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CHAPTER I

INTRODUCTION

A. Objective

The use of high pressure to study the physical properties
of materials is not new, for during the nineteenth century the range
of pressures available in the laboratory was extended to a few
thousand atmospheres, but studies were mainly centered on the
physical properties of substances. Even today it is probably fair
to state that at least 99 percent of all chemical reaction systems
which have been investigated have been studied at atmospheric
pressuré or less. Of fhose which have been studied at high pres-
sures, there are relatively few in which the pressure has exceeded
500 atmospheres. Therefore, a whole new area of high pressure
chemistry remains to be explored since many chemical reactions
which either do not occur at atmospheric pressﬁre, proceed ex- .
tremely slowly, or give very small yields, proceed rapidly and
give good yields when conducted at elevated pressures.

The primary objective of this research was to conduct selected

inorganic and organometallic reactions at high pressures and temperature

1
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fanging from 0° to 600°. Much of the fesearch was originallj explora-
tory in nature but was expected to show the advantages of high pressure
techniques on reactions with a gas because the increase in pressure was
capable of producing a shift in the chemical equilibrium in a desired
direction and increasing the rate at which equilibrium was obtained fof
previously unreported reactions. An examination of the similarities
and differences between the proposed products was expected to further
enhance the understanding of the factors involved in their chemistry.
The systems will be described with respect to chemical reactions as
well as a description of the conditions required for reaction. The
necessary reaction conditions can most eaéily be expressed with a graph
(Figure 1) which describes areas of reaction and nonreaction. Reactions
do not simply take place as an on/off process; however,if for a uniform
time the temperature/pressure conditions to obtain a uniform (i.e.,
10?) amount of reaction are compared, a meaningful representation of

the pressure relationship can normally be obtained.

B. High Pressures

1. General Considefations: High pressure chemistry is a recently
emerging research field and a large collection of scientific data is
being assembled by a relatively small group of workers. Much of the
chemical work has been conducted at pressures not significantly greater
than one atmosphere but these studies have also shown that the use of high
pressure techniques can be of considerable benefit to many problems
in the study of chemical reactions, équilibria, synthetic chemistry

and theoretical chemistry. High preesure can greatly alter the chemical
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reactivity. Forcing the molecules of gases or liquids closer together
strongly accelerates reactions; produces large shifts in equilibria;
changes the balance between competing processes; modifies the structure
of compléx products; and makes possible the synthesis of compietely

new substances, unobtainable at normal pressures.

It has been shown that the rate of bimolecular processes in
aqueous solution can be increased or decreased by application of ex-
ternal pressure, and the logarithm of the velocity constant;at con-
stant temperaﬁure varied linearly with pressure up to approximately
500 atmospheres. Other general effects of pressure are the enhance-
ment of the catalytic effect of weak acids and bases, acceleration
of ionic and radical polymerization, and overcoming of steric hindrances
to chemical reactions.l™ |

One'important reason for the lack of more high pressure data
is the additional experimental problems which are encountered. Greater
efforts are usually needed to gain meaningful measurements on com-
pressed samples. Commercial equipment is now more readil& available.
for the lower range of pressure but much of‘it is still fairly expensive.

The following discussion is limited to pressures below 10,000
atmospheres since that is the region utilized in this research-and
since mass-action effects are rapidly diminiéhed in magnitude per unit
increase in pressure above the 2 kbar region. In this region gases
approach the density of liquids and become less compressible. Several
reviews and articles are available which offer more det:a:Lls.l'-7

To specify the state of a pure liquid or gas, the mass of the

substance and then any two of three additional variables, pressure P,
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volume V, and the temperature T must be specified. Pressure is a
thermodynamic intensity factor whose common units are listed in Table
1. On a macroscopic level pressure is a stress that is uniform in

all directions and can be defined as force (F) pér unit area (A).8
P = F/A ‘ (1)

According to the Kinetic Theory of Gases this concept is expressed as

the force over .the entire surface of a vessel resulting from the rate

of exchange of momentum of molecules with this surface. The basis for

elastic collisions is the mutual repulsion of the electron clouds

of two impinging, non-bonding molecules iﬁ close préxiﬁity. In the more

condensed states, i.e., liquids, solidé or highly compressed gases,

pressure is provided by mutual repulsion of like charges per unit area

and the individual molecules may or may not have significant momentum.
The modern terminology on pressure varies depending on

what type of phenomenon is being studied and in what type of labora-

tory it is being used. In these discussions the term vacuum will be

used when referring to pressures below 1 atm; low pressure will designate

the region between 1 and 50 atm; moderate pressure will be used

for pressures from 50 to 250 atm; and high pressure will defing theA

region from 250 to 104 atm.

2. High Pressure Equipment: The uses of pressure in the labora-
tory is greatly affected by the apparatus and method used to generate
it. The types of equipment can be placed into four general groups:
shock, Bridgman anvil, multiple anvil, and piston-cylinder

devices.,



6
TABLE 1
Standard Pressure Units
1 atm = 76.00 cm Hg (the defined standard atmosphere)
1l atm = 1,01325 x 106 dynes cm.-2
1 bar = 10° dyne en™2 = 0.9869 atm

1 millibar - 10° bar = 10° dynes cm >

1 kilobar = 103 bars
-2 6 -2 .
1kgem ™ = 0.980665 x 10 dyne cm
1 N.'m.-2 = 10 dyne cm.-2 (a newton per square meter is the S.I. unit

of pressure)

1 millimeter Hg (mm Hg) = 1 torr
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Much of the work on solid samples was done by Bridgmang-11
using a pair of cylindrical pistons which were forced together'by a
hydraulic press. Such devices are commonly referred to as'Bridgman
anvils.

The piston-cylinder method, which was used in this research,
was one of the earliest type of high pressure devices. The simplest
method for fluids, gas or liquid, consists of completely filling and
sealing a vessel or "bomb" below the desired final temperature, and
then heating it. If the final temperature is above the critical point
of one of the components, a large internal pressure (about 2 kbar
maximum) can be generated. The pressure can be adjusted by control of
the temperature and starting mass. The true piston-cylinder apparatus
consists of a cylinder sealed at one end with a movable piston at the
other. The fluid is placed in the cylinder and reduced in volume by
driving the piston into the container. Intensification of the pressure
is obtained by driving a large piston with the primary pressure. The
large piston is connected to a smaller piston in a secondary cylinder.
The upper pressure limit is determined by the ratio of internal to ex-
ternal radii of all cylinders containing the préssure and the strength
of ma;erial used in construction.

One frequently used design of pump fér the piston-cylinder uses
hydraulic oil to drive the large piston and the smaller piston reduces
compressed gases. While the cylinder can be "heat treated" or supported
by additional supporting layers, the piston cannot be supported at the
cylinder. Hamann® and Comings'> have detailed the mathematical formula-

tion for maximum pressure of a thick cylindrical vessel. They can be
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written in the form of an equation

2
P =g i;_:_ll_ (2)
max u AK +(2"‘A) )

where K = the outside to inside diameters
A = a constant which depends on initial assumptions of stress
distribution

o, = ultimate tensile strength

3. The Effect of Pressure Upon Simple Types of Equilibrium:
a. Gas Reactions: Any discussion on chemical equilibrium
under pressure should certainly begin witﬂ a mixture of ideal gases. The
perfect gas, or the ideal gas, is an invented substance, defined by cer-
tain properties which are not possessed by any actual substance but
which are supposed to be approached by every actual gas as its pfessure
is indefinitely diminished. The properties of such gases conform to

the ideal equation of state
PV = nRT (3)

This equation can be applied to real gases as a good approx-

imation only at low pressures or at sufficiently high temperatures.
The thermodynamic potential, or difference in free energy of

a perfect gas between two pressures, at constant temperature is given

for one mole by the equation

G, = G, + RT 1n(P,/P,) ()

For the discussion of chemical equilibrium in a mixture of ideal gases,
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chemical potential is usually employed. If we chobsé the mole as the
capacity factor and deal with the system at constant temperature and

pressure, then the molar free energy is clearly the chemical potential, u,

36

G
L (ani)P,T,nj (3#1) (5

A condition for phase equilibrium is that the chemical potential

of any one component of the reaction mixture be equal in each phase.

For a mixture this is expressed by:

Zugdn, = 0 | | (6)

The chemical potential of each of the components can be described by:

uy = u; = RTlnPi : (7N

where u; is the potential at a partial pressure of one atm and Pi is

the partial pressure of the component.

Following standard methods,13 it can be shown

AG® = -RTanp (8)
where
q T
- PC PD
Kp = ¥ .m (9)
P, P
A'B
for the chemical reaction: kA + mB qC + D (10)

By combining equation 7 with

- P, = PN (11)
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we obtain

Ng “n A
xp = B (1Nm equil = PRy ' 12

where An is the change in the number of moles in the course of the

reaction. Since

3lnkp, _
Qe -0 oy
and fn = 28Y (14)

for ideal gases, when the logarithm of equation 12 is differentiated

with respect to pressure at constant temperature, one obtains:

dlnKy, __ AV (15)
G == 7T

Above 1000 atmospheres the "ideal gas" approximation bears

little relation to the real behavior of non-polar gases like N2 and

is even a worse approximation for polar gas molecules. In systems of

real gases at high pressures a value of Kp is no longer an equilibrium

4’13

constant, it is pressure dependent. Instead of the "ideal

gas" relation, the equation of state can be expressed by the "co-volume"

equat:lon.1

p(V-a) = RT (16)

or a virial equation13

PV = RT+BP+CP24DP +... an
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If a new term fugacity, £, 1s defined as a measure of es;

13

caping tendency as given by Lewis and Randall, it can be shown that

lnf, _ _V
Ge JrTw (18)
and
£ P
2_f[2 v_1
In pz = J (RT P)dP (19)
[¢]

If a suitable equation of state is known for the gas, it may be sub-
stituted in equation 19. The free energy can then be estimated

from
G=-G° = RT1nf (20)

Such calculations on real non-polar gases, generally show that
at high pressures the free energy and fugacity are larger than the
ideal values.

Based on the data for N, and CO at 150°, it appears that the

2

useful extent to which an equilibrium can be displaced by the applica-

tion of a pressure of 4000 atmospheres is indicated by a change in

the Gibbs function of 10 kcal/mol for each mole of gas which disappears.1
There are other equations which approximate the data on real

gases at moderate pressures but do not provide a sufficiently satisfactory

solution at high pressures. With rare exceptions, these questions

are useful only over a limited range of pressures, which becomes more

narrow for mixtures of gases whose critical temperatures are very

different.4
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b. Equilibfia in Liquid Phases: The problems and methods for
handling the deviations of real liquid solutions from ideal behavior
are similar to those of gases except activities are substituted for
concentrations in.the thermodynamic equations. Thus, these analogous

equations can be written:4

d9lna :
mag vy
G v = ®r (21)
alan AV
GF 1= " ®T (22)

where AV is the volume change during reaction, calculated from the

partial molar volumes, v,

It has already been stated that at high pressures the compress-
ibility of liquids is considerable. For example, if the change in volﬁme
'is =25 cmglmol, the pressure is 4000 atmospheres, and temperature is
100°, then the ratio of the molal equilibrium constant, KN’ to its
value at one atmOSphefe is 26.3.

c. Chemical Equilibrium in Gas-Liquid Systems: The calculation
of equilibrium concentrations in gas-liquid systems are based on the con-
siderations discussed in the previous sections. In the gaseous phase
the relationships between the fﬁgacity and mole fraction must be con-
sidered in regard to its relation to the liquid phase. Gonikberg4 showed
that the solubility of a liquid in a gas is a complex function of pressure
and all calculations in which an ideal mixture of gases is assumed in-
valid at high pressures. The calculation of equilibrium must take into

account the solubility of the gas in the liquid. This solutility,

of course, lowers the concentration and the activity of the
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1liquid. Unfortunately, there are almost no experimeﬁtal data on
the chemical equilibrium in this type of system at high pressure.
Consideration must also be given to reactions in the critical region
in which the system will become one phase.

d. Chemical Equilibria in Gas-Solid Systems: It is often
assumed that changes in the amount of substances in the solid phase,
taking place during reactions in heterogeneous systems consiéting
of solid and gaseous phases do not affect the equilibrium in the
gaseous phase. This is true only for systems at moderate pressure
when the activity of solids is close to unity.1’8 At high pressures,
the increase in activity of solids, the adsorption and solubility of
gases in solid phases (or solids in gaseous phase), should be taken

into account. But again, experimental data on these problems are

scanty and not extremely precise.

4. Dependence of the Reaction Rate on Pressure:

a. Homogeneous Gas Reactions: Besides its influence on the

position of a chemical equilibrium, pressure is also important in
affecting rates of chemical reaction. For the simplest types of
reaction, the general model is the bimolecular feaction.

