a tetrahedral arrangement about

the magnesium atom. The three~dimensional Patterson was used
primarily as a guide from this point, and the solution of the

structure was continued by Fourier and least squares analysis.

Iwo-dimengional Fourier and least squares analysis

Initial two-dimensional analysis was carried out almost
exclusively by the use of Fourier methods. The plane group
pgg has the structure factors and electron density equations
given in Table 31l.

The projection of the electron density onto the (001)
plane using structure factor signs for a bromine atom at
x'=1/4, y' = 13/80 is given in Figure 35. The magnesium
and oxygen atoms show up in the positions predicted by the
Patterson maps. The phenyl groups lie along the plane x' =
1/4. The bromine-magnesium distance in this projection is
roughly 2.20 X so that the bromine-magnesium bond makes an
angle of about 15° - 20° with the (001) plane.

The electron density projection onto the (010) plane
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Table 31. Electron density and structure factor equations
for plane group pgg

(a) Structure factors F(hk) = A(hk)
Condition Equation
h+k = 2n A = 4 cos 2nhx cos 2nky

h+k = 2n+1 -4 sin 2nhx sin 2nky

General structure factor equation

A = 4 cos 2n(hx + h—%-k) cos 2n(ky = h—E—K)

(b) Electron density expression for pgg

h+tk=2n

plxy) = Ac{ § § A(hk) cos 2nhx cos 2nky
h k

htk=2n+1

- f E A(hk) sin 2whx sin 2nky}
h k

h=2n k=

5

A{hC) cos 2ahx + A{Ok) cos 2nky}

o8




Figure 35. (001) electron density projection for
CgHolgBr-2(CyHy 0)
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for the same model is given in Figure 36. Here the phenyl
groups which are projected on edge along the plane x = 0 are
clearly visible. The clarity is due to the fact that the twc
phenyl groups which lie along x = 0 overlap. The two over-
lapring positions in the space group coordinates are x, y, z
and x, 1/2 + ¥, 1/2 - z so that these phenyl groups are b/2
apart. This Fourier shows that the projected magnesium-
carbon distance is approximately 2.0 X so that the Mg-C bond
must lie very nearly at right angles to the normal to the
(010) plane. The oxygen atoms are also clearly apparent in
this projection at *+ x' from the bromine atom. The ether
carbon positions are not definitely established but their
outline is suggested. The relation between the x' and z'

of the plane group and the x,z of the space group has been
given in Table 30.

The electron density projected onto (100) is shown
in Figure 37. This calculation was also carried out using
the structure factor signs determined by the bromine atom.
In this projection the magnesium atoms overlap since they
have approximate space group coordinates x, *+ 1/4, O and
1/2 + x, + 1/4, 0. In the plane group system these peaks
show up at the origin of the prcjection because of the rela-
tion y = y" + 1/4 given in Table 30. The oxygen atoms for a
given molecule also overlap in this projection since they have

approximately the same y and z coordinates and only differ in



Figure 36. (010) electron demsity projection for

C6H5I‘IgBr-2(C,+H100)







Figure 37. (100) electron density projection for 06H5MgBr-2(C

Coordinates are yT;, .
z

iy 000 -
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that one is at +x and the other is at -x. The phenyl carbons
do not stand out as well as might be desired in this projection
with the exception of the small peak near the origin which is
correctly positioned to correspond to the carbon of the carbon-
magnesium bond. Two of the remaining six carbons are probably
overlapped by the bromine and the ether carbon atoms respec-
tively. The other four phenyl carbon peaks are present but
distorted.

The least squares analysis of the three projections
was complicated by the overlap of atoms. The bromine atom
and the two oxygen atoms in the (001) projection, the ether
oxygens and some of the ether carbons in the (010) projection,
and the bromine atom and four of the phenyl carbons in the
(100) projection did not overlap. The number of data avail=-
able for the (010) and (001) projections were limited because
of the pseudo mirror symmetry in the (100) plane which caused
extinctions in the {hOt)} and {hkO} data. The final agreement
factors obtained for the three zones were: {hkO} precession
data, 21.6%; {hO4} counter data, 15.8%; {Okt) counter data,
17.1%. The coordinates obtained from these two-dimensional
refinements were then used for the three-dimensional least
squares and Fourier analysis. The positions used at the
start of the refinement are given in Table 32. The phenyl
carbon positions were assigned with the constraint that they

form a benzene ring.
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Table 32. Parameters obtained from two-dimensional analysis
for C6H5MgBr-2(CQHlOO) and used for input parameters

for three-dimensional least squares

Atom X y z
Br 0 .095 -.114
Mg 0 .274 -.0246
04 -.136 .35k ~.096
0p 136 -354 --096
¢Cl 0 .29 .15
¢C2 0 .20 .22
gCq 0 .20 .37
gCy 0 .30 b3
@#Cs 0 .36 .36
#Cg 0 .37 .22
Three~dimensional Fourier and least sguares analysis

The expression used to compute the electron density
and structure factors for P212121 are given in Table 33. The
space group diagram is shown in Figure 30. The complete
expansion of the electron density is not given; however, it

can easily be obtained by the substitutions

A'(hke) = - A(hke)
zn
B'(hkt) = - B(hki)
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Table 33. Electron density and structure factor equations

for P212121

(a) Structure factors

Condition

h+k = 2n A = 4
k+4 = 2n B = <4
h+k = 2n A = =4
k+ 4 = 2n+1 B = 4
n+k = on+1 A = =4
k+ ¢ = 2n B = 4
h+k = 2n+1 A = =4
k+ 4L = 2n+ 1 B = 4

cos 2mhx

sin 2nhx

cos 2nhx
sin 2nhx

sin 2rhx

cos 2mhx

sin 2nhx

cos 2mhx

General equations for structure

b=
I

o]
|

+ iB
Equations
cos 2nky cos 2mdz

sin 2nky sin 2miz

sin 2nky sin 2ndiz

cos 2nky cos 2miz

cos 2nky sin 2miz

sin 2nky cos 2miz

sin 2nky cos 2niz

cos 2nky sin 2ndz

factor

4 cos 2n(hx - hﬁk) cos 2n(ky =~ Ei&) cos 2n(4z - &ﬁh)

= -4 sin 2n(hx - hﬁk) sin 2m(ky - Kﬁ&) sin 2m(Lz - Lﬁh)

(b) Electron density expression for P212121

k+4=2n
ht+k=2n

@ o o

p(xyz) = %L {fz £ £ [A'(hke) cos 2nhx cos 2nky cos 2miz
C 000
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Table 33 (Continued)

B'(hk4) sin 2nhx sin 2nky sin 2niz]

(.-} ®n [ J
-2 I I [A'(hke) cos 2rhx sin 2nky sin 2niz
0 0 0

- B'(hk4¢) sin 2nhx cos 2nky cos 2miz]

-~ % ¥ I [A'(hkt) sin 2nhx cos 2nky sin 2miz
0O 0 0
- B'(hkt) cos 2nhx sin 2nky cos 2miz)

[A'(hkt) sin 2vhx sin 2nky cos 2miz

!
o 8
oM 8
oM 8

- B'(hkt) cos 2nhx cos 2nky sin 2mtz]}

where n is the number of zero indices. The summations are
then carried out from 1 to = fcr three, two, and one dimen~
sions.