’According to the kinetic theory of gases, the formula for the
number of collisions per second between like molecules in one cc of

gas A and B is:2’4’8

2
Z° WNANB(rA+rB) {%&g (23)

where N is the number of molecules, r is the radius, and u is the

reduced molecular weight.
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It can also be shown that the rate constant (k) is given by:

k-"—L——

10°8 N

A'B
where L is the Avogadro number.

Z, exp (-E/RT) (24)

Equation 24 is only valid for low pressures and appropriate
corrections become inadequate at high pressures. At present there
appears to be few equations of state for real gases and gaseous mixtures
which adequately describe their compressibility when the gas density
approaches that of liquids.4 Thus the application of collision
equations to high pressure reaction has limits.

The thermodynamic framework provided by the transition state
theory is usually applied to chemical reactions under pressure to
discuss rate constants which are given by:

| k, = () QWK . (24)
where t is the'probability‘of decay to products of the activated
complex, k is the Boltzman constant, h is the Planck constant, and
K: is the equilibrium constant between reactants and activated complex.

In a mixture of ideal gases, there is no dependence on pressure
for the bimolecular rate constant. The same is true for monomolecular
reactions. But for real gases it is necessary to rewrite equatioﬁ 25 as:
25 as: k, = tSK " (26)

where v is the molar volume of the mixture at equilibrium and since
K, = K KPP (27
f rKNP

a new expression can be written by taking logarithms and differentiating
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with respect to pressure:

*
91nK
a6

9lnk
2

91nPv
(Eg—- = ( )

P ‘T Gr

(28)

T T

At this point, the pressure deﬁendence of K: is often neélected,
but this leads to increasing errors with increasing pressure.

b. Reaction Rates in Solutions:z’4 The pressure derivative
of the rate constant for reactions in solution is expresged in terms

*
of the activation volume, AV :

dlnk) _ _ AV

Gp 1= " &r (29)

where this volume is the difference of partial molal volumes between

the reactants and activated complex. Equation 29 is valid only if

‘the rate constant is expressed in pressure-independent concentration

units (mole fraction or molality). There is no exact expression

known for the behavior of AV* with pressure, so equation 29 is usually

applied to a graphical method to obtain the value of AV* at 1 atmosphere.
It is often assumed that the activation volume can be broken

into two terms:

* * *
AV = AV + AV (30)
r S

the difference in volume due to the reactants and complex (AVI) and
the change in the volume of the solvent (AVZ). More recently Asano
and LeNoble14 discussed their data by dividing the activation‘volume
into three terms: the van der Waals volume change (sz), the void

* *
volume change (Avv) and the expansion volume change (AVE). Unex-
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. ‘ . o
pectedly the results indicated that AVw was a minor factor.

C. Cleavage Reactions of Silicon-Carbon Bonds

During the last 50 years, research in the field of organosilicon
chemistry has undergone intense development, especially in con-
nection with the expansion of commercial silicone products. These
products have wide application primarily because of their resistance
toward thermal oxidation decomposition. Their resistance toward
chemical reagents is also lower. Silicon is markedly less electronegative
than carbon on Pauling's scale (1.8 to 2.5). For this reason the
silicon~carbon bond has a 127 ionic character and undergoes relatively
facile heterolytic fission by ionic reagents with an.attack of either
the electrophilic atom on carbon or of a nucleophilic atom on silicon
or both. |

Acid cleavage of the phenyl-silicon linkage, leading to the
replacement of silicon with hydrogen, follows typical aromatic electro-
philic substitution reaction pathways. Since it is also one of the simplest
reactions of this kind it has been studied in great detail. Eaborn and
co-workers have performed éxtensive investigations on this reaction.15-17
The compound in the studies were of the general type PhSiR3, which made it
possible to conduct the process with cleavage of only the mostllabile
bond, Ph-Si, and to use the reaction as a model for studies of the
laws governing electrophilic aromatic substitution.

The essential feature of these reactions is acid-catalyzed
bond cleavage involving the attack of a solvated proton on the sub-
strate molecule. The overall mechanism can be written as follows

if anhydrous HCl is used,
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H
+
Ot — @<y

+ Cci

P —=p— PhH + R_SiC1l (32)

3
1R3

Also the possibility exists that a nucleophilic coordination

occurs simultaneously leading to the formation of a closed tramsition

A
PN
~ . ’

SiR

3

state.

Some of the préviously reported work with HCl may provide a
background for this research. The reaction of p-methoxyphenyltrimethyl-
silane in aqueous methanol and aqueous dioxan was studied with both
HClO4 and HCl.18 Perchloric acid accelerated the reaction much more
strongly than hydrochloric, making less probable the formation of a
féur-centered transition state when water is present.

Benkeser and his group19 devoted a paper to cleavage of the
Si-C bond in substituted derivatives of phenylsilanes using hydrogen
chloride in aqueous acetic acid. Again, water was present. The same

aut:hors20 also estimated the effect of alkyl radicals on the rate of

cleavage of the silicon atom, and found it to decrease in the series

PhSiME3 > PhSiEt3 > PhSi(i—Pr)3.

Study of the isotope effect of the solvent,16 conducted in
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dioxan-25% water-HCl system at 50°C confirmed that proton transfer to
the substrate takes place in the rate-determining step of the process.
Significant retardation of the silicon-aryl bond cleavage was
found by electron-withdrawing subst:ltuents21 attached to the silicon
“atom and may even prevent the reaction from occurring at all. Con-
sequently arylchlorosilanes are resistant to cleavage by acid.22’23’39’40
Conversely, this type of substitution facilitates nucleophilic attack
on the silicon by imparting to it a greater positive charge.24’25
The splitting reactioh brought about by the action of metal
salts, AlCl

s PC13, SbCl FeCl3, and PCl_. with HCl resulted in the

3 5° 5
formation of chlorosilane and benzene, for example:

AlCl

3A
PhSiCl3 + HC1 C6H6 + SiCl4

(33)
A more recent investigation26 of the reaction indicated that
no cleavage occurred under moderate conditions of less than 80° if
carefully purified reagents were used. At higher temperatures, rapid
cleavage did take place when water was present, and the actual
cleavage feagent was postulated as HAlCl4. A complex reaction between
PhSiCl3 and AlCl3 at 250° produced benzene and polymeric products,
though the exact nature of the reaction was not determined.27
The above experiments show that HCl has been used to cleave
the Ph-Si bond but in almost every case water was present to promote
ionization of the weakly dissociated acid. When water was not present,
a Lewis acid such as AlCl, was usually employed to increase the ionization

3
of HCl. As noted above, other acids have been employed successfully.

D. Arene Chromium Tricarbonyl Complexes.

The chemical reactivity of arenes has been found to be greatly
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altered by complexation in arene chromium.tricarbonyl complexes. The

complexes are much less prone to electrophilic attack than the free areneza'

(a point to be questioned later). Chlorobenzene chromium tricarbonyl under-

goes rapid nucleophilic substitution at the para position with NaOCH3 to

yield the anisole complex,29 and benzene chromium tricarbonyl reacts in

30,31, 32,33

both acid- and base- catalyzed deuterium exchange under con-

ditions where the free arenes do not react. Other studies have shown

29,34,35

that both benzoic acid and phenol36 are weaker acids than their

respective complex, and that aniline is a stronger base than aniline

chromium tricarbonyl.34 These data are consistent with, but do not neces-

sarily imply an electron withdrawing character for the Cr(CO)3 group.
For example, Kussanov et al.,33 have shown that under conditions analogous

to those in which BF3-D2
BF5'320 will protonate the chromium atom. White and Farone

stated that arene chromium tricarbonyls have strong Lewis acid properties

0 catalyzes deuterium exchange in CGH6Cr(CO)3,

37,38 have

and promote ionic type reactions by coordination of the chromium atom.
41

Other workers have reported the isolation of [ArCr(C0)3Cl]SbCI6 where
Ar was hexamethylbenzene and the chlorine was coordinated to the metal atom.
The compound was the product of the reaction of'A.rCr(CO)3 with SbCl5 in

dichloromethane at room temperature. Furthermore, the reaction of HgCl2

with the same arene chromium complex gave a product of the formula
42

2.

either (1) a non-electrolyte with both mercury atoms coordinated to the

ArCr(CO)s'ZHgCI The authors suggested that this 1:2 adduct was
transition metal, (2) an anionic species such as [ArCr(CO)aHgCI][HgC13], which
has been observed for some iron-mercury amine derivatives, or (3) a com~

pound containing the mercuric chloride coordinated to the oxygen of
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'the carbonyl group. The authors felt the best formulation was the anionic
species where the Hg atom coordinated to the metal atom with electron
donation from the chromium to the mercuric chloride. These experiments
offer an alternative explanation for difference in reaction of the
complexes.
The solvolysis of benzyl chloride chromium tricarbonyl43 and
the hydrolysis of benzyl alcohol chromium tricarbon.yl41 have both
been found to occur at a rate 105 times faster than the free arenes.
It was generally accepted that metal 1igand bonding could be divided
into two parts, the forward coordination from ligand to metal and the
back-donation from filled metal d orbitals to vacant antibonding orbitals
of the ligand, thus, these workers conéluded that the data was comsistent
with a net donation of density from the Cr(CO)3 group, a +R effect.
More conclusive evidence for the electfon-withdrawing nature
of'the.Cr(CO)3 moiety can be found in the semiempirical molecular
orbital calculations of both Caroll and M’cGlynn44 and of Brown and
R:ml:i.nson,['5 which have shown a net positive charge on the arene ring.
Studies of the nmr spectra of arene cﬁromium tricarbonyllcomr
plexes have been interpreted in terms of an electron withdrawing

46-55 Khandkawoa and Gub:ln%—49

character for the Cr(CO)3 group.
concluded that there is no significant change in the w-electron
density of benzene upon its coordination to the Cr(CO)3 group;
moreover, the m-electron cloud polarizability even increases

somewhat. The changes in reactivity were attributed to a varying

ring o~framework effectively charged upon coordination.
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Other.studies of the transmission of substituent effects in com-

36,54 and by Brown and coworkersas’”’s5

plexed arenes by Reeves et al.,
have shown no significant reduction in the transmission of m-substituent
effects in arenes upén complexation with Cr(CO)3.

Arene chromium tricarbonyl complexes do show differences in
product distribution as compared to that found in free arenes. For
example the acetylation of toluene chromium tricarbonyl56 proceeds
apparently with more difficulty than toluene and yields a different
isomer distribution. The authors suggested that the high proportion of
meta isomer may be associated with steric hindrance to the departing |
proton Ey the superimposed carbonyl groups at the ortho- and para-posi-
tions. Brown and Hughes57 more recently attempted kinetic studies of
the acetylation of benzene chromium tricarbonyl. It was shown that
- the Lewis acid, AlCl3, reacts directly at the chromium atom to give
CrII(A12616)(CSZ)2; consequently no theoretical conclusions on relativé
reactivities of free arene and m-bonded arenes can be drawn from the

system. They suggested that electrophilic substitution at the metal _

atom may occur on Fiedel Crafts reactions of all metal-organic systems.

E. Chromium

Chromium is a d-block transition metal of group VIB having
the following configuration in its outermost electron shell: 3d54s1.
It is a refractory metal of high melting and boiling points which is
reported to be stable to attack by most chemicals at low temperatures
but reacts with many substances at high temperatures58 (>1000°). In~-

dustrial chromium is most important for its use in steels where it

improves the mechanical properties and increases the corrosion resis-
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tance.59 Steels containing more than 10%.chromium are designated
"gtainless" because of their resistance to corrosion and oxidation.
During electrodeposition, chromium absorbs considerable quan-

38 It reacts with several

tities of‘HZ, forming two unstable hydrides.
of the common aqueous acids with evolution of Hz.' If pure Cr is
used, it dissolves in aqueous HCl with formation of Cr+'2 ions in
the absence of 02,60 but reacts with anhydrous HCl only at tempera-
tures above 600° where the products are CrCl2 and H2.61’62
A common property of d-group transition elements is their
capacity for forming complexes with many neutral compounds that
stabilize low oxidation states of the metal; Low oxidation states
imply high electron density on the metal which can be delocalized

into the vacant orbitals of the ligands.