The configuration of the molecule about the (100)
plane cannot be exactly that given by the coordinates in Table
32, since if it were, the space group would be Pnma rather

than P212121 as discussed earlier. There are six distinct



179

possibilities: (a) the phenyl groups are rotated about the
carbon-magnesium axis off the plane; (b) the ether groups
are asymmetric with respect to a mirror at (100); (c) the
entire molecule is tilted off the (100) plane; (d), (e), and
(f) any combinations of (a), (b), and (c). Least squares was
used to try to fit the molecule on the plane with various
combinations of (a) and (b), however the best agreement
factor obtained was R = 31% and it was apparent that the
ethyl and phenyl groups did not have sufficient freedom to
give a large enough asymmetric contribution to account for
discrepancies between the observed and calculated structure
factors. The term "asymmetric" is used to refer to the lack
of mirror symmetry at x = 0. The assumption was then made
that the plane defined by the bromine, magnesium, and phenyl
carbon 1* atoms was tilted away from the x = 0 plane and that
the phenyl group was in the same plane as the bromine-
magneslum-phenyl carbon 1 atoms. The structural problem was
therefore reduced to finding the nature of the tilt of the
bromine-magnesium-phenyl plane and the orientation of the
diethylether molecule. The tilt of the plane is the result
of the intermolecular interactions which arise when the

molecules are packed together in the unit cell. The orienta-

*The convention used in labeling the carbons of the
phenyl group is to call the connecting carbon of the metal-
carbon bond, phenyl carbon 1 (#C;) and to number the remain-
ing carbons in a clockwise direction around the ring.



180

tion of the diethylether molecules is more directly related
to intramolecular forces although once the possible orienta-
tions are found with respect to intramolecular forces,
packing considerations will place further constraints on the
molecule.

There are several possible ether configurations. The
ether molecule may be trigonally or tetrahedrally coordinated
to the magnesium atom, and it may be planar (ignoring the
hydrogen atoms) or the methyl groups may be rotated out of
the plane of the methylene carbon-oxygen-methylene carbon
atoms. The ether molecule can also be rotated about the
oxygen-magnesium bond so that if the coordination is tetra-
hedral or trigonal with a non-planar molecule, the methyl
groups will be pointing either away from or toward the plane
defined by the phenyl group, magnesium atom and bromine atom.
This is illustrated by Figures 38a and 38b which show two
molecules with tetrahedral oxygen atoms. In one case the
methyl groups are pointing toward the above plane, in the
other they are staggered with one ether's methyl groups
pointing toward the plane and the other ether's methyl groups
pcinting away from the plane. A third possibility, not shown,
is to have all four ether methyl groups pointing away from
the plane.

A three-~dimensional Fourier calculated on the basis

of bromine, magnesium and phenyl carbon positions indicated



F . -2(cC
igure 38. Models of C6H5MgBr ( 4Hlo

possible orientations of ether methyl
groups

0) indicating
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that the ether oxygens were tetrahedrally coordinated and
that the methyl groups were pointed toward the bromine-
magnesium-phenyl plane. In addition the methyls appeared to
be rotated about the oxygen carbon bond so that the distance
between the methyl groups and bromine atom and phenyl carbons
was increased. The two ether molecules were for all practical
purposes mirror images of each other. Figure 39 shows one of
the ether groups as taken from the three~dimensional Fourier.
Unfortunately the quality of the data was not
sufficient to permit refinement of the carbon positions. The
probable reason for this was the thermal distillation of the
crystal in the capillary while collecting the x~-ray data.
This distillation proceeded at a rate such that realignment
of the crystal was necessary every two or three hours. This
meant that the crystal size also changed and as the diffracting
power of a crystal is proportional to the volume of the
crystal (for a cylindrical crystal Lnrz), the scale factor
correlating the observed to calculated intensities was also
continually changing. The absorption of the crystal also
changed continuously and although the maximum absorption
coefficient was small (pr = .70), the relative absorption
error could be quite significant. The best discrepancy

factor obtained after three-dimensional refinement was 17.8%

for unobserved reflections only and 25.4% for all data.



Figure 39. Three~dimensional Fourier results showing
probable ether carbon positions for
C6H5MgBr-2(C4H100)
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Discussion of Structure

The observed and calculated structure factors are
given in Figure 40 and the difference between the least
squares phenyl carbon y and z coordinates and those predicted
is illustrated in Figure 41. The least squares coordinates
and standard errors are given in Tables 34 and 35. The bro-
mine, magnesium and oxygen bond distances and angles are

given in Table 36.

Table 34. Positional and isotropic temperature parameters
obtained from least squares refinement for

CgHgligBr+2(Cy H, ;0)

Atom X Yy z B

Br -.0158 .0924 -.1169 2.88
Hg -.0006 .2667 -.0309 3.95
01 -.112 <349 -.125 5.22
0o .136 340 -.098 4.91
gcyd -.001 . 294 175 6.85
gCo -.017 .219 .217 5.67
gCy .022 .188 .370 10.16
gcy -.003 .291 L1y 10.06

8Carbon positions are included although they do not
give correct bond distances. For a comparison of the refined
phenyl carbon positions and the proposed model see Figure 41.
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Table 34 (Continued)

Atom X y z B
Jof8 .015 .369 .371 11.08
#C -.020 .372 .239 8.85
C11P -.123 . 348 -.283 2.64
Cio -.221 429 -.029 --=-C
C13 -.188 .312 -.269 6.18
C1y -.175 .502 -.082 5.61
Coy .165 .279 -.323 10.70
Cpa .096 449 -.098 9.83
C23 .221 .253 -.315 3.06
Co . 214 .488 -.025 6.14

Table

bThe notation followed for the carbons is C;ij where 1

denotes the ether molecule and j the particular carbon atom.
The odd j's (1,3) are bonded carbons and the even j's (2,4)
denote the other two carbon atoms of the ether molecule.

The lower values of j (1,2) are reserved for the methylene
carbons.

CTemperature factor greater than 15.

35. Standard errors of positional parameters of

atoms of CgHsMgBr-2(CyH;0)

heavy

Atom o(x) oly) o(z)
Br .0005 .0004 .0005
Mg .0022 .0017 .0018
01 .004 .00k .005
03 .00k .004 .005




Figure 40. Comparison of observed and calculated structure factors for
CéHSMgBr-Z(CuHIOO). Columns are for constant k and 4 miller

indices and are

h Fobs Fcalc Acalc Bcalc

Asterisks indicate unobserved reflections.
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Figure 40 (Continued)
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Figure 41. Difference between propcsed y and z phenyl carbon coordinates
and those given by least squares results. Distances are in
Angstroms.
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Table 36. Bond distances and angles for CéHngBr°2(CquOO)
Br, Mg, and O atoms

Description of distance Qr angle Distance Qr angle
Br-Mg 2.44 + .02
Ng=-0, 2.01 + .04
Mg-0o 2.06 + .0k
< Br-Mg-0, 103.26 * 1.57°
< Br-lg=05 109.84 *+ 1.389

The structure can be considered as a layer of
bromine, magnesium, and phenyl carbon atoms (hereafter
referred to as the phenyl layer) alternating with a layer of
ether molecules (the ether layer) (Figure 42). The Van der
Waal packing of the phenyl layer is shown in Figure 43. The
oxygen, bromine, and magnesium x parameters indicate the
bromine-magnesium-@ carbon plane is tilted about 7° from the
x = 0 plane.

In spite of the fact that the carbon positions were
not confirmed by least squares analysis, the bromine and
magnesium positions alone preclude the possibility of a

structure of the type

)

Paas



Figure 42. Model of C6H5MgBr-2(CuH100) showing alternating phenyl-bromine-
magnesium and ether layers. Ether carbon positions are only approximate.

L6T



Figure 43. Van der Waal diagram of packing of atoms in
"phenyl layer” for C6H5MgBr-2(Cb,H100).
Oxygens are represented by dashed lines.
Ether carbons are not shown.
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Assuming Mg-Br distances of 2.45 R and tetrahedral magnesium
coordination, the bromine-bromine distance is found to be in
the neighborhood of 4 angstroms for the above model, however
the observed bromine-bromine distance between bromines in
adjacent phenyl layers is greater than 6.1 angstroms and the
closest approach between bromine atoms within a phenyl layer
is more than 6.40 angstroms. Similarly the closest magnesium-
magnesium distance is about 6.1 angstroms. These distances
are only consistent with a monomeric rather than any polymeric
structure. The structure is consistent with the fact that

the crystal growth was in the x direction which is the direc-
tion along which the molecules are stacked about the two fold
screw axes at (x, 1/4, 0), etc. There is no indication of
intermolecular interactions since the closest oxygen magnesium
approach is about 4.8 angstroms, and the closest oxygen phenyl
approach is about 4.5 angstroms. The bromine atoms lie very
nearly in the same plane as the phenyl group and have a
closest approach of about 4.20 angstroms from the phenyl
groups which is nearly the expected Van der Waal distance
{(L.40 X), so that the proposed model in Figure la is not
found in the solid state. There is, of course, a very good
possibility that if less than two moles of ether per gram-
atom of magnesium are available, RMgBr may be coordinated
either as RZMgBrZMg or BrzMngMg. The polymeric gross

properties of the liquid, when there are less than two
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molecules of ether present, and the polymeric features of
the unsolvated solid support this hypothesis.

The Fourier results indicated that the ethers were
tetrahedrally coordinated. Intermolecular packing considera-
tions seem to support this in a qualitative way inasmuch as
there are more stringent requirements on the rotation of the
methyl groups away from the phenyl bromine and magnesium
atoms for the trigonally coordinated ether group. Confirma-

tion of this must wait more accurate data.
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DIPHENYLMAGNESIUMDIETHERATE

In order to study the bonding in aryl organometallics
numerous attempts were made to obtain crystals of unsolvated
diphenylmagnesium.

The unsolvated diphenylmagnesium is readily prepared
as a powder by heating diphenylmercury with magnesium powder
in an evacuated bomb tube at a temperature of 200 ~ 210 °C
for five to six hours (31). If there is a temperature
gradient in the tube, excess diphenylmercury sublimes to the
cool end of the tube. Unreacted diphenylmercury is removed
by the process described by Gilman (31) by leaching with
benzene. Excess magnesium is removed by filtration. An
alternative preparation is by the addition of dioxane to a
phenylmagnesium bromide ether solution (29). The diphenyl-
magnesium stays in solution while magnesiumbromidedioxanate
precipitates out. The former method of preparation was used
in this research as it eliminates the possibility of the
presence of trace amounts of bromine. If care is used in
preparation, the unsolvatgg_diphenylmagnesium is a creamy,
white, infusible material with polymeric characteristics.

The problem in growing unsolvated crystals from
solution is threefold. The solvent must be inert, it must
not coordinate with the magnesium, and the reagent must be

soluble in the solvernt. Diphenylmagnesium has been reported
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insoluble in diethylether and in benzene (31). It was
found however that sufficient unsolvated diphenylmagnesium
dissolved in benzene upon heating gives a positive Gilman's
Test (67) for metal-carbon linkage. The solubility is
however nearly negligible as found by Strohmeier (34) in
Table 4. The solubility in diethylether was also found
qualitatively to agree with Strohmeier's work. The only
solvent found which satisfied all three requirements for
crystallization to any extent was benzene; however,
attempts to grow crystals from this solvent were unsuccessful.¥
A second possible method of obtaining unsolvated
crystals is by sublimation. The method of preparation
from diphenylmercury indicates the compounds are
thermally stable to temperatures of 200 - 210 °C. It was
observed that charring and decomposition sometimes occurred
if the temperatures were much higher thant his or if the

reactants were left in the tube for longer periods of time.

*While this thesis was being written crystals were
found growing in an ether solution of diphenylmagnesium
dietherate under rather unusual circumstances. A sample of
(C6H5) Mg.2(C,H;,0) was sealed in an NMR sample tube and

about six months later the spectra were rechecked against
previous spectra with no observable change. A few days
later large transparent crystals were found in the NMR tube.
The concentration of diethylether in the solution was 2.47
moles per mole of (C6H5) Mg.
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Coates (4) reports decomposition at 280 ©C with the formation
of biphenyl and magnesium. Rochow, Hurd, and Lewis (3)

state that decomposition occurs from 170° to 210° with the
formation of biphenyl, benzene, and ethylene. Dimethyl-
magnesium has been sublimed only with difficulty in a good
vacuum (69) and the higher alkyl homologs through dinormal-
butylmagnesium with even less facility. No report was found
in the literature of the successful sublimation of diphenyl-
magnesium.

In this research, two methods were used in attempts
to sublime diphenylmagnesium. The first was to heat the
sample in a vacuum line with one or two liquid nitrogen traps
placed between the sample and the pump. The second method
was to place the material in an evacuated, long, cylindrical
container. The container was then placed in an open-end
furnace in such a manner that there was a temperature
gradient along the cylinder. Both methods produced crystals,
but melting point determinations and their general unreactivity

indicated they were biphenyl.
Preparation and Purification
Etherated diphenylmagnesium is prepared first as

indicated above from (06H5)2Hg and Mg, then by leeching with
benzene, washing with diethylether, and finally collecting
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the pure ether solution in a suitable container. Both the
unsolvated and etherated diphenylmagnesium are extremely
reactive and reasonable care is necessary in handling them.
Both are spontaneously inflammable in air if the ether solu-
tion of the etherated diphenylmagnesium is sufficiently
concentrated. The reagent reacts with oxygen, carbon dioxide,
water, any compound with an active hydrogen, carbon tetra-
chloride, carbon disulfide, and in general undergoes the same
reactions as do the organomagnesium halides.

The method of purification and isolation follows
that used for the phenylmagnesiumbromidedietherate crystals.
The apparatus used is shown in Figure 28. Crystallization is
obtained by supercooling the liquid to dry ice-acetone tempera-
tures and then allowing the liquid to warm up slowly. The
melting point of the crystals is about 20 - 25 ©C.

The density of the crystalline material was obtained
from the material used in the nuclear magnetic resonance
experiments so that the ether concentration was precisely
known. The volume of the NMR capillary was found by weighing
an equal volume of mercury. The density of the solid was
calculated to be 1.09 + .07 gms/cm3. The density of the

liquid diphenylmagnesium dietherate was .97 * .07 gms/cm3.
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Properties and Collection of Data

German capillaries with a radius of .2 mm were loaded
with a suitable amount of diphenylmagnesium etherate and
mounted on a x-ray precession camera. The low temperature
apparatus used was that used for phenylmagnesiumbromide. This
apparatus was later modified to that shown in Figure 44. The
twelve liter working dewar is filled automatically from a
fifty liter auxiliary dewar by a timer and pressuretrol switch.
The liquid nitrogen level can be kept nearly constant in the
twelve liter dewar and by careful adjustment of a transfer
valve so that transfer is essentially continuous, the varia-
tion of temperature kept to a minimum. Capillary frost is
prevented by & coaxial stream of dry nitrogen around the cold
air stream. Temperatures close to the boiling point of
liquid nitrogen {-195 ©C) can be obtained, however it is
more adaptable for use between -10° andg -150 ©C.