F. Chromium Hexacarbonyl
Chromium hexacarbonyl, Cr(C0)6, was first prepared in low

yields in 1927 by the reaction of CrCl, with phenylmagnesium bromide

3
and CO in ether, followed by hydrolysis of the product.63 Other
methods of preparation include the pressure reagtion of CO with a
chromium halide in a solution such as benzene or ether, or the re-
duction of Cr(III) acetate with Mg in anhydrous pyridine under‘pressure.63
Hieber and Rom.berg64 reported that Cr(CO)6 is very stable
toward air oxidation. It is not affected by concentrated HCl or an-

58

hydrous HC1 and is only slowly attacked by H2804. Chlorine oxidizes

it to CrCl3 with evolution of CO and phosgene. An additional example

of the exceptional resistance of Cr(CO)6 to chemical attack (at least
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in comparison to Mb(CO)6 and W(CO)G) was reported by Werner.65 Cr(CO)6

i1s unaffected by SO, even at 160° whereas Mo(CO)6 and W(Co)6 react at

3
-10°,

-Upon thermal decomposition, Cr(CO)6 geneially forms an adherent
coating of chromium metal and CO. However, Cr(C0)6 pyrolyzed at 500°
gives chromium oxide, Cr203.66
210° was reported to be complete after three minutes; at 195° the
67

The decomposition at one atmosphere and

decomposition was complete in 11 minutes.

G. Anhydrous Chromium(II) Chloride
Chromium(II) chloride can be prepared by the reduction of

CrCl, in a stream of H, containing HC1 at 500°, reaction of Cr with

3 2
HC1 at 1200°, or reaction of dry HCl with an anhydrous Cr(II) compound.61
It has also been'prepared by reducing CrCl3 with stiochiometric amounts
of Cr. CrClz'is very hydroscopic, is rapidly oxidized and dissolves
in Hzo to give sky-blue solutions.58 Because of this sensitivity of
Cr(II) to oxidation, all manipulations should be conducted in an all
glass system or a glove box. CrCl2 has also been produced from the

reaction of CrCl3 with excess chromium in a closed container.68

H. Anhydrous Chromium(III) Chloride
Chromium(III) chloride is a violet solid with a melting point
of 1152° and is generally prepared by halogenation of the metal or by

reacting SOCl, with the hydrated chloride.58

2

I. Historical Summary

The earlier work of Nicholls and Whiting29 with arene chromium
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tricarbonyl compléxes developed the groundwork for numerous studies.
on the effect of coordination with the Cr(CO)3 group; however, few
reports have described the chemistry of arylsilane metal .complexes.
There appear to be no reports of their reactions at high pressures.

The substances PhSiMe3Cr(CO)3,69 p-(Me3Si)ZC Cr(CO)3,70 and p-Me

64
SiCGHaRCr(CO)371 where R = NM'e2 or Me have been reported as well

as some novel compounds of the general formula (PhRSiCH2XCH2)Cr(C0)3

3

(R = Ph when X = CH, and R = Me when X = SiMEZ) which contain silicon

2
in a small ring.72 Recently a Russian patent73 alluded to compounds

of the type reported in this research. The free phenylchlorosilanes

have been reported inert toward anhydrous HCl at temperatures up to

21,23,39,40 The reaction of Cr metal with anhydrous HC1 has been

reported to yield CrCl, and H2,61’62

.excess of 600°. Other w'orkers74 have reported data on the reduction

200°.

but only at temperatures in

of CrCl3 to CrCl2 as

20rCl3 +H, 2C.r012 + 2HC1 (34)

Finally Cr(co)6 has been reported unreactive to anhydrous HCl.58



CHAPTER II1
EXPERIMENTAL

A. Vacuum Systems and Techniques

It is a standard procedure to handle volatile material that is
alr sensitive or poisonous in a vacuum system, but the technique is
aléo extfemely useful for manipulating small amounts of material since
the system is essentially closed and loss of material is difficult.

The basic principles of vacuum systems have been described75-78 and
only the detai;s most applicable to this research are described in the
following sectioms. ;

1. Vacuum System: All work at reduced pressures was done in

a vacuum system constructed of borosilicate (Pyrex 7740) giass, Teflon
quick-opening stopcocks (Fischer and Porter Co., Warminster, Pa.;
#9285C40) and precision ground high vacuum glass stopcocks (Eck and
Krebs; Long Island, N. Y.; #P5010). The various parts of thefva;uum
system and the apparatus connected to it were joined in several ways.
Removable conical joints with standard taper (8) 12/30 were used and
lubricated with Apiezon M grease as were any ground glass stopcocks.

The system was evacuated using a Model 1405 "Welch Duo-Seal" fore-

pump in series with a liquid nitrogen trap. Prior to the mainpulation
of any material, the entire system was evaguated to its maximum capacity,

25
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usually 10"'3 to 10-4 mm Hg. (The system with fresh, degassed grease
and pump oil could be evacuated to 5 x 10_5 mm Hg).

2. Pressure Measurements: Pressures of less than one atmos-

phere were measured using a mercury manometer. The pressure was deter-
mined by measuring the level of the two columns with a meter stick cali-
brated in millimeters and readable to + 0.3 mm. For very low pressures,
more accurate measurements were made using a McLeod gauge.

3. Temperature Measurements: The temperature of the gases in

the calibrated portion of the vacuum line was measured with a thermo-

meter suspended directly next to the vacuum system. The témperature

was read to + 0.3° after thermal equilibration. Temperatures above

room temperature were measured with a mercury thermometer or with a

chromel-alumel thermocouple. A Leeds and Northup potentiometer (Model

8690) with a rgference junction at 0° was used with the thermocouple.
Low temperature measurements were made using a pentane in

glass thermometer (accurate to * 2°) or the chromel-alumel thermocouple.

4. Production of Low Temperature-Slush Baths: Liquid nitrogen
in Dewar flasks was used to maintain temperatures at -196°. Temperatures
below ambient were maintained by the use of "slush" baths made by

79,80 (ribie

partially freezing solvents with appropriate melting points
II). The addition of heat to the bath causes the solid to melt but will
not raise the temperature.

Temperatures near the sublimation point of CO2 (-78°) were

obtained as either acetone or isopropanol mixtures of "dry ice" and

the solvent.
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Point °C
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-20.0
-22.9
-25.0
-30.6
-33.0
-33.0
-35.6
-37.3
-42.0
-43.8
-45.0
-45.2
~48.0
-50.0
-55.0
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Table II. Slush Bath Temperatures

Compound

cyclohexane
nitrobenzene
benzene
eucalyptol

H0

acetonyl

aniline

methyl salicilate
diethyleneglycol
t-amyl alcohol
benzyl alcohol
octyl alcohol
butyl benzoate
carbon tetrachloride
diethyl sulfate
bromobenzene
chlorotolune
dipsopyl ketone
ethylene dichloride
anisole

diethyl ketone
tetrachloroethane
cyclohexanone
chlorobenzene
n-hexanol

ethyl malonate
diacetone alcohol

Freezing

Point °C Compound

-57.5 chloral

-60.0 amylnaphthalene

-63.5 chloroform

-70.0 1:1 mixture CCl, & CHC1
-78.0 carbon dioxide/acetone mixture
-83.6 ethyl acetate

-89.5 isopropyl alcohol

-95.0 toluene

-96.7 methylene chloride
-97.8 methanol

-111.6 carbon disulfide

-112.4 n~-butyl bromide

-117.9 iso~propyl chloride
-117.2 iso~amyl alcohol

-119.0 ethyl bromide

-120.0 ethanol

-122.8 n-propyl chloride
-123.1 n-butyl chloride
-126.3 methylcyclohexane
-127.0 n-propyl alcohol

-129.0 allyl alcohol
-130.0 n-pentane
-131.2 i-butyl bromide

~136.4 allyl chloride

-138.7 ethyl chloride

-145.0 1:1 pentane & isopentane
-160.5 iso-pentane
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5. Vacuum Separation of Volatile Materials: Mixtures

of volatile materials were separated by fractional con-
densation or vaporization, using traps maintained at low temperatures.
The following notation will be used to facilitate descriptions of the

various separations:

RT v =96° ~ -196° (n times)
(a)
+ .
(RT) ~ ~134° v -196° (n times)
(8) (9]

This diagram means that a mixture was allowed to warm to room temperature

(RT) from -196° without applying any external heat and without pumping.

As soon as all of the material had transférred, the stopcocks on the
traps were closed. In special circumstances distillations were per-
formed with pumping and this is specifically stated. The symbol """
signifies that. the material was distilled from a trap at ome temperaturé
to a trap at another temperature. In the above example, the material
was passed through traps held at -96° and then condensed in a trap held
at -196°. A vertical arrow indicates that a new distillation scheme
was employed. A capital letter below the temperature signifies a
fraction which was later identified. If no capital letter is present
under a certain trap, this signifies that either the fraction in that
trap was not identified or there was no material in the trap.

The "n times" signifies the following operations upon the

trap:
RT ~ -96° & -196° . (n=1)
1:1: v -96° N -196° (n=2)
RT v -96° ~ -196° (n=3)

4 @
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_ The process ends when n is reached, that is when no more material is
observed in the ~196° trap. The process is then continued until no
additional material is found in the -96° trap, for example:
RT v -96° v -196°
G v |
RT v -96° ~ -196°

(a) ¥
RT v -=96° ~ -196°

(4) (B)

Fractions with the same capital letter are combined.

6. Molecular Weight Measurements: The molecular weight W)

of volatile compounds wﬁs determined using the method of Dumas. In
such determinations the gas was assumed to follow the ideal gas equation
since the pressure did not exceed 0.5 atmospheres.. Knowledge of the
weight of the gas at a known temperature, pressure, and volume permitted
the calculation of the molecular weight from the equation of state

for an ideal gas,

PV = mRT = £ RT | (35)
therefore,
MW = gRT/PV : (36)
where P = Pressure in atmospheres

#

V = Volume in liters

l-atn
R = Gas constant 0.08205 °K mole

g = Weight of sample in grams
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T = Temperature, °K
MW = Molecular weight.
Molecular weights of a two component mixture ("mixed molecular

weight") were determined by use of the equation:
uw = fl(M.W)1 + fz(MW)2 (37)

fl,f2 = Mole fraction of component 1 and 2
MW, Mwé = Molecular weight of 1 and 2
MW = Molecular weight of mixture
A mathematical error analysis showed that the
measurement of pressure without the aid of a cathetoﬁeter contributes
ﬁost to the observed error. This error however is within the 1% criteria
of purity.81
Care was taken not to carry out molecular weight determina-
tions at the saturation vapor pressure at room temperature of materials.
In such circumstances the molecular weight could be considerably in
error due to absorption on the glass surfaces of the molecular weight

bulb.

7. Melting Point Measurements: Melting points of compounds

were obtained using sealed melting point capillaries (under Argon) and
a heated aluminum block. All values reported are uncorrected.

8. Commercial Analyses: Commercial analysis was obtained

from Galbraith Laboratories, Inc., Knoxville, Tennessee. Arc-emission
spectra were obtained from the Department of Geology, University of

Oklahoma.
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9. Criteria of Purity: The purity of materials used in this

research was checked by at least two of the following procedures:

a; Molecular weight so that the error in the difference
between the calculated and experimental value did not exceed 1% of the
calculated value.

b. Vapor pressure at a known temperature to within 17 of
the calculated (or literature) value or to within approximately * 2.0
mm Hg, whichever was the least. .

c. Infrared spectrum to agree with a published spectrum
or to a spectrum previously determined in this laboratory on a pure
sample.

d. Commercial analyses on new compounds to agree within
1-27 of the theoretical percentages.

e. Mass spectral fragmentation pattern. The mass spectra
of mixed or pure compouﬁds were frequently recorded in order to deter-
mine whether the fragmentation pattern was consistent with the pro-
perties of the mixture or pure compound expected on the basis of other
measurements. When studying a pure compound, the identification of the
parent molecular ion was considered to be of coﬁsiderable im-
portance but not absolutely required. The high sensitivity of the
mass spectrometer was extensively employed fbr qualitative and gross
quantitative interpretations of compounds.

f. Nuclear magnetic resonance spectrum to agreement with
the expected ratio of the area under the resonance signals, the position
of chemical shifts, and the nature of the fine structure observed in
the signals. In addition, the absence of extraneous signals was used

as an indication of a compound.
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g. ﬁelting or boiling point within * 0.5° of the litera-
ture value, and a range not exceeding 1.5".
h. X-ray diffraction pattern matching published spectra

with no extraneous peaks.

B. Pressure Apparatus and Techniques

1. High Pressure System: The method employed to generate the

high pressures involved both a thermal and a hydraulic iptensifier.
technique. The general features of this system were first described

82,83 Since several modifications have been

by Moscony and MacDiarmid.
made on the system a detailed description will follow.

There are seven basic segments to the high pressure system:
gas supply, gas pressure booster, hydraulic pump, temperature and
pressure control unit, microreactor, appropriate values and connecting
tubing, and finally the reaction container (gold tube).

a. Gas supply. The gas supply used was compressed nitrogen
from a standard gas cylinder whose tank pressure was maintained between
2,000 and 2,700 psi. Other gases could be employed as the pressuring
media; and, when the pressuring gas was also one of the reactants, the
microreactor was used as the reaction container.

b. Gas booster. The gas was connected to the gas pressure
booster (High Pressure Equipment Company, Erie, Pennsylvania) which
consisted of a 60,000 psi booster cyl;nder with a thirty to one ratio
of areas, a stroke length of six inches, and a 4.7 cubic inch volume
displacement per stoke (Figure 2).

c. Hydraulic pump. The piston of the booster was actuated

by an oil hydraulic ram system capable of supplying oil with a pressure
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up to 3,000 psi. The maximum oil pressure was contr&lled by an adjustable
relief valve (Waterman Hydraulics, Chicago, Illinois, model 1503-3-3000).
The oil was driven by a hydraulic pump (Baldor Electric Company, Fort
Smith, Arkansas, type 35C11-157) until the preset oil pressure was
reached, then the relief valve bypassed thé piston and returned the
flow of oil to the reservoir.

| d. Control unit. HNext, the nitrogen gas was transmitted
to the high pressure-high temperature hydrothermal research unit
(TemrPreés Research, State College, Pennsylvania, Model HB-1B-4). This
unit provided connections for four microreactors and included a furnace,
an automatic temperature controller, and a high pressure Bourdon gauge
‘for each position (Figure 3). The temperatures attained at the reactors
were not the same as those shown on the controliers since there was a
temperature gradient between the controlling thermocouple and the micro-
reactor. In order to more accurately measure the teﬁperature of reaction,
a Chromel-alumel thermocouple was inserted into a thermocouple well in
the wall of the microreactor and the temperature calculated from
readings taken with a millivolt potentiometer (Leeds and Northrup Company,
Philadelphia, Pennsylvania). By using meaéureménts from a microreactor
with several wells, temperatures monitored in the thermocouple ‘wells
were estimated to be within 2°C at lower temperatures and 5°C at tempera-
tures above 400°C.

e. Microreactor. The microreactors (Tem-Press Research)
were constructed from (250 mm o.d. x 7.5 mm i.d.) René 41 alloy and the
assembly is shown in Figure 4. A two-way, straight, high pressure valve
was added to the microreactor to prevent the loss of all pressure when

the assembly was removed from the system.
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For reactions conducted iﬁ the pressure rangé between 50 and
5,000 psi, the microreactor was fitted with a three way valve'with two
connections on the pressure side. One of these connections was used
for the microreactor, and the second one was attached to a Bourdon gauge,
which was calibrated for this lower pressure range.

The nipples, reducer, coupling giands, collars, and valves were
constructed of Type 316 stainless steel. This assembiy is tightened
by means of a vise and wrench. The seals‘of the micforeactdr are-
hardened, hollow coned connecting tubing (nipples) which were pressed
into conical metal seatings.

f. Connections. Capillary pressure tubing (1.6 mm o.d. x

0.16 mm i.d., 316 stainless steel) was used to connect the intensifier
to the distribution manifold. This tubing was flexible and yet provideé
little volume. Appropriate "tee" joints, "cross'" joints, and valves
were mounted as required.

All parts pf the high pressure system beyond the gas booster
were rated for at least 60,000 psi and 300° for extended periods of time.
| g. ieaction container. The final segment of the high

pressure system was the reaction container. This unit consisted of en-
capsulating the reactants in a noble, malleable metal, in this-case short
lengths of 3.0 mm o.d. x 2.9 mm i.d. gold tubing. These ampules were
placed in the microreactor where the pressure of the nitrogen gas was
transferred to the reactants by pressing the maleable gold wall. The
assumption was made that the gold tube was crushed unﬁil the pressure in-

side the tube was approximately equal to the pressure of the nitrogen gas.
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gas. A discussioﬁ of the typical procedure for one experiment will
further demonstrate the utility of this procedure.

A £ 12/30 male ground glass joint was cut in half to produce
a ¥ 12/15 male joint. To the small end of the joint wa; joined a 10 mm
segment of 3.0 mm i.d. glass tubing keeping the weight of the joint at
a minimum. (A cap could be made using a similar procedure and a ¥ 12/30
female jbint.) |

One end of a 40-cm length of gold tube was inserted into the
small epd of the connecting adaptor made above. The glass and gold
were heated in a Meeker burner. '"Black wax" (Apiezon W) was applied
to the region where the gol& entered the glass and the glass reheated
to work the wax between the gold and glass. When the glass an& wax
cooled to room temperature a tight vacuum seal ﬁas formed.

The opposite end of the gold tube was flattened with smooth
faced pliers. The flattened end was then sealed by melting the
gold with a CH,/0, torch.

The gold tube was connected to vacuuﬁ system and evacuated

4 mm Hg and closed to the pump. One hour later the closed system

to 10
was opened to a manometer, and if no pressure was detected, the seals

were assumed to be leak free. This length of gold was sufficient for
seyeral experiments; the tube simply became shorter after each run. If

the final seal, described below, was near enough to the black wax to

cause it to flow, a moistened length of asbestos tape was wrapped around
the seal to dissipate most of the heat. The gold tube is shown in Figure 5.

The gold tube and its male joint were weighed after which all

manipulations were made by holding the tube with a clean, soft cotton
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towel. Any solid reactant was deposited in the bottom of the gold tube
by using a funnel whose stem (2.5 mm o.d., 400 mm length) was small
enough to fit inside the gold tube. This procedure prevented the
deposition of solid along the length of the gold tube. Such deposits
caused errors in weighings since not all of the solid was in the final"
length of the ampule. Furthermore, if there was foreign material
at the point of closure and sealing, a pressure tight seal could not
be made and such gold ampules usually gave erroneous results. This
sample addition was made in a dry bag under an inert atmosphere when
using air sensitive materials. The cap was then used while weighing.

The gold tube was reconnected to the vacuum system and slowly
evacuated. If the solid had a vapor pressure at 22° of greater than

1074

mm Hg the end of the tube was cooled below the 1 mm vapor pressure
temperature but above -17°. This procedure allowed all gases and any

water (1 mm v.p. = —17°84) to be removed from the reaction system

without transferring any solid to the vacuum system. A high rate of
evacuation also caused "bumping" of the solid and a consequent redistribution
of the powder along the gold tube and into the vacuum system.

A portion of tﬁe previously purified volatile gas was expanded
into a calibrated portion of the vacuum system which included the mercury
manometer. After the gas and vacuum system attained thermal equilibrium,
the amount of gas was determined by an ideal gas law calculation
using the known folume (V) of the calibrated vacuum line (which

included a correction for the volume of the manometer), the tempera-

ture (T) (measured with a thermometer calibrated to 0.1° and
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: ﬁanging on the vacuum line), and the pressure (P) (measured to * 0.3
mm Hg). This amount of gas was coudense& into the lower end of the
gold tube at -196°.

" The amount of volatile gas added was a1s§ determined at a
later stage by a weighing procedure, if the gold tube did not rupture
at room temperature. The two metﬂods produced values that agreed to
within 0.5%.

The gold tube was flattened with the pliers at a point ap-
proximately 8 cm from the bottom of the gold tube, with care taken to
ensure that the edges of the tube were touching. The liquid nitrogen
level was moved as close as possible to tﬂe seal and a seal made with a
H2/02 torch using one of thé following procedures.

If all of the reactants had 1 mm vapor pressure temperatures
that were significantly higher than -196°, the flattened portion of
gold tube was heated with a larger and cooler flame to dqll red and
until the metal just barely melted. Then a smaller but hotter flame
was used to cut the gold tube at a point above the seal. The
ampule was dropped into a dewar of liquid nitrogen for temporary
storage. During these manipu;ations the bottom of the gold tube was
held with a large pair of tweezers which were also convenient for
extraction of the gold ampules from dewars.

If any of the reactants had a 1 mm vapor pressure close to
-196° the above procedure could allow some material to escape because
of the low heat capacity of the liquid nitrogen and gold tube. When
such conditions existed,a rapid cut, made with a small, hot flame,

produced the best results.



42

If several éold ampules were stored in the same dewar, a
thin wire was wrapped around the ampule and identification made on a
tab attached to the other end. Such a wire also served as.a convenient
handle when transfers were conducted.

The bottom portion of the microreactor was held near its top
by a heavy vice and the bottom was cooled to -196° ensuring that the
hollow cavity was completely filled with liquid nitrogen. The gold
tube was removed from its dewar and inserted into the microreactor and
the 1liquid level again increased to the top of the microreactor. If
the liquid nitrogen level in the microreactor was maintained, less
nitrogen gas from the gas cylinder was required to reach a specified
bressure.

The cap nut was then tightened with a 16~in wrench. The
required torque was not measured but gained through experience. The
complete microreactor was attached to the high .temperature-high
pressure hydrothermal research unit. The bottom of the microreactor
was maintained at -196° through the employment of a dewar and moveable
"jack" resting on the furnace unit. The microreactor was pressured
to the final specified pressure before removing the dewar, and then
heated to the desired temperature while main;aining the pressufe by
slowly bleeding the excess pressure.

The microreactor was held at these conditions for 18 hours
to ensure attainment of equilibrium before rapid cooling in ice water
and then liquid nitrogen. During the cooling period the pressure was
maintained at the reaction pressure again through a "bleed" valve.

Only after the microreactor had reached a temperature of -196° was the
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pressure slowly releésed.
While at -196° the microreactor was remounted in the vice, the
cap nut removed, and the frozen gold ampule extracted by iﬁverting the
microreactor. Again temporary storage was provided by a dewar of
1liquid nitrogen.
A ggld tube opening device (Figure 6), was constructed from a
large, solid glass, vacuum stopcock, a & 12/30 male, a § 19/22 male,
and a § 19/22 female ground glass joint. Glass beads were used in
the bottom of the opener to adjust the final position of the gold
ampule which must extend into the bore of the stopcock. The cap, which
allowed direct and rapid insertion of the gold ampule into the device,
was held secure by heavy'rubber bands. “
The gold tube was dropped into the cutting device and the
cap secured. The bottom of the device containing the glass beads was
cooled to -196°. (The stopcock was not allowed to c601 because
the grease would ffeeze and caused leaks.) The entire system was evacuated
through three -196° traps. If no leaks were detected the opener was
0, CO

warmed to room temperature and H and any other condensable

2 2
material previously on the gold surface were removed. (The H20 con-
densed on the ampules during transfer operations in the open air.)

Again a check was made for leaks. If the ampule did not leak at 22°/

1074

mm Hg it was removed from the cutter and weighed. This value
employed in conjunction with the weight of solid reactants and the
weight of the gold yielded a value for amount of volatile reactant
used. If the tube was weighed, it was returned to the vacuum system

and evacuated. The opening device was recooled to -196° and the
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contents of the traps removed. The gold tube w
the stopcock through the gold ampule, pinchiag :
dewar was removed from the opener and all volat:
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it was identified and then removed.

The material remaining in the -196° tr
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and separation could be difficult.
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a. Glass Pressure Reactor with Va
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contents of the trapé removed. The gold tube was opened by turning |
the stopcock through the gold ampule, pinching it into two barts. The
dewar was removed from the opener and all volatile materiai collected
in the first -196°. A check was made for any noncondensable material
produced by the reaction. If it was present in significant amounts,
it was identified and then removed.

The material remaining in the -196° trap was separated and
identified using the standard high vacuum techniques described in
other sectioms.

If the gold tube leaked (prior to cutting) before the system

could be evacuated and the H,0 removed, all volatile material was

2
collected in the first -196° trap and attempts were made to separate
the mixture. This procedure was not desirable, though useful, since
all indications of the presence of non-condensable material from the -

‘ampule were lost; the H20 or 0, could react with reactants or products;

2
gnd separation could be difficult.

2. Low Pressure Glass Systems:

a. Glass Pressure Reactor with Valve. A cylindrical glass
container has been shown to withstand internal pressures up to 50 at-

mosphere585

and such a device is illustrated in Figure 7. For a thin
wall cylindrical vessel, the maximum pressure (P) which can be contained
is related to the ultimate tensile strength o and the ratio of external

to internal diameter K by the following equation:
P = og(K-1) (38)

The tensile strength of pyrex glass may be taken as 120 atmospheres
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for temperatures ub to 200°.86 It is prudent to allow a large safety
factor when designing an experiment to account for unique stresses in
each gléss vessel.