Zero level pictures were taken of the {hkt} and {hkO}
reflections. Intensity pictures were taken of the first and
second layers of the (001) projection. The Laue symmetry
was found to be 2/m so that the crystal system is monoclinic.
The first setting given in the "International Tables for X-ray
Crystallography", Volume I (56), was taken as the basis for

indexing. The lattice constants were determined to be




Figure 44. Redesigned low temperature apparatus
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(0]

a = 14.21 A

b = 17.69 & Y = 91.40°
(o]

c = 7.87 A

The observed extinctions were

{hke} n+ 4 = 2n+1 .
Space Group Determination

The above extinctions correspond to a B centered
lattice so that the diffraction symbol is 2/m B~ . There
are three possible point groups in the monoclinic system;
C2, Cg, and cop- The corresponding space groups with diffrac-
tion symmetry 2/m B- are By, By, and B a/m. Since they all
have tne same diffraction symbol it is not possible to
distinguish between them by diffraction techniques. Although
the final test for the space group is the solution of the
structure, it is possible to use the intensity distribution
of the diffraction pattern as an aid in determining the spaééi'
group. For three-dimensional data a three-dimensional vector
map calculated from the relative intensities will often limit
the choice of space group (70). A second approach is through
a statistical study of the relative intensities.

The statistical method is completely valid only when

all points of the reciprocal lattice are used; however,
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satisfactory results can be obtained using only certain zones
in reciprocal space (71). It is necessary, however, that

(a) the number of crystallographically independent atoms is
large, (b) there is no "heavy" atom, and (c) the distribution
of atoms is random.

The distribution laws are (72)

(2112)1/2 exp (- %) dz

T P(z)dz

1

1 P(z)dz exp (-z) dz

where z is the intensity of each reflection divided by the
local average intensity. P(z)dz is the probability that z
lies between z and z + dz. 1 P(z)dz is the probability
function for centric distributions and 1 P(z)dz is the
probability function for acentric distributions. The most
common application of these functions is to plot the fraction
N(z) of reciprocal lattice points for which the normalized
intensity is less than z. The functions for this method have

been derived by Howell, Phillips and Rogers (71) and are

T 8z) = ert (1/2 2)Y/3

1 N(z) 1 - exp(-z) .

These two functions are shown as the curves 1P and 1P in
Figure 45a. This is the zero moment test.

More recently Ramachandran and Srinivason (73) and
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Figure 45. Results of zero-moment test for statistical
determination of the space group of

(CgH,) Mg-2(CyH, ,0)
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Srinivason (74) have suggested using the probability function
with the argument y = z!/2. 1In this case the probability

distributions are

1 Ply)dy = (2/17)1/2 exp (-y?/2)dy

1 P(y)dy 2y exp(~y2)dy

where y = z1/% = |F|//<I> = F/o . A practical application
of Ramachandran and Srinivason's equations is as follows.

The ratio of the number of reflections having a value of ¥y
between .5 and 1 to those having a value of y between .0 and
5 can be found by considering the ratio of probability
functions for these two regions. This value is N2/N1 = 1.96
for an acentric distribution and .776 for a centric distribu-
tion.

A problem not discussed by Ramachandran and
Srinivason is the treatment of the unobserved reflections.
In applying the zero moment test Howell, Phillips, and
Rogers (75) set the value of unobserved intensities equal to
zero. Wilson (76), however, has shown that for the same
sin 8 regions of the film the most probable value of the

structure factor is
F unobs = 1/2 F min centric

F unobs = 2/3 F min acentric,
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where F min corresponds to smallest observable values of |F|.
Giving the unobserved intensities a value of zero means the
statistical data are weighted toward a centric distribution.
The procedure used therefore was to set F unobs equal to 7/12
F min for the various sin 6 regions. While this is still not
exact from the statistical viewpoint, the difference of this
value from the most probable value will not be large and the
small amount of weighting now present will be equal for which-
ever distribution is present; centric slightly to acentric
and acentric to centric.

To apply these tests to distinguish between the space
groups B2, Bm, and B 2/m consider first the projection along
the unique axis (c). B2 and B 2/m both project into the two-
dimensional plane group P2, while Bm projects into Pl. The
intensity distribution of the {hkO} reflections should there-
fore be centric for B2 or B 2/m and acentric for Bm. The
{hkl} data would be expected to have an acentric distribution
for B2 or Bm and a centric distribution for B 2/m.

The curve for the {hkl} data for the zero moment
test is shown in Figure 45b. Except for the value for z = .1
the zero moment test indicates a centric distribution.
Furthermore the ratio of Ramachandran and Srinivasan, Nz/Nl’
was .8 which also corresponds to a centric distribution.

This indicates the space group is B 2/m.
The {hk0} data should show a centric distribution,
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however the curve in Figure 45a for the zero moment test

shows no resemblance to either an acentric or centric
distribution. Ramachandran and Srinivasan's ratio (73) is
.098 which does not correspond to the theoretical values of
.776 (centric) and 1.96 (acentric). The difficulty can be
found by an examination of the weighted reciprocal lattice
(Figure 46). The majority of {hkO}, k odd reflections are
weak or missing. This effect would be caused by an apparent
translation of 1/2 unit cell distance in the b direction
since the structure factor for the projection of two molecules

separated by b/2 is
F(hkO) = exp 2mi(hx + ky) + exp 2mi(hx + k(y + 1/2))
= exp 2mi(hx + ky)[1 + exp 2nmi k/2]
= 0 k odd |
= 2 exp 2ni(hx + ky) k even

It should be emphasized that the pseudosymmetry does not
require that each atom in the molecule repeat itself at a
distancergyz. All that is required is that the projected
electron density be approximately repeated.

The effects of pseudosymmetry on the statistical
distribution of intensities have been considered by Rogers

and Wilson (77) and by Herbstein and Schoening (78) for the




Figure 46.

e

{hk0} weighted reciprocal lattice for (C6H5)2Mg-2(CquOO). The
circle represents the distance from the origin in reciprocal
space at which the benzene transformation is expected.
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zero moment test. The experimental curve is not too
different from the tricentric triparallel distribution,
curve a, Figure 45a, or from the distribution for a centro-
symmetric motif in a centrosymmetric arrangement, curve b in
Figure 45a.

In summary, the statistical results imply that the
space group is B 2/m with a pseudo molecular translation of

b/2 in the (001) projection.

Packing Considerations

The volume of the unit cell of diphenylmagnesium-
dietherate is 1978 cubic angstroms. Using the volume incre-
ments given in Table 27, the molecular volume is 321.3 X and
the packing coefficient k = E¥Q is +65 for Z = 4. According
to Kitaigorodskii (55) this is a quite reasonable value for
this type of compound.

A second indication that there are four molecules in
the unit cell is from density considerations. The density
measured above was 1.10 * .07 gms/cm3. The calculated
density for four molecules of diphenylmagnesiumdietherate
and a unit cell volume of 1978 &° is 1.095 gms/cm3.