This type of giass reactor was constructed from a 4 mm needle
valve (Fischer and Porter Company, Warminster, Pennsylvania; cat. no.
795-609-0004). The autogenous pressure generated inside the glass
vessel was estimated by using the ideal gas equation and the specified
temperature, the volume of the container, and the known quantity of
gas. It was found that cooling or heatihg the Teflon key to temperatu?es
significantly different than room temperature caused gés leaks at the |
valve; therefore, only the bottom of the glass reactor could be mani-
pulated with respect to temperature.

b. . Glass Pressure Ampule. When'a final temperature above
-150° was desired, a glass pressure reactor without a Teflon valve was used
(Figure 8). The procedure involved the use of a pyrex glass ampule coﬁ-
structed of heavy walied, borosilicate glass (35 mm o.d., 25 mm i.d.,
250 mm long) with a 300 mm length of capillary tubing (10 mm o.d., 2.§
mm i.d.) attached to one end. The ampule had the same pressure rating
as described in section B.2.a., if the final seal is properly annealled.
The following discussion illustrates the use of this glass ampule.

Solid reagents were added to the reactor as a fine powder be-
fore joining the reactor to the vacuum system by the use of a Cajon
ultratorr metal adapting system (Cajon Company; Cleveland, Ohio; cat. no.
6UT-6) (Figure 8). The volatile gas was condensed into the glass reactor

at =196 and then the reactor sealed with a CH4/02 torch maintaining

the maximum length of glass capullary tubing, but without overheating
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the metal adaptor.

The entire glass ampule was placed in a vertical tube furnace.
This type of glass ampule has contained 25 atmospheres at 300° for
extended periods.

After cooling to 22° and then -196°, the glass ampule was opened
by inserting the scored, capillary end into one end of a thick walled
rubber vacuum hose. A male ¥ 12/30 male ground glass joint was in-
serted into the opposite end and both ends sealed with "black wax"
(Apiezon W). After evacuating the entire system, the stem of the
ampule was snapped at the scored mark; and any non-volatile gases
were measured, identified, and removed.

All material which volatilized at 22°/10_4 mm Hg was separated
by standard vacuum condensation techniques and any remaining solid was

removed under an inert atmosphere in a glove bag.

C. Ambient Pressure Apparatus and Techniques

1. Strohmeier Apparatus: All of the chromium tri-

carbonyl complexes were prepared under conditions similar to the
6r1gina1 method of Nicholls and Whitting29 using excess arylsilane

as the only soivent. A Strohmeier apparatu587 (Figure 9) was modified
so that the reaction flask could be attached to the reflux apparatus
with a ground glass male joint. This modification facilitated the
transfer of reagents between the vacuum and reflux systems. It was
found that warming the side arm to approximately 175° with a flexible
heating tape (Briscoe Manufacturing Company, Columbus, Ohio; cat. no.

BIH-4-~1/2) increased the flow of hot arylsilane over the Cr(CO)6 which
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Figure 9. Modified Strohmeier Apparatus.
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had sublimed 1nto.the middle condensor. A Strohmeier apparatus of the
general dimension described in the original paper was found suitable
to handle approximately seven grams of Cr(CO)6 without clogging. A
mercury bubbler was attéched to the apparatus at the top condensor and
a positive pressure (v 30 mm Hg) of argon was maintained throughout
the system during the entire time of reaction.

2. General Synthesis of Chromium Tricarbonyl Complexes:

In a nitrogen filled glove bag, the appropriate liquid arylsilane was
placed in a 50-ml round bottom flask with Cr(CO)G. The container
was closed with a ground glass stopcock attached to two ground glass
joints before transfer from the dry bag to the vacuum system. The
mixture was degassed by successive freezings to -196° and pumping at

1074

mm Hg. The flask was filled to atmospheric pressure with argon ahd trans-
‘ported to the Strohmeier apparatus which had a stream of argon flowing
through it for at least five minutes. |
A significanf decrease in yields was observed when nitrogen
was substituted for argon as the inert atmosphere. All initial attempts
to synthesize these complexes using diglyme and other ether solvents
were unsuccessful since any water or oxygen greatly reduced the'yield
of desired compounds. Mixture of viscous oils and green chromium salts
were found and no adequate purification technique was found to purify
these mixtures.
Attempts to purify these complexes by chromatographic tech-
niques on alumina, florisil, or silica resulted in the apparent

reaction of the silicon-halide bonds with the absorbant or no separation.

All experiments were conducted in a dry-box under an argon atmosphere



52
and with degassed and purified solvents. .The absorbants were heated
under a vacuum for 7 days and pretreated with MeZSiClz.

Ihe reaction mixture was heated to reflux with a Heating mantle
and stirred with a Teflon coated magnetic stirring bar. Heating was
continued until the Cr(CO)6 was completely consumed (approximately
16 hours or until excessive decomposition occurred. The resultant yellow-
brown solution was cooled to room temperature under argon and the
excess ligand was removed under vacuum at 50°/10-4 mm Hg.

The remaining yellow solid was sublimed at least three times
at 70°/10-4 mm Hg using liquid nitrogen in the cold finger of a vacuum
sublimer. The sublimate consisted of a bright yellow solid which turned
green in air. The compounds were placed under argon in screw cap glass

vials, which had been taped and then sealed with black wax. The

vials were stored at -10° in the absence of light.

D. Spectroscopic Equipment and Techniques

1. Infrared Absorption Spectra: Infrared absorption spectra

were obtained for volatile materials by confining a gaseous sample in

a cell (10 cm path length) fitted with KBr (5 mm thick) windows which were
sealed on with Glyptal resin. Infrared spectra of solid materials

were taken with the solid dispersed in a mull (Nujol mineral oil or

Kel-F #10 fluorocarbon oil), a KBr pellet, or as a solution in cyclo-
hexane and CSZ. When the oils were used, the samples were examined as

a sméar between KBr plates. Samples of air sensitive compounds were
prepared under argon in a dry bag.

Absorption spectra were obtained in the 4,000 to 300 ctn"l
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region using a Beckman Model IR-10 double beam, grating spectrophotometer.
In addition a Beckman Model IR-12 double beam grating spectrometer was
used in the 2,200 to 1,700 cm_1 range to obtain more accurate measure-
ments of the carbonyl étretching frequencies of the complexes. The
calibration of the IR-10 was checked after each spectrum with a poly-
styrene film.88 For the high resolution spectra the IR-12 was calibrated
with carbon monoxide ga389 at 180 mm Hg in a 100-mm gas cell. Ab-
sorption maxima were located with a reproducibility of 1 cm-l.

2. Nuclear Magnetic Resonance Spectra: Proton magnetic

resonance spectra were recorded on a Varian Associates T-60 spectrometer
which was operated at a fixed frequency of 60 MHz. Spectra were ob-
tained at 37° on spinning samples contained in sealed (5 mm o.d.)
borosilicate (Pyrex) glass tubes.

Proton shifts in both the free arenés and complexes were

méasured on solutions of about 57 by weight in CCl, and cyclohexane.

4
Cyclohexane was used as the internal reference, if not already present
as the solvent, and all chemical shifts were adjusted to TMS by adding

1.42 ppn. Peak areas were measured using an electronic integrator.

3. Mass Spectra: Mass spectral fragmentation patterné were .

obtained using a Hitachi-Perkin Elmer RMU-7E Mass'Spectrometer. The

instrument was operated at an ionization potential of 70 electron volts,

an. ionization current of 50 microamperes, an ion source temperature

of 100°, an accelerating potential of 3,600 volts, and a pressure of

betwéen 10-6 and 5 x 10-'5 mm Hg as mgasuréd by the unit's vacuum gauge.
The solid samples were introduced into the ion source chamber

by means of a direct sample-injection probe. The relative ion in-
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tensities were~es£imated by measurement of the peak heights on the
recorder chart paper. Intensities were reported relative to an
arbitrary value of 100 assigned to the most abundant ion peak and

as a percent of total ion current. The relative abundance of all
isotope clusters was in agreement with the calculated pattern90 except
where noted. Perfluorokerosine was used as an internal ‘standard to
obtain m/e values for all compounds.gl

4. Powder X-ray Diffraction Spectra: Power X—réy spectra92

were obtained using a Norelco water cooled X-ray Diffraction unit, type
12046, with a copper target (CuRa 1.542A) and a nickel filter (0.00075~inch).
The unit was opefated at 40 kilovolts accelerating potential and

20 milliamps accelerating current. Samples were run as powders in

a Debye-Scherrer camera (5.73 cm i.d.) or as a coating on a lithium
‘borate glass slide with a diffractometer. When the camera was em-
ployed the powder was packed into a thin walled tube which was rotated:
If the slide method wés used, the sample was filtered through a 200

mesh wire screen on to a thin film of petroleum jelly.

E. Reagents

The reagents used in the course of this research were:

Antimony Trifluoride -~ (SbF3, Ozark-Mahoning, lot PR 7-1-63) was heated
at 150°/J.0-'4 mm Hg for 24 hours before use.

Argon - (Ar, Linde, High Purity) was used as obtained.

Benzene - (CGHG, Fischgr Scientific, reagent grade) was agitated with

concentrated stoa, washed with H, O, and then distilled three

2
times. The benzene was stored over a column of Linde
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molecular sieves. Infrared™™ and mass” spectrum were identical

to literature reports.

Benzene Chromium Tricarbonyl - ((C6H6)Cr(co)3) was prepared by the
_éeneral method described in section 6.2 using excess benzene
as the only solvent. Cr(CO)6 (10.2087 g, 0.0464 mol) and
100.0 ml of benzene (87.8 g, 1.124 mol) were reacted for 16
hours. The excess benzene was removed at 22°/10“4 mm Hg
leaving a yellow solid which was sublimed three times yiel&ing

29,95,96 a

C6H6Cr(CO)3 (8.6644 g, 0.0405 mol). The infrared nd

ss97,98

ma spectra corresponded to literature reports as did

the melting point.89

Carbon tetrachloride - (CCl4, Merck, reagent grade) was refluxed over

P4010 followed by distillation.

Chlorodimethylphenylsilane - (PhSiMEZCl, Pierce Chemical, lot 3092-10)

was fractionally distilled under an N2 atmosphere before use;

the infrared spectrum was identical to literature reports.gg’loo

Chlorotrimethylsilane - (MéBSiCI, Peninsular Chemresearch) was
fractionally condensed as follows:

RT v -164° ~ - 196° (3 times)
¥
RT v =45° v ~196° (3 times)
A

101-103

Fraction A was retained as Me,SiCl, infrared

3
and mass104 spectra were identical with literature reports.

Cyclohexane - (c6H12’ Mallinckrodt, Spectral grade, lot 72927) was

dried over MgSO, before use.

4
Chromium Hexacarbonyl - (Cr(C0)6, Strem Chemical, lot 1343F) was
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105,106
a

sublimed at 50°/-l()-4 mm Hg before use. Infrared nd

m338107’108 spectra were identical to literature reports.

Dichlorodimethylsilane - (MEZSiCI Peninsula Chemresearch) was

2’

. fractionally condensed:

RT v =64° ~ ~196° (3 times)
+ .
RT v =45° ~ -196° (3 times)
A

109-111
a

Fraction A was retained as Me,SiCl,, infrared nd

2 2’
masle4’l12 spectra were identical to literature reports.

Dichloromethylphenylsilane - (PhSiMEClZ, Dow Corning, lot 012871)

was fractionally distilled under N2 before use; infrared99’103

104

and mass spectra were identical to literature reports.

Diethylethef - (Et20, Mallinckrodt, reagent grade) was fractionally

distilled before use from a solution with LiAlH4.

Diglyme — (Dimethyl ether of diethylene glycol, Ansul Chemical) was

refluxed over CaH2 and then distilled.

Dimethylphenylsilane -~ (PhSiMe,H, Peninsula Chemresearch, lot 3456)

2
s 110,111
was fractionally distilled prior to use; the infrared spectrum

was identical to literature reports.
Gold - (HZ, Au, Matthey Bishop) was heated under vacuum before use.
Hydrogen - (HZ, Big Three Industries) was passed through a -196° tr#p
before use.

Hydrogen Chloride - (HC1l,, Matheson Gas Products, technical grade) was

purified by vacuum condensation:
RT ~ ~160° ~ -196° : (2 times)
¥

RT ~ =130° v ~196° (2 times)
(A)
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Fraction A was retained as HCl, ‘the infrared”~ and mass
spectra were identical to literature reports.

Lithium Aluminum Hydride - (Alfa Inorganics, lot M1346) was refluxed

for 24 hours with diethylether under a nitrogen atmosphere.

The solution was filtered and the filtrate used as source of

LiAlHa. -
Mercury - (Hg, Bethlehem Apparatus Co., triple distilled) was used as
obtained.
Methyltrichlorosilane - (MeSiCls, Eastman, lot 7022) was distilled:
RT ~ -96° n ~196° (3 times)
;T n =134° & ~196° (2 times)
a)
Fraction A was retained as MeSiCls. Thé infrared102’109
and masslol"114 spectra were identical to those published.

Nitrogen - (N2 gas, Big Three Industries) was used as obtained when
employed as the intensifying medium in the high pressure

apparatus. Liquid nitrogen - (Linde, High Purity Dry) was

used as obtained. Nitrogen gas for the dry bag and dry box
was "bleed" gas from the liquid nitrogen cylinder.

Oxygen .~ (02, Big Three Industries) was passed through a ~96° trap at
one atmosphere before use.

Phenylsilane - (PhSiHa) was prepared according to the procedure of

Ward''? using PRSIC1; (44.5 g, 0.210 mol) and LiAlH,
(37.5 g, 0.99 mol). The mixture was fractionally distilled
at reduced pressure and the fraction which distilled at 26-29°/

18 mm Hg was saved. This clear liquid was purified by vacuum
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distillation as follows:

RT. ~ -63.5° »~ -196° (5 times)
A

Fraction A was saved as PhSiH3 (19.3 g, 0.178 mol, 84.8%

yield) and had an infrared spectrum116 and boiling point

117

expected for PhSiH3, (Lit. b.p. 29°/18.5 mm Hg).

Silicon Tetrafluoride - (SiF4, Matheson) was used as obtained; mol. wt.
118,119 120,121

calcd. 104.1, found 104.2; infrared and mass spectra
were identical to that given in the literature.

Silver Tetrafluoroborate - (AgBF4, Ozark-Mahoning, lot DW-2-134) was

used as obtained.

Tetrachlorosilane - (SiCl4, Union Carbide, lot 150080571) was

fractionally condensed before use:

RT ~ -130° ~ ~196° (2 times)
¥ .
RT ~ -112° ~ -196° (2 times)
@A) '
101,109 104
and mass

Praction A was retained as SiCla, infrared

spectra were identical to literature reports.

Toluene Chromium Tricarbonyl - (PhCH3Cr(C0)3, Strem Chemical, lot 355)
was sublimed at 70°/10-4 mm Hg before use.

Trichlorophenylsilane - (PhSiCl,, Matheson, Coleman and Bell) was

99,103,116,122

3’

fractionally distilled under N2 before use; infrared

and masslo4 spectra were identical to literature reports.

Marshallton Research Laboratory, lot

Trimethylphenylsilane - (PhSiMes,
29611) was fractionally distilled prior to use; the infrared
spect;umln_lz5 was ldentical to literature reports.

Zinc difluoride - (Zan, Ozark-Mahoning, lot R-6-67C) was heated at
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150°/10-4 mn Hg for 24 hours before use.

F. Experiments Conducted During This Research

1. Syntheses of Complexes

~a. Synthesis of PhSiClSCr(CO)3. The general procedure
described in section C.2. was used to react phenyltrichlorosilane
(29720 mg, 188.0 mmol) and Cr(CO)6 (6080 mg, 27.63 mmol). The re-~
sultant yellow solid was vacuum sublimed four times and consisted of
PhSiClSCr(CO)3 (6796 mg, 19.55 mmol; 70.87% yield based on initial
Cr(CO)6; m.p. 107-109°; found: C, 31.27; H, 1.72; C1, 30.38%;
09H5013Cr03Si caled.: C, 31.10; H, 1.45; C1, 30.69%; IR v(C)) 1999
and 1939 cn ).

b. Synthesis of PhSiMeClZCr(CO)3. The same procedure

was used to reacf phenylmethyldichlorosilane (35594 mg, 186.2 mmol)

and Cr(CO) 5691 mg, 25.86 mmol) to form yellow PhSiCl,MeCr(CO)
6 3

2
(6390 mg, 19.53 mmol; 75.5% yield based on initial Cr(CO)6; m.p.

78-80°; found: C, 36.88; H, 2.60; Cl, 21.42%; CloH8C12CrO3Si caled.:
C, 36.71; H, 2.46; Cl, 21.67%; IR: v(CO) 1993, 1933, and 1925 cm~1).

c. Synthesis of PhSiMe ClCr(C0)3. The previous procedure

2
was utilized to react phenyldimethylchlorosilane (275504 mg, 220.0 mmol)
and Cr(CO)6 (8489 mg, 38.57 mmol) to form yellow PhSiClMeZCr(CO)3
(9392 mg, 30.62 mmol; 79.47% yield based on initial Cr(CO)G; m.p.
74-75°; found: C, 42.87; H, 3.50; C1, 11.70%; CllﬂllCICr03Si caled.:
C, 43.07; H, 3.61; C1, 11.56%; IR: v(C05 1986, 1927, 1919 cm-l).

d. Synthesis of PhSiMESCr(CO)s. Following the previous
procedure, PhSiMe3 (20163 mg, 134.2 mmol) and Cr(CO)6 (4153 mg, 18.87

mmol) were used to form yellow PhSiMe3Cr(CO)3 (4921 mg, 17:.19 mmol;
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69 72-73°; IR:

91.1% yield based on initial Cr(CO)G; m.p. 72-73°, 1lit.
v(CO) 1982 and 1915 cm ).

2. Reactions of the Complexes

a. Reactions of the Complexes with HCl at Autogenous Pressures.

Summary: The reactions of the chromium tricarbonyl complexes
with HCl.at low pressure were found to cleave the silicon group from
the aromatic ring yielding the appropriate chlorosilane and benzene
chromium tricarbonyl.

i. Reaction of PhSiMe3Cr(CO)3 with HC1l. In a nitrogen

filled glove bag PhSiMe3Cr(C0)3 (175.4 mg, 0.6126 mmol) was placed in
a 25-ml glass pressure reactor.. The vessel was evacuated and an excess
of HC1 (232.2 mg, 6.368 mmoi) wés condeﬁse& into the reactor. The
stopcock was closed and the mixture was allowed to warm and stand at
‘room temperature (22°) for 16 hours. The vessel was opened and the

4

material which volatilized at 22°/10 ' mm Hg was transferred into the

vacuum system. This material was separated by vacuum distillation as follows:

RT ~ -78° ~ -196° (3 times)
. ®
RT v =45° ~ -196° (3 times)
(©) (a)
A yellow-green solid residue, part of which remained in the reactor,
4

was removed and vacuum sublimed at 70°/10 @ mm Hg to produce a yellow

sublimate (D) and a green residue (E). The following materials were
identified from the final reaction mixture:

Me,SiCl: Fraction A (66.6 mg, 0.613 mmol; 1007 yield based on initial com-

3.___
plex; identified by infrared spectrum;lm-lo3 confirmed by mass spectrum;OA).

HCl: Fraction B (206.0 mg, 5.650 mmol; identified by infrared spectrum93’126
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confirmed by mass spectrum113

).

CEHE: Fraction C (2.7 mg, 0.035 mmol; 5.6% yield based on initial"

complex; identified by infrared spectrum93).

CEHECrQCO! ¢ Fraction D (121.1 mg, 0.5655 mmol; 92.3% recovery based

3
on initial complex; identified by infrared sPeCtrum;29’95?96

97,98 and m.p.89).

confirmed
by mass spectrum;
25293: Fraction E (2.8 mg, 0.018 mmol; 6.0% yield based on initial
135).

11. Reaction of PhSiMe201Cr(CO)3 with HCl., Using a

procedure similar to that of the preceeding section, PhSiMe

complex, identified by x-ray diffraction

2
(193.1 mg, 0.6295 mmol) was reacted with HC1 (266.2 mg, 7.302 mmol) at

ClCr(CO)3

22° for 24 hours. The volatile materials were vacuum distilled as
previously outlingd. The non-volatile green solid remaining in the
reactor was vacuum sublimed to produce a yellow sublimate (D) and a
green residue (E). The following material was identified as being

in the final reaction mixture:

ngSiClzz Fraction A (78.6 mg, 0.609 mmol; 96.8% yield based on
initial complex; identified by infrared spectrum;log-111 confirmed
by mass spectrumloa-llz).

gg&: Fraction B (244.0 mg, 6.693 mmol; identified by infrared .
spectrum93’126).

9656: Fraction C (13.7 mg, 0.176 mmol; 28.07% yield based on initial
complex; identified by infrared spectrum93).

cEHECrgcog ¢ Fraction D (106.3 mg, 0.4963 mmol; 78.8% yield based

3
on initial complex; identified by infrared spectrum;zg’gs’96

by mass spectrum97’98).

confirmed



62

Cr,0.: Fraction E (12.5 mg, 0.082 mmol; 26.0%7 yleld based on initial

- g5

135).

iii. Reaction of PhSiMeC12Cr(CO)3 with HC1l at 22°,

complex; identified by x-ray diffraction

Using a procedure similar to that of section F.2;a.i., PhSiMeClZCr(CO)3
(227.4 mg, 0.6942 mmol) was reacted with HC1 (751.0 mg, 20.59 mmol)

for 18 hours. All volatile material was vacuum separated as follows:

RT v -96° ~ -196° (2 times)
+ (A)
RT ~ 15° v -196° (3 times)
(B) ©)

The yellow solid remaining in the reactor was vacuum sublimed at 70°/

10~%

mm Hg to a yellow sublimate (D) and a green residue (E). The
following materials from the final reaction mixture were identified:

HCl: Fraction A (737.9 mg, 20.24 mmol; 2.7% yield based on initial

complex; ident;fied by infrared spectrum;los’106 confirmed by mass
spéctrum107’108).

CrSCOQa:i Fraction B (4.1 mg, 0.019 mmol; 2.77% yield based on initial
complex; identified by infrared spectrum;los’106 confirmed by mass
spectrum107’108).

PhSiMeClZ: Fraction C (13.6 mg, 0.0712 mmol; 10.27 yield based on

initial complex; identified by mass spectrum?03).

PhSiMeClnCr(CO)3: Fraction D, starting material (197.6 mg, 0.604 mmol;

127

87.0% recovery; identified by infrared spectrum; confirmed by

mass spectrum;zs).

E£293: Fraction E (2.4 mg; 0.016 mmol; 4.67% yield based on initial

complex; identified by x-ray diffraction135).
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iv. Reaction of PhS1MeC1,Cr (C0) ; with HCL at 100°. Using
the general procedure described in section F.2.a.i., PhSiMeClzcr(CO)3
(492.0 mg, 1.311 mmol) was reacted at 100° with HC1 (310.1 mg, 8.505

mmol) for 15 hours. The volatile material was vacuum distilled as

follows:
RT ~ -78° & -196° (3 times)
. W ~
RT v =45° A -196° (3 times)
. ®
RT ~ 15° ~ =196° (3 times)

©) )
The non-volatile material from the reactor was vacuum sublimed to
give a yellow sublimate (E) and pale green residue (F). The following
materials from the final reaction mixture were identified:
HCl: Fraction A (301.3 mg, 8.24]1 mmol; identified by infrared

spectrum93’126).

66"
complex; identified by infrared spectrum’>).

C_H_ : Fraction B (21.2 mg, 0.271 mmol; 20.77% yield based on initial

105,106

c:gc0)5: Fraction C (trace amount; identified by infrared spectrum ).

MeSiCl_: Fraction D (38.1 mg, 0.254 mmol; 19.47 yield based on the

/3
initial complex; identified by infrared spectrum;78 confirmed by
104,114)

mass spectrum
PhSiMeClzcr(CO)B: Fraction E, starting material (333.7 mg, 1.020

mmol; 77.8% recovery; identified by infrared spectrum;127 confirmed

by mass spectrumlzs).
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Cr,0,: Fraction F.(12.3 mg, 0.081 mol; 12.2% yleld based on initial
complex).
v. Reaction of PhSiC13Cr(CO)3 with HC1 at 150°. Using
a procedufe similar to that in section F.2.a.i., PhSiC13Cr(CO)3
(139.0 mg, 0.3999 mmol) was reacted with HC1l (301.1 mg, 8.258 mmol)

at 150° for 24 hours. All volatile material was vacuum distilled

as follows:
RT ~ -78° & -196° (2 times)
. @
RT & 22° o -196° (2 times)
(B) (C)

The yellow-green solid remaining in the reactor was vacuum sublimed
at 70°/10-'4 mm Hg to give a yellow solid (D) and a green residue
(E). The following materials from the final reaction mixture were
identified: |

BCl: Fraction A (294.8 mg, 8.085 mmol; 97.9% recovery; identified
' 93,126,

CrgCOQE: Fraction B (traces, identified by infrared spectrum

by infrared spectrum

105,106)

PhSiCl.: Fraction C (9.0 mg, 0.045 mmol; 11.2% yield based on initial

3
104
complex; identified by mass spectrum ).