Kitaigorodskii (55) has made an analysis of the space
groups allowing closest packing for organic molecules. Bm is
permissible for molecules in special positions with symmetry

me B2 is permissible for molecules in general positions and



218

for molecules in special positions with symmetry 2. B 2/m
gives limited closest packing for molecules in special
positions and with symmetry 2/m. From the considerations
given below for the molecular configuration, it is unlikely
the molecules possess m or 2/m symmetry. These results imply

the space group B2.
Molecular Configuration

If a tetrahedral configuration is assumed about the
magnesium atom the phenyl groups are not completely free to
rotate due to steric effects from the ortho hydrogens. The
covalent tetrahedral radii of the magnesium atom is 1.40 and
the covalent radii for carbon is .77 so that as a first
approximation one expects a Mg-C distance of 2.17 3. The
phenyl C-H distance may be taken as 1.03 X. If tetrahedral
angles are assumed, the ortho phenyl hydrogens lie on a
circle as the benzene ring is rotated about the carbon-

magnesium bond. The radius of the circle is
o
R = (dgc.c * dc-y) cos 30° = 2.154 .

The center of the circle is at a distance p from the

magnesium atom where
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P = demg + dg_g cos 60° - dg_y cos 60°

2.17 + (1.4 - 1.08) cos 60°
(o]
= 2.33 A

When the phenyl groups lie in the plane of the C-lig-C
bond, the distance of the ortho hydrogen atom from the plane
bisecting the C-Mg-C bond is given by

D p sin 54© L4' - R cos 54° uut

= .67 %

The Van der Waal's radius of the hydrogen atom is 1.17 *

0.02 (Kitaigorodskii (55)) so that there would be considerable
steric interaction if the rings were planar. Let § be the
value of the rotation angle of the phenyl groups as measured
from the position in which they are mutually planar. If one
assumes a two fold axis bisecting the C-Mg-~C angle, one can
determine the value of ¢ for which the separation of the
ortho-hydrogens is equal to the Van der Waal's diameter of

hydrogen. t is found from

D¢ = (p sin 54° 44" -~ B cos ¥ cos 549 b4')2 4+ B2 gin? ¥
2 _ 2 2
(1.17) (1.90 = 1.22 cos )< + 4.62 sin“ ¥
D = distance of the ortho hydrogens from the two-fold axis

through the central axis
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0
) 2.33 A (see above)

R

2.15 2 (see above)

The above reduces to a quadratic in cos § and gives ¥ = 24° .
If the phenyl rings are rotated 90° so that they are

now perpendicular to the plane of the C-lMg bonds, the distance

of the ortho hydrogen atoms from each other is given by
2 p sin 540 44' = (4.66)(.816) = 3.80 % .

There is therefore no reason as far as the ortho hydrogen
interactions are concerned why the phenyl groups cannot be
perpendicular to the C-HMg-C bond.

It would be necessary to know the configuration of
the ether groups and the intermolecular interactions to
predict even approximately the complete molecular configura-

tion.
Nuclear Magnetic Resonance Results

Nuclear magnetic resonance studies were made on
diphenylmagnesium tc check the empirical ratio of one phenyl
to one ether molecule and to determine if this method of
analysis would give information regarding the structure of
the molecular species present in solution. Since the material
is a liquid at room temperature, it was possible to obtain

high NMR resolution spectra (Figure 7).
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Diphenylmagnesiumdietherate was prepared as described
previously by heating diphenylmercury and magnesium together,
washing with benzene, filtering and transferring to the
container sketched in Figure 28 with the x-ray capillaries
replaced by NMR sample tubes. The same difficulties in
obtalning a concentration of two moles of ether per mole of
diphenylmagnesium and sealing off the tubes in the presence
of ether vapor were encountered and dealt with as described
in the preparation of phenylmagnesiumbromide. The sample
containers were commercially constructed, thin walled tubes.
They were sealed off at a length of 4=1/2 to 5 inches and
contained about 1-1/4 inch of reagent. The experimental
runs were made by Dr. BR. W. King¥ on a Varian HR60 spectrom-
eter.

The chemical shift concept together with the
integrated intensities (Figure 47) explains the large peaks
in the spectra (Figure 48). Experimentally it is found that
the resonance frequencies for the CHB-’ -CHy-, and C6H5—

hydrogens generally are in the order

This is also their order of electronic shielding. An

interesting exception to this 1s the case of the metal alkyls

¥King, R. W. Department of Chemistry, Iowa State
University, Ames, Iowa. (06H5)2Mg-2(c H 0). Private
communication. 1962.
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Integrated peak intensities of nuclear magnetic
resonance spectra of (°6H5)2"g’2(cuﬂ1o°)' The

values of the integrated intensities (horizontal
axis) are indicated at the particular magnetic

field value (vertical axis) the measurement was

made.
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Figure 48. Nuclear magnetic resonance spectra of (C6H5) Mg-2(CyHy(0)
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Pb(CzHS)u and A101(02H5)2 where the methylene shifts are
equal to and greater than the methyl shifts (52). The
assignment of E to CH3-’ D to ~CHz=- and B and C to C6H5-

is confirmed by the integrated intensities given in Figure
47. The number of the various chemically different hydrogens
for (CgHg) Mg2(CyH)0) is given in Table 37.

Table 37. Number of chemically different hydrogens

(C6H5)2Mg~2(CuH100)
Proton species Total number
CH - 12
3
~CH,- 8
meta + para 06H5- 6
ortho CéHj' L

The ratio observed for D to E is 20.1 to 29.6 or .68. This
agrees with the methylene to methyl hydrogen ratio of .67.
The ratio of ether hydrogens to phenyl hydrogens is 2 to 1.
The ratio of peaks B and C to D and E is 49.6 to 20.6 or

2.4 to 1. The ratio for a second sample was 2.8 to 1. The
error of determination is two per cent. The results support
the formula (C6H5)2Mg~2(CuH100) but do not exclude lesser
amounts of ether. The fact that there are two types of phenyl

carbons is to be expected for a strongly electropositive
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substituted phenyl group

where to a first order the chemical environment of carbons
2, 3, and 4 and carbons 1 and 5 are different. Furthermore
a magnesium atom would lower the shielding and hence the field
for the ortho hydrogens and increase the shielding at the meta
protons so that the ortho hydrogen resonance frequency is
expected to be less than that of the meta or para resonance
frequency. This is observed to be the case as the ratio of
integrated intensities for C to B is 12.55 to 8.05 or 1.56 to
1 which compares with the theoretical 1.5 to 1 meta-para to
ortno ratio.

The fine splitting of the peaks arises from the
interaction of the magnetic field of one group with that in
neighboring groups. The ethyl group interactions have been

treated theoretically by Anderson (79) using third order



226

perturbation theory. To first order one predicts the
methylene resonance line to be split into four peaks with
intensities in the ratio 1:3:3:1 and the methyl resonance
line to be split into three peaks with intensities in the
ratio of 1:2:1. This agrees well with peaks d and e in
Figure 48.

There are four main types of spin coupling which need

to be considered for the phenyl groups: JAlBl' JAlc’ JBIC’

C
(Ap) He_ /\ H (A7)

(By) H/ \ ~ (B;)
|

H
(C)

and J .

AxBy

To a first order approximation JAZBl and JAlC can be
neglected and Jy p, 35JBIC. This is equivalent to the assump-
tion that the meta-para hydrogens form one equivalent group
of three and the ortho hydrogens an equivalent group of two.
The spectra should then be similar to that of the ethyl group

with four lines for the ortho hydrogen resonance with intensi-
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ties 1:2:1. This is approximately the case for the degree

of resolution observed, although it is possible to detect the

presence of further splitting for the meta-para hydrogen.

These lines would be first the chemical shift of the meta

and para protons and then the superposition of each group's

interaction with the ortho protons. As for the ether mole-
cule, all phenyl groups are equivalent on a time-average
basis.

The relative positions of the meta-para and ortho
peaks indicate the presence of a strong electropositive
substituent. Figure 49 shows the effect of an electron with-
drawing group in monosubstituted benzenes (80).