PhSiCqur(CO)3: Fraction D (117.7 mg, 0.3386 mmol; 84.77% recovery;
~
129

).

identified by mass spectrum
g;zgs: Fraction E (3.4 mg, 0.022 mmol; 11.0% yield based on initial
135)

complex; identified by x-ray diffraction
Similar reactions conducted at 0° and 100° gave no indications

of reaction.
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b. High Pressure Reactions of Arylsilane Complexes with
HCl.
Summary: At high pressures HC1 was found t6 cleave the carbon-silicon

bond of arylsilane chromium tricarbonyl complexes as shown:

(OC)3CrPh—SiR3 + HC1 > CGH6

Cr(CO)3 + R381C1 (39)

i. Reaction of PhSiC13Cr(CO)3 with HCl.
1. Reaction at 150°/4082 atm. Using the general
procedure described in section B.l.g., PhSiCl3Cr(CO)3 (43.0 mg, 0.123
mmol) was reacted in a gold tube with anhydrous HCl (93.8 mg, 2.57
mmol) at 150°/4082 atm for 16 hours. When opened a small amount of
noncondensable gas (A) was observed. All other volatile (22°/10-4

mm Hg) material was vacuum distilled as follows:

RT ~ -78° ~ -196° (2 times)
+ (B)
RT v =45° ~ =196° (2 times)
RT ~ 0° ~ -196° (2 times)
(D) (E)

The gold tube retained a red solid (F) which turned green in air. When
heated to 50°110-4 mm Hg a clear liquid (G) was condensed from the tube.
All material was removed in a dry bag under an inert atmosphere.
The following materials from the final reaction mixture were
identified:
QQL_§2: Fraction A (noncondensable gas; CO identified by infrared
93,126

spectrum; Co, H2 confirmed by mass spectrumlBo).

HCl: Fraction B (761.0 mg, 2.087 mmol; identified by infrared spectrum

93,126

).
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§iCl,: Fraction C (6.1 mg, 0.036 mmol; 29.1% yield based on initial

4
complex; identified by infrared spectrum;126’131’132

spectrum104).

confirmed by mass

CEHE: Fraction E (3.0 mg, 0.038 mmol; 31.1% yield based on initial
complex; identified by infrared spectrum;g3 confirmed by mass spectrumgA).

CrSCOQE: Fraction D (18.2 mg, identified by infrared spectrum105’106).

CrCl32 CrClZ: Fraction F (nv ;7.1 mg red solid; qualitative test for

Cr and Cl positive; identified by powder x-ray spectrum133—135).

PhSiCl3: Fraction G (17.2 mg, 0.0813 mmol; 66.17 yield based on initial
9 .
04)

complex; identified by mass spectrum
2. Reaction at 120°/4082 atm.
Reactants: PhSiCl3Cr(CO)3 (43.3 mg, 0.125 mmol); HC1l (64.2 mg, 1.76 mmql).

Final Reaction Mixture: 81014 (5.3 mg, 0.031 mmol; 24.8% yield based
126,131,132

‘on initial complex; identified by infrared spectrum; confirmed

by mass spectrum;oa). HCl (61.6 mg, 1.69 mmol; identified by infrared

93"]'26). C.H (2.6 mg, 0.033 mmol; 26.6% yield based on initial
=66

"complex; identified by infrared spectrum,93 confirmed by mass spectrumgA).

spectrum

PhSiClscr(CO)3 starting material (31.3 mg, 0.090 mmol; 72.0% yield based

on initial complex; identified by mass spectrum;zg).
3. Reaction at 100°/4082 atm.
Reactants: PhSiClBCr(CO)3 (47.5 mg, 0.137 mmol); HC1 (60.8 mg, 1.67 mmol).

Final Reaction Mixture: sici, (2.9 mg, 0.017 mmol; 12.5% yield based
126,131,132

on initial complex; identified by infrared spectrum; confirmed

by mass spectrumloa). HC1 (59.1 mg, 1.62 mmol; identified by infrared

spectrum93’126). Crgcozﬁ (1.4 mg, 0.0064 mmol; 4.77% yield based on

initial complex; identified by infrared spectrum;os’los). CH, (1.3 mg,

=66
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0.017 mmol; 12.1% yield based on initial complex; idéntified'by infrared

spectrum;93 confirmed by mass spectrumga). PhSiCl1l.Cr(CO 3 C_H Cr(CO
29,95,96,129

3
(identified by mass spectrum

by pOWder X-ray spectruml33-l35

). CrCl3, Cr012 (identified

)' .-
4, Reaction at 50°/4082 atm.

Reactants: PhSiCl}Cr(CO)3 (89.3 mg, 0.257 mmol). HCl (127.6 mg, 3.50 mmol).

Final Reaction Mixture: CO, H2 (noncondensable gas; identified by in-

93,126 and mass spectrum130’136

93,126

frared ). HCl (125.7 mg, 3.45 mmol; iden-

). Cr{CO)5 (1.0 mg, 0.004 mmol; 3.5%

yileld based on initial complex; identified by infrared spectrumlos’106

tified by infrared spectrum
).

PhSiCIQCr(CO)3, starting material (83.2 mg, 0.239 mmol; 93% recovery.)

5. Reaction at 125°/1020 atm.

Reactants: PhSICL,Cr(C0), (48.9 mg, 0.141 mmol). HCL (77.7 mg, 2.13 mmol).

Final Reaction Mixture: CrCl

3 CrCl2 (v 20.1 mg, violet solid; identified

by powder x-ray spectruml33_l35). CEHE (1.7 mg, 0.022 mmol; 15.6% yield
based on initial complex; identified by infrared spectrum;93 confirmed

by mass spectrum?4). HC1 (64.9 mg, 1.78 mmol; identified by infrared

93,126

spectrum ). SiCl, (3.0 mg, 0.0178 mmol; 12.67% based on initial

—4
126,131,132

complex; identified by infrared spectrum; confirmed by mass

spectrumloa). PhSiCl,,Cr(CO)3 (38.2 mg, 0.110 mmol; identified -by

mass spectrumlzg).

6. Reaction at 100°/1020 atm.

Reactants: PhSiCl,,Cr(QQ)3 (71.4 mg, 0.205 mmol). HC1l (269.6 mg, 7.394 mmol).

Final Reaction Mixture: SiCl, (1.1 mg, 0.006 mmol; 2.97 yield based on
126,131,132

initial complex; identified by infrared spectrum; confirmed

by mass spectrumloA). Crgcoza (5.8 mg, 0.026 mmol; 25.37% yield based on
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on initial complex; identified by infrared spectrum 0>*19%), wHc1 (268.4

mg, 7.361 mmol; identified by infrared spectrum93’126). Ph81013CrgCOQ ,

C_H_Cr(CO 3 (v 65.9 mg; mixture of yellow solids; identified by mass

spectrum29,95,96,129

93,126

). CO, H2 (noncondensable gas; identified by
130,136)

infrared and mass spectra

1i. Reaction of PhSiMeClZCr(CO)3 with HC1 at High
Pressures.
Summary: Using the general procedure described in section B.l.g.,
PhSiM'eClzcr(CO)3 and HCl were found to react at high pressure to cleave

the silicon-carbon bond and to form mixtures of CrCl3 and CrC13.

1. Reaction at 100°/4082 atm.

Reactants: PhSiMe012Cr(CO)3 (316.0 mg, 0.966 mmol; HC1l (127.6 mg,

3.50 mmol).

Final Reaction Mixture: MeSiCl3 (147.0 mg, 0.983 mmol; 101.9% yield
102,109

based on initial complex; identified by infrared spectrum;

confirmed by mass spectrum104’114). CEHE (77.0 mg, 0.986 mmol; 102.0%

yield based on initial complex; identified by infrared spectrum;93

confirmed by mass spectrum?a). Crgcoz5 (940 mg, 0.427 mmol; 88.47

yield based on initial complex; identified by infrared spectrum;los’106

confirmed by mass spectrumlm’lo8

93,126

). HCl (69.3 mg, 1.90 mmol; identified

by infrared spectrum ). €O, H2 (noncondensable gas; molecular

130,137

weight of 22.7 identified by mass spectrum ). CrC13, CxCl

2
(v 500 mg; identified by powder x-ray spectrum133-l35).

2. Reaction at 55°/4082 atm.

Reactants: PhSiMeClzcrgcoz3 (49.5 mg, 0.151 mmol); HC1l (150.6 mg,

4.13 mmol).
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Final Reaction Mixture: CO, H2 (noncondensable gas; identified by
93,120 130,136

infrared and mass spectra )s MeSiCl3 (17.0 mg, 0.114 mmol;

75.1% yield based on initial complex; identified by infrared spectrum;loz’109

confirmed by mass spectrumlol"114

93,126

). HCl (146.2 mg, 4.01 mmol; identified

by infrared spectrum ). Crgcoga (4.2 mg, 0.0189 mmol; 25.0% yield

105,106
c

based on initial complex; identified by infrared spectrum; on-

107,108

firmed by mass spectrum ). CH (9.4 mg, 0.121 mmol; 807 yield

66
based on initial complex. PhSiMeCl,,Cr(CO)3 (9.6 ng; 0.029 mmol; identified

by mass spectrum.)

3. Reaction at 22°/4082 atm.

Reactants: PhSiMeClzcr(CO)3 (41.9 mg, 0.128 mmol); HC1l (149.8 mg,

4.11 mmol).

Final Reaction Mixture: PhSiMeCl,,Cr(CO.)3 (39.9 mg, 0.122 mmol; 95.3%

‘recovery; identified by mass spectrumlzs); HC1 (150.2 mg, 4.12 mmol;

identified by infrared spectrum; >’ 26

102,109

MeSiCl3 (trace; identified by

104,114

infrared spectrum; confirmed by mass spectrum ).

4. Reaction at 100°/1020 atm.

- Reactants: PhSiMeCIZCr(CO)3 (46.0 mg, 0.141 mmol); HC1l (279.6 mg,

7.67 mmol).
Final Reaction Mixture: MeSiCl3 (7.0 mg, 0.047 mmol; 33.3% yield based
on initial complex; identified by infrared spectruin;loz’109 confirmed

by mass spectrnm104’114

infrared spectrum93’126). Crgco)E (2.0 mg, 0.0091 mmol; 1.3% yield
105,106)

). HC1 (277.1 mg, 7.60 mmol; identified by

based on initial complex; identified by infrared spectrum

29,95,96,128)

PhSiMeC1,Cr(C0),, C.H.Cr(CO), (mixture identified by mass spectrum
&
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5. Reaction at 55°/1020 atm.

Reactants: PhS:I.MeClzcr(CO)3 (50.1 mg, 0.153 mmol); HC1l (172.0 mg,

4.72 mmol).

Final Reaction Mixture: PhSiMeCl,,Cr(CO)3 (48.9 mg, 0.149 mmol; 97.4%
4

recovery; identified by mass spectrumlzs). HC1 (176.2 mg, 4.83 mmol;

102.3% recovery; identified by infrared spectrum93’126). CrgCO)5 (trace
amounts; identified by infrared spectrum105’106).

6. Reaction at 22°/1020 atm. No apparent reaction

was detected between PhSiMe(Cl1,Cr(CO). and HCl at 22°/1020 atm.
(A [

¢c. Reaction of C6H6Cr(CO)3 and HCl1 at 250°/4082 atm:

Summary: Benzene chromium tricarbonyl reacts with HC1 at 250°/4082

CH,, C_H,.CH, and CrCl,.

atm to yield €O, C.H., C 61173 3

6120 Cels

Using the general procedure described in section B.l.g.,
06H6Cr(CO)3 (123.0 mg, 0.574 mmol) and HCl (228.3 mg, 6.26 mmol) were
allowed to react at 250°/4082 atm for 16 hours. A noncondensable gas
(A) was observed when the tube was opened. The volatile materials

were separated:

RT ~ -96° n ~196° (3 times)
(8) (C)

A violet solid (D) was recovered from the gold tube. The following

materials from the final reaction mixture were identified:

CO: Fraction A (small amounts; identified by infrared spectrum;93’126

confirmed by mass spectruml30).

CeHe, CH oy CEHSEES’ Csﬂllggaz Fraction B (mixture of mainly benzene
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and cyclohexene with traces of toluene and methylcyclohexane. Infra-

93 94,138-140

red”~ and mass spectra were identical to those expected

for the mixture).

93,126

HCl: Fraction C (161.9 mg, 4.44 mmol; identified by infrared spectrum ).

CrCl3: Fraction D (89.2 mg, 0.563 mmol; violet solid identified by

x-ray diffraction.

d. Reaction of C6H6Cr(co)3 and H2

Summary: No apparent reaction occurred between CGHGCr(CO)3 and H

at 22°/5 atm:

2

at 22° and 5 atmospheres.