The results obtained from the NMR spectra of diphenyl-
magnesium can be summarized as follows:

1. The integrated intensities indicate a ratio of one phenyl
to one dietherate group.

2. The phenyl group is attached to a strong electropositive
atom and exists in a constant time averaged environment.
The ethyl group is attached tc a strongly electronegative
atom and also "sees" a uniform environment. This means,
for example, all the methyl protons are equivalent.

3. In spite of the fact that there is not a stoichiometric
amount of ether present, all ether groups are in the same
average environment. There is no way to distinguish an

ether of coordination from one of solution. Chemically
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there must be a rapid exchange of ether molecules.
Data Processing

The data as collected from the precession camera were
corrected for the motion of the crystal in the x-ray beam and
the polarization of the diffracted beam. This correction has
been discussed for the two-dimensional data for phenylmagnesium
bromide. The same IBM 704 film data correction program was
used as before. The unscaled observed structure factors are
listed in Table 38.

The output of the above program was used as input for
an IBM 704 program, Tescen, which was written to perform the
calculations for statistical tests for space group determina-
tion and also to give an estimation of the scale and tempera-
ture factor to be used for the data. This latter is calculated
by Wilson's method (72) from a plot of

<E(hke)> 2 o

1n 2 versus sin
<g(rj®)<>

<E(hkt)> is the average observed intensity, <2(fj°)2> is the
average of the sum of the squares of the atomic scattering
factors, and 26 is the Bragg diffraction angle. The averaging
is over the intensities for a small range of sin? 8. The

relation involved is
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Table 38. Unscaled® observed structure factors
(CgHg) 2Mg+2(CyH100)  {hk0} and {nkl} data

Beflection Fops Beflection Fops Beflection Fopg
h k 4 h k A h k 4
o1 oz -3 3 1 39 -3 5 1 12
0 0 62 3 3 1 21 3 5 1 33
5 0 1 18 -4 3 0 22 -5 5 1 38
& 0 0 17 -5 3 1 15 5 5 1 25
8 0 0 52 5 3 1l 11 -6 5 0 17
9 O 1 9 -6 3 0 18 -7 5 1 17
10 0 0 19 -7 3 1 11 7 5 1 16
4 0 0 13 7 3 1 35 -9 5 1 12
-3 1 1 162 9 3 1 30 9 5 1 29
31 1 24 11 3 1 i3 11 5 1 12
-5 1 1 45 o 4 0 13 o 6 0 53
5 1 1 17 -1 L 1 62 -1 6 1 36
-7 1 1 24 1 b 1 49 1 6 1 36
7 1 1 9 2 L 0 60 2 6 0 28
-9 1 1 13 -2 4 0 105 -2 6 0 114
9 1 1 17 -3 4 1 21 -3 6 1 32
2 2 0 171 3 4 1 30 3 6 1 24
-3 2 1 104 L 4 o0 109 L ¢ 0 54
3 2 1 130 -4 4 0 4 -4 6 o 28
-k 2 0o 103 -5 4 1 14 -5 6 1 18
-5 2 1 13 5 L 1 32 5 6 1 26
5 2 1 22 -6 4 0 31 6 6 0 26
-6 2 0 25 -7 4 1 37 -6 6 0 30
-7 2 1l 13 7 L 1 10 -7 6 1 9
7 2 1 22 8 L 0 22 7 6 1 10
8 2 0 36 -8 4 o 27 8 6 0 27
-8 2 0 29 -9 4 1 13 -8 6 0 26
-9 2 1 11 9 L 1 11 10 6 0 15
10 2 0 14 10 i 0 18 ~10 6 0 26
11 2 1l 11 11 4 1 14 12 6 0 18
12 2 0 26 -12 L 0 10 -1 7 1 14
-12 2 0 13 14 L 0 17 1 7 1 15
16 2 0 14 -14 L 0 17 3 7 1 16
-1 3 1 108 -1 5 1l 18 -5 7 1 43
1 3 1 17 1 5 1 28 5 7 1 10
aThe scale factors for this data set (Fopg = k Fealc)

are about 2.00 for {hkO} and 1.25 for {hkl}.
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Beflection F Reflection F Beflection F
m m ) obs ™ ” ) obs ” " n obs
-6 7 0 13 -5 10 1 10 -3 15 1 12
-7 7 1 11 6 10 0 16 0 16 0 23
-9 7 1 15 -6 10 0 36 2 16 0 19
0O 8 0 61 =8 10 0 16 -2 16 0 14
-1 8 1 21 -10 10 0 37 4 16 0 13
1 8 1 24 -12 10 0 18 <4 16 0 12
2 8 0 48 -1 11 1 10 6 16 0 14
~2 8 0 28 1 11 1l 18 -6 16 0 12
-3 8 1l 10 3 11 1 10 10 16 0 15
3 8 1l 8 5 11 1l 10 0o 18 0 34
L 8 0 29 =7 11 1 17 2 18 0 20
-l 8 0 65 -9 11 1l 13 -2 18 0 14
-5 8 1l 20 0 12 0 22 L 18 0 18
5 8 1 11 =1 12 1l 9 -6 18 0 15
-6 8 0 s 1 12 1 11 0 22 0 12
-7 8 1 20 2 12 0 26 0 24 0 11
-8 8 0 26 -2 12 0 22
-9 8 1l 13 L 12 0 18
10 8 0 17 -4 12 0 20
-10 8 0 23 -5 12 1 12
-12 8 0 11 6 12 0 23
-1 9 1 17 10 12 0 18
1 9 1l 25 =12 12 0 28
-3 9 1 14 -3 13 1 12
-5 9 1 19 3 13 1 13
-6 9 0 15 -5 13 1l 19
-7 9 1 12 0 14 0 25
0 10 0 17 -1 14 1 1l
-1 10 1 11 1 14 1 10
1 10 1 9 2 14 0 16
2 10 0 22 -2 14 0 16
-2 10 0 45 L 14 0 15
-2 10 1 16 =4 14 0 21
10 0 42 -6 14 0 13
=4 10 0 51 -10 14 0 24
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1n 5£fbk§%§- = (-2B/A%) sin® 6 + 1n K
<g(rj%)%>

so that the slope of the resulting straight line is -2B/A%
and the intercept is 1ln K. B is the Debye~Waller temperature
factor, A the wavelength of the radiation used and K the

scale factor defined by
E(hkt) = K|F(hke)|?

The results for the {hk0} and {hkl} data are shown
in Figure 50. The points were fitted by least squares. For
{hk0} data, B = 3.80, K = .272. For {hkl} data, B = 5.2,
K= .075.

Vector Maps

For B centered monoclinic systems the vector map
has B 2/m symmetry. The Patterson function for the [001]

zone was derived to be as follows:

L J «
p(uv0) = &= I T {|F(0k0)|? cos 2m(hu + kv)
¢ n=1 k=1

+ |F(nk0)|? cos 2m(hu - kv)}

+ éL' I |F(h00)]? cos 2nmhu
Ve pm ,
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Figure 50. Determination of absolute scale and average
temperature factor for {hk0} and {hkl} data
for (C6H5)2Mg-2(CuH100)
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[}
+ ;}'— T |F(0k0)|2 cos 2nkv .
¢ k=1

|F(hko) |2 = |F(nko)|?

A Patterson projection onto the (001) plane was
calculated by means of the "MIFR 1" program for the 704. The
vector map obtained is shown in Figure 51. Because of the B
centering it is only necessary to consider one-half the unit
cell in the a direction. The two-fold axis at a/k in
projection permits the consideration of only one-half the
unit cell in the h direction. The vectors for this projection

are derived in Table 39 for the plane group P2.

Table 39. Analysis of coordinates and vector distances for
the plane group P2

Opera- Axis 1loca- Coor=- General vectors Special
tion tion dinates P2 : 2c vectors
1 - —— XYy X3 = %X ¥y -V, 00

X1 + x5 ¥ + Yo 2x2y

I
|

2 001 000

The space group coordinates (x', y') are related to the plane

group coordinates (x, y) by

x. = 2x y' = y



Figure 51. (001) Patterson projection for (C6H5)2Mg-2(C4H100)
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Note that in the plane group the translation distance is one
unit cell. Table 38 is equally valid for space groups BZ2 and
B 2/m, the only difference being the multiplicity of the
vectors. The large peaks at y = 1/2 reflect the observation
that {hk0}, k odd reflections are weak or missing. They
correspond to atoms-gyz from each other. The large diffuse
peak in the [110] direction is about 3.4 X from the origin.
Bough intensity data were available from one timed exposure
of {hht} data. These data were judged using the {hh0} reflec-
tions of the (001) projection as reference reflections. The
observed intensities are listed in Table 40. The Patterson

was computed as a two-dimensional projection by using the

transformations
'ﬁk* = ’31* +'%i* cos Y2* = ,6938
Bp* = By* Yo* = 500 147
Tk = G laz*| = .0916
|o*| = .0566
|5*] = .o704

Since the Miller indices transform as the real space vectors,
it is necessary to determine this transformation matrix. If

these are of the fornm
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Table 40. (CgHg)oMg-2(CyH;o0) {nhht} intensities (uncorrected)
precession data, g = 20°

Reflectiong
hy ky 4 h, ko 45 I(uncorrected)
2 2 0 2 0 0 547
by 4 0 by 0 0 113
6 6 0 6 0 0 L
1 1 1 1 0 1 10
3 3 1 3 0 1 5
5 5 1 5 0 1 9
2 2 2 2 0 2 16
b b 2 b 0 2 3
6 6 2 6 0 2 by
8 8 2 8 0 2 3
10 10 2 10 0 2 3
1 1 3 1 0 3 1
3 3 3 3 0 3 9
5 5 3 5 0 3 7
7 7 3 7 0 3 b
9 9 3 9 0 3 3
0 0 L 0 0 4 133
2 2 4 2 0 4 9
4 i b 4 0 b 7
6 6 L 6 0 L 1
5 5 5 5 0 5 3
7 7 7 7 0 7 3

— — —D —
az = s13 8 *s;zb ts30¢
— _ — —a —
by = 8y 8 ¥ 55 by Fspgcg
-

= . + o + =
02 = 331 al 332 b‘L 833 <1



we have
a8y % =8y = 1 Bya* = sy = -l Gt - Sq1 T
BByt = s, 70 BB esy, t 1 G byR s sg,
7;2°cl* = 834 < 0 ‘Séféi* = 834 T 0 -22531* = 894 T

This corresponds to a rotation about the z axis and

(010) projection. The corresponding Patterson function is

p(UOW) = 2 ® = [F(hot)]? cos 2nhu cos 2miw
h=1 ¢=1

+ 3§ |F(noe)|? cos 2mhu
h=1

+ ; [F(002)]? cos 2mtw .
h=1
There were only 22 observable reflections in this zone, so
the Patterson peaks (Figure 52) are quite diffuse. The
extinctions for this zone are h, + ¢, = 2n + 1, so that the
lattice is still B centered. The plane group projection

symmetry is bmm with
X, = X, z, = Z 3

where x5', z2' are the transformed space group coordinates.



Figure 52. {hht} Patterson projection for (C6H5)2Mg-2(041—1100)- Projection was

1
calculated as (010). The transformed directions (for 010) are Z2
1/2 x 1/2 of the unit cell is shown. xé L\}
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x2' and z2' are related to the original unit cell coordinates

by
- ' 4+ '
) X I1
y2| = yll
| ] = ]
22 Zl .

The vectors for this projection are derived in Table 41 for
the plane group bpy. From Table 41 the most prominent vectors
between equivalent atoms should be at 0, 0 and 1/2, 1/2 with
a multiplicity of 12. The next most intense peaks fall at

2x 0, 0 2z, 1/2 + 2x 1/2, and 1/2 1/2 + 2z all with a
multiplicity of 2. The remaining vectors have a multiplicity
of 1.

With the data available two more vector maps are of
possible value. Consider the generalized projection (81, 82)
defined by

1

Prlu,v) = {)cP(uvw) exp 2ni Lw dw

where L is some particular value of the Miller indice 4.

This reduces to

™

T |F(hkL)| exp 2ni (hu + kv)

Prlu,v) =



Table 41. Analysis of coordinates and vector distances for the plane group bmm

T

General 8(f)

Operation Axis Location Coordinates vectors:cmm Special vectors
1 - - x z Xy = Xy z, = 2} 8(a) 0 0
my - 0,0 x z X, + X z, = 2, 4(d) 2x 0
my - 0,0 X z X, = X z, + 2z, 4(e) 0 2z
2 010 0,0 x z X, + X 2, + 2, 8 (£) 2x 22
2 010 a/4,c/4 ¥-x -2 X+ x, + %, % + z, T 2z 8(£f) ¥4+ 2x ¥+ 2
g 001 a/4 ¥-x X4 2z %-sz-l-xl %+z2-zl 4(d) ¥+ 2x %
g 100 c/b 5+tx % -2z 35-lx2-x1 35+z2+zl 4(e) > ¥ + 2z
b - - X4+ x 5+ z %+x2-x1 5.<+zz--zl 2(a) X x

£E42



244

where s is the area of the projection. For monoclinic

structures and {hkl} data this reduces to

Py{uv) = II |F(hx1)]? cos 2m(hu + kv)
hk

Curtis and Pasternak (83) have shown that if the weighting
function of the zero level projection is 1 + cos 2nz, the

corresponding function is

Py'(uv) = I { |F(nk0) |2 + |F(hk1)|2 }cos 2n(hu + kv)
hk

for the monoclinic case. The Patterson maps for Pl(uv) and
Pl'(uv) are shown in Figures 53 and 54. The symmetry of the
vector space P, (uv) is that of P(uv) if the absolute value
of the peaks are taken. The symmetry of P,'(uv) is changed,
however, to P 2/m. This necessitates the calculation of a
full unit cell in the & direction.

No consistent interpretation of the above vector maps
was found. Part of the difficulty in interpretation is in
the profusity of inter-~ and intramolecular benzene carbon-
carbon interactions. Because of this and the fact that there
is not much difference between the amounts of scattering
produced by the various atoms, it is difficult to identify
any one vector interaction. An additional factor is the

-
pseudo translation of b/2 which can also be expected to



Figure 53. {hkl} Patterson projection for
(C6H5)2Mg-2(CuH100). Dotted lines
indicate negative peaks. Coordinates

%i . 1/2 by 1/2 of unit cell is
y

shown.
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Figure 54. Patterson projection for (06H5)2M8'2(043100)
using (]F(hk0)|? + |F(hk1)|?) as coefficients
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produce superposition of vectors. It would be hoped that
the greater resolution available with three dimensional data
would permit easier interpretation of the three-dimensional

vector map.
Least Squares Analysis and Electron Density Projections

Out of a great number of models tried the best
agreement for {hk0} data was obtained by including only

magnesium atoms at 00 and 0 1/2. The agreement factor

g = ElFl - IFcl|
L7,

was 39%. Since all the signs of the structure factors are
positive for these positions, the resulting Fourier map had
the same features as the Patterson vector map (Figure 17).
Several models were also tried using only the 15 strongest
{hk0} reflections. The magnesium atom model gave R = 19%.

The only parameter involved is the scale factor.
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06H5MgBr-n(CuH80)

Tetrahydrofuran has some desirable features as a
solvent for the Grignard reagent. It has a boiling point of
65° C as compared to the highly volatile diethylether which
has a boiling point of 34.6° C. This greatly lessens experi-
mental problems such as sealing capillaries and variation of
pressure in a closed system. It is also a more pleasant
molecule from the crystallographic viewpoint since it has

the fixed geometric configuration shown below.

H Q\\\\ _Hp

2

Hamelin and Gaypiron (84) measured the solubility of
the Grignard reagent, ethylmagnesiumbromide, at room tempera-
ture in various solvents. They found that a "mixed" compound
crystallized out of solution and that the comﬁositién of the
compound was a function of the solvent used. They measured
the "basic® magnesium, Mgy, by titrating with water and then
acid to determine the amount of RoMg present. They then
measured the amount of "salt-like" magnesium, Mgy presumably

as MgX,, by treating with silver nitrate. They characterized
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the compound which precipitated out of solution by the
ratio [Mggl/[Mgp]. Their results are given in Table 42.

Table 42, Hamelin and Gaypiron's study of the CZH MgBr
in various solvents

Solvent Solubility (Mg ] No. moles
= LEtMgBr] - solvent/mg
[solvent] F &bl
CeHg insoluble e ———
(IPr),0 .14 1.25 1.23
Et,0 .71 1.08 1.23
Buy0 .92 1.51 0.57
TI’E 012 20“’0 4’9
Dioxane .00 > 10 o

The most interesting aspect of these results is the apparent
variation of composition of the species in solution with the
type of solvent used. The second boint is the high degree

of solvation attained by magnesium in tetrahydrofuran. Water
has a solvation number of six about the magnesium atom and

it 1s quite reasonable to expect that the tetrahydrofuran
would be capable of a higher degree of association than the

less basic diethylether.
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Several preparations of phenylmagnesiumbromide in
tetrahydrofuran were carried out. It was observed that the
Grignard reagent or perhaps a magnesiumbromide solvate
apparently crystallized out of tetrahydrofuran as soon as
the solution in which it was prepared cooled to room tempera-
ture. An interesting effect was that the material could be
redissolved but that once in solution again would not crystal-
lize nearly as readily the second time. The solution gave a
positive Gilman's test both before and after the crystals
were redissolved. No quantitative analyses were carried out
on these crystals.

By heating the tetrahydrofuran solution of the
Grignard reagent to approximately the boiling point of the
tetrahydrofuran and evaporating the reagent through a very
small opening, beautiful, transparent, rectangular, rod-
shaped crystals were obtained. The crystals had a density
of approximately 1.5 gms/cm3. The lattice constants as

determined by x-ray diffraction were

()

a = 8.05 A
[0}

b = 9.89 A B = 95°% 20
o}

c = 20.73 A

The only extinctions observed were {hO4}, £ = 2n + 1, indi-
‘cating an apparent space group of Pc or P 2/c (2nd setting).

Gilman's test indicated that the material was not a true
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organometallic. Since the preparation of this material

followed that of the basic magnesium salt prepared from a
pPhenylmagnesiumbromide solution of diethylether it seems
not unlikely that the material is a more highly solvated

version of the etherated compound.
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SUMMARY

Structural investigations of the solvated compounds
Mgy BrgO-4(CyH;30) and 06H5MgBr°2(C4H100) were undertaken by
means of x-ray diffraction techniques. In addition, initial
structural studies were made on (CgHg)oMg-2(CyH100) and the
space group and lattice constants were determined for an
oxy salt of the Grignard reagent solvated with tetrahydrofuran.
Mg, Brg0-4(CyHy 50) was found to possess tetragonal
symmetry; the lattice constants based on a primitive unit

cell are:
o
a = b = 10.68 A
c = 15-34 X .

There are two MgyBrgO-4(CyH;o0) species per unit cell.
Systematic absences indicated the space group Pﬂélc.

The structural analysis proceeded through a complete
three~-dimensional Fourier. The bromine atoms form an octa-
hedron approximately 4.5 angstroms on an edge about the origin
with the magnesium atoms in alternating faces of the octa-
hedron, forming a tetrahedron of magnesium atoms. The mag-
nesiums are five=fold coordinated to three bromines, a "basic”
oxygen atom at the origin, and to an ether group packed'
against the face of the'bromine octahedron. The only model
compatible with the Fourier and least squares analysis and

with packing considerations involves a disordered structure
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in which the ether carbons can be packed in three equivalent
ways against the faces of the octahedron formed by the
bromine atoms. Packing considerations strongly imply that
the ether oxygens are trigonally coordinated to the magnesium
atom and that only two of the three possible ether orientations
are utilized in the crystal.

CgHsMgBr-2(CyHy90), a liquid at room temperature,
was isolated by successive recrystallizations at low tempera-
tures. The lattice constants for this orthorhombic system

were found to be

o
a = 12.25 A
(o]
b = 12.81 A
@]
(o] = 11002 A hd

The space group was uniquely determined to be lezlzl, and the
Oobserved density and chemical analysis both suggested 4 mole-
cules of CgHgMgBr-2(CyH;0) per unit cell. Three-dimensional
Patterson and two-dimensional Fourier analyses revealed that
the basic molecular unit consisted of the phenyl group, the
ether oxygens, and the bromine atom tetrahedrally coordinated
to a single~magnesium atom. There was no evidence of inter-
molecular interaction between the monomeric molecules of
CgHsligBr-2(CyHy 00). Because of experimental difficulties in
obtaining the data the carbon positions were not located by
least squares refinement. Three-~-dimensional Fourier results

implied, however, that the ether molecules are tetrahedrally
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coordinated to the magnesium atom, although additional three-
dimensional work will be needed to confirm the structural
aspects relating to the carbon atoms. Since the magnesium=
magnesium, magnesium-bromine, and bromine~bromine distances
eliminate the possibility of RpMg.lMgX, type structures in
the crystal, it would be surprising if recent proposals
which disregarded the presence ¢t the molecular species
BMgX+2ether in solution are correct.

(C6H5)2Mg-2(cquoo) has monoclinic symmetry and
lattice constants (lst setting) of

a = 14.21 &
17.69 Y = 910 24
c = 7.87 R o

b

The observed extinctions
{hke} h+ L =2n+1
gave possible space groups of B2, B 2/m, or Bm. The ratio
of ether groups to phenyl groups of one to one was confirmed
by nuclear magnetic resonance studies. Density measurements
made on the NMR samples gave g = 1.09 gms/cm3. This cor-
responds to four molecules of (C6H5)2Mg-2(CuH100) per unit
cell. Intensity data were taken of {hkO} and {hkl} reflec-
tions. No structural interpretation was found for these data.
The lattice constants and space group of a salt
obtained by the oxidation of a solution of phenylmagnesium

bromide in tetrahydrofuran were determined by x-ray technigues.
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The lattice constants obtained (2nd setting) were

o)

a = 8.05A

b = 9.89 X B = 950 20"
c = 20.73 X .

The only extinctions were {hOt} ¢ = 2n + 1 implying a space
group of Pc or P 2/c.
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