Using the general procedure described in section F.2.a.i.,
06H6Cr(CO)3 (239.3 mg, 1.117 mmol) and H2 (15.1 mg, 7.51 mmol) were
allowed to react at 22° and autogenous pressure for 12 hours. Materials
found in the final reaction mixture were:

Starting material (231.5 mg, 1.081l mmol; 96.87% recovery;
29,95,96 97,98

CH Cr CO)3:

identified by infrared spectrum; ).

confirmed by mass spectrum

H,: (13.7 mg, 6.79 mmol; noncondensable gas; identified by mass

2
spectrum136).

e. Reaction of C6H6Cr(C0)3 with MeSiCl3 at 100°/4082 atm:
Summary: There was no apparent reaction of MeSiCl3 with CGH6Cr(CO)3

at 100°/4082 atm.

The general procedure described in section B.l.g. was used
to react Me81013 (127.3 mg, 0.8516 mmol) and CGHGCr(CO)3 (104.5 mg,
0.4880 mmol) at 100°/4082 atm for 16 hours. Materials which were volatile

at 22°/10-4 mm Hg were vacuum separated as follows:
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RT ~ --45‘3 N -196°

v (A)
"RT v ~20° ~ -196°
(8 (0

A yellow solid (D) was recovered from the gold tube. The following
materials were identified as being in the final reaction mixture:

MeSiC13: Fraction A (120.7 mg, 0.8074 mmol; 94.7% recovery; identified

102,109 104,114

by infrared spectrum; confirmed by mass spectrum ).
CEHECrgCOQ3: Fraction D (91.7 mg, 0.428 mmol; 87.77% recovery; identified

29,95,96)

by mass spectrum
f. Thermal Decomposition of Complexes:
i. Low Pressure.
Summary: The arylsilane chromium tricarbonyl complexes were found to

undergo a small amount of decomposition (< 6%) at 100° according to

the following equation:

2ArCr(CO)3 > Cr(CO)6 + 2Ar + Cr° (40)

1. Thermal Decomposition of PhSiCl3Cr(CO)3 at 1Q0°.
Under an argon atmosphere, PhSiClBCr(CO)3 (48.0 mg, 0.138 mmol) was
placed in a 30-ml glass pressure ampule. The ampule was evacuated to
10_4 mn Hg and sealed. The glass ampule was heated to, and then held
at 100° for 16 hours before cooling to -196°. When the vessel was
opened, a manometer reading indicated only a very small amount of non-
condensable gas (A) was present. A material (B) which was volatile
at 22°/10-4 mm Hg was removed. A yellow solid (C) was recovered from
the ampule under argon.

The following compounds were identified as being in the final
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reaction mixture:
130).
PhSiCl,, Cr(CO) : Fraction B (2.8 mg; 5.8% decomposition; identified
99,103,105,106,116,122)'

by mass spectrum
PhSiClng(CO)S: Fraction C (44.3 mg, 0.127 mmol; 92.4% recovery;
129)

identified by mass spectrum
2. Thermal Decomposition of PhSiMe3Cr(CO)3 at 100°.

CO: Fraction A (noncondensable gas; identified by mass spectrum

Using the procedure from section F.2.f.i.l. PhSiMe3Cr(CO)3 (248.0 mg,
0.8661 mmol) decomposed at 150° to give:

PhSiMe.: (4.4 mg, 0.042 mmol; 4.9% yield based on initial complex;

]
123,124

identified by infrared spectrum; confirmed by mass spectrum).

c:gc0)5: (4.2 mg, 0.019 mmol; 2.2% yield based on initial complex;

105,106 107,108

identified by infrared spectrum; confirmed by mass spectrum ).

PhSiMeSCr(CO)B: (230.9 mg, 0.8063 mmol; 93.1 recovered; identified
by mass spectrum;42).

3. Thermal Decomposition of PhSiMeCIZCr(CO)3 at
100°. Using the procedure from section F.2.f.i.l., PhSiMeClZCr(CO)3
(386.6 mg, 1.182 mmol) decomposed at 100° to give:

PhSiMeClzz (12.4 mg, 0.065 mmol; 5.5% yield; identified by infrared

spectrum;99’103’105’106’116’122 confirmed by mass spectrum104)a

Crgcogsz (6.6 mg, 0.030 mmol; 2.5% yield, identified by infrared

105,106)

PhSiMeClnCr(CO)S: (358.5 mg, 1.096 mmol; 92.7% recovery; identified by

mass spectrum147).

spectrum

4., Thermal Decomposition of PhSiMe ClCr(CO)3 at

2

100°. Using the procedure found in section F.2.f.1.1., PhSiMe ClCr(CO)3

2
(354.7 mg, 1.156 mmol) decomposed at 100° to give:
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PhSiMe,Cl: (6.3 mg, 0.0370 mmol; 3.27 yleld; identified by infrared

2
99,100

spectrum; confirmed by mass spectrum104).

Crgcoza: (3.5 mg, 0.0162 mmol; 1.4% yield; identified by infrared
105,106 107,108)

spectrum; confirmed by mass spectrum
PhSiMechCr(CO)3: (338.6 mg, 1.104 mmol; 95.5 recovery; identified

by mass spectrumlza).

ii. High Pressure Decomposition of Chromium Tricarbonyl
Complexes:
Summary: The chromium tricarbonyl complexes of aromatic compounds were
found to undergo a small amount (< 3%) of decomposition at 22°/4082 atm
as summarized in the following equation:

2ArCr(CO). -+ 2Ar + Cr(CO0), + Cr° (41)
3 6

1. High Pressure Decomposition of PhSiMe3Cr(CO)3:
Using the general procedure described in section B.l.g., PhSiMe3Cr(CO)3

(99.8 mg, 0.348 mmol) was heated to 22°/4082 atm in a gold ampule.

4 mm Hg)

After the tube was opened, the volatile material (22°/10
was vacuum distilled as follows:

RT v +6° ~ -196° (2 times)
(A) (B)

A yellow solid (C) was recovered from the gold ampule by sublimation
leaving a dark solid residue. The following compounds were identified
as present in the final mixture:

CrQCOQS: Fraction A (trace amount; identified by infrared spectrum).
2§§iygaz Fraction B (0.6 mg, 0.004 mmol; 1% yield based on initial
complex; identified by mass spectrumlal).

PhSiMe Cr CO)3: Fraction C (95.3 mg, 0.333 mmol; 95.7% recovery;
identified by mass spectrum;az).
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2. High Pressure Decomposition df PhSiMeCIZCr(CO)3:
When the general procedure described in section F.2.f.i1.1., was applied
to PhSiMeCIZCr(CO)3 (200.0 mg, 0.611 mmol) at 22°/4082 atm, the following

materials were identified in the final reaction mixture.

PhSiMeClzcr(gD)sz (192.5 mg, 0.588 mmol; 96.3% recovery; identified

by mass spectrumlzs).

Crgcogsz (v 0.8 mg, 0.004 mmol; 1.27 yield based on initial complex;
105,106)

identified by infrared spectrum
PhSiMeClzz (1.2 mg, 0.0063 mmol; 1.0% yield based on initial complex;
identified by mass spectrum?°).

3. High Pressure Decomposition of C6H6Cr(co)3:
When the general procedure described in section B.l.g. was applied to
CGHGCr(CO)3 (69.2 mg, 0.323 mmol) at 200°/4082 atm, the fbllowing materials
were identified from the final reaction mixture.
CcHe: (23.9 mg, 0.306 mmol; 94.7% yield based on initial complex;
identified by infrared spectrum;93 confirmed by mass spectrum94).
CrSCO)E: (26.8 mg, 0.122 mmol; 75.3% yield based on initial complex;

105,106 confirmed by mass spectrum107’108

).

identified by infrared spectrum;
Black solid: (Power x-ray diffraction showed no crystalline materials
except Cr°;135 positive qualitative test for chromium).

4. High Pressure Decomposition of PhCHBCr(CO)3:
When the general procedure described in section B.l.g. was applied to
PhCHscr(CO)3 (125.9 mg, 0.552 mmol) at 22°/4082 atm, no apparent reaction
was detected.

g. Reaction of Arylsilane Chromiumtricarbonyl Complexes

with HZO:
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i

Summary: The arylsilane chromium tricarbonyl complexes reacted with de-

gassed H,0 at 25° to yield substances containing Si-0-Si linkages and Cr(CO)3

2

groups complexed with some of the phenyl groups as shown in the following
equation:

PhSiMex01yCr(CO)3 + H,0 > (PhSlMexOy/z)mCr(CO)3 + yHC1 (42)

2

i. Reaction of PhSiCl3Cr(CO)3 with H,0. Under a nitrogen

2
atmosphere PhSiClBCr(CO)3 (60.2 mg, 0.173 mmol) was placed in a glass

4 mm‘Hg and degassed

pressure reactor. The reactor was evacuated to 10~
HZO (1000.0 mg, 55.5 mmol) was condensed into the vessel at -196°. The
reactor was permitted to warm to, and held at, room temperature for 16

hours. After cooling to -196°, the reactor gave no indications of the

presence of a noncondensable gas. The material which volatized at 22°/1O-4
mm Hg was separated in the vacuum system as follows:
RT ~ -78° & -196° (2 times)
4) ()
The yellow nonvolatile residue (C) was removed from the reactor in a
dry bag. The following substances from the final reaction mixture were
identified:
93,126

H,0: Fraction A (994.3 mg, 55.18 mmol; identified by infrared spectrum ).

=2
HCl: Fraction B (14.1 mg, 0.387 mmol; 74.5% yield based on initial
93,126)

(PhSiO3/2) Cr(CO)3: Fraction C (identified by mass spectrum as a complex
o

complex; identified by infrared spectrum

mixture of silicone polymers with Cr(CO)3 groups present; the infrared

122,143 and two broad

2

contained a broad band at 1040 cm.-1 (v-8i0si),
bands at 1950 and 1890 cm-l (v-CO of Cr(CO)3 group);12 but there was
no apparent band due to the Si-Cl bond).

ii. Reaction of PhSiMe012Cr(CO)3 with HZO: When the
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above procedure was applied ta PhSiMeCIZCr(CO)3 (193.6 mg, 0.592 mmol)
and H,0 (995.8 mg, 55.26 mmol), the substances in the final mixture
were:

HCl: (29.9 mg, 0.819 mmol, 69.2% yield based on initial complex;
identified by infrared spectrum93’126).

(BhSiMeO)ACr(CO)B: (identified by mass spectrum122 as a complex mixture

of silicone polymers with Cr(CO)3 groups present; the infrared spectrum

122,143

contained bands at 1030 (v $Si-0), 1265 (5 SiCHs),lzz 1975 (v C-0)

and 1900 cm._1 (v CO)).

iii. Reaction of PhSiMe ClCr(CO)3 with H,0: Using

2
ClCr(CO)3 (508.0 mg,

2

the procedure described in section F.2.g.i;, PhSiMe2

1.66 mmol) and degassed HZO (1113.0 mg, 61.76 mmol) was reacted for
20 hours. The following materials were identified as being in the
final reaction mixture.

HCl: (60.9 mg, 1.67 mmol; 100.6% yield based on the initial complex;

26
identified by infrared spectrum93’l ).

93,126
gﬂg: (1088.9 mg, 60.43 mmol; identified by infrared spectrum 3 ).

PhSiMeZOHCr(CO)ﬂ, (PhSiMEZAQOCr(CO)3: (identified by mass spectrum to
)

contain chromium tricarbonyl complexes of the silanol and

122
siloxane ).

iv. Reaction of PhSiMe3Cr(CO)3 with H20:

PhSiMQ3Cr(CO)3 was not observed to react with degassed H20 at 22°.

h. Reaction of Arylsilane Complexes with 02:
Summary: The major reaction at 0° between an arylsilane chromium

tricarbonyl complex and O, was incomplete oxidation to HC1, HZO, Cco

2 2?

Cr203 and silicon dioxide.
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1. Reaction of PhSiCl3Cr(CO)3 with 02:
In a nitrogen atmosphere PhSiClacr(co)3 (85.0 mg, 0.245 mmol)
was placed in a glaés pressure reactor. The reactor was evacuated to

1074

m Hg and 02 (v 1 ml) was condensed into the vessel at -196°/

1 atm. The reactor was allowed to warm towards room temperature. At
approximately 0° an extremely violent and exothermic reaction occurred,
resulting in the rupture of the glass vessel during most of the attempts).
The vessel was cooled to -196° and opened to a manometer: The non-

condensable, 02, was removed., The remaining volatile material

(22°/10-4 mm Hg) was vacuum distilled as follows:

RT ~ -145° &~ -196° (5 times)
‘v a)
RT ~ =45° v -196° (3 times)
(B) (©)

‘A dark-green solid (D) was recovered from the reactor.
The following materials were identified as being in the final reaction
mixture:

HCl: Fraction A (25.3 mg, 0.697 mmol; 94.87% yield based on Cl in initial

complex; identified by infrared SPeCtrum93’126),

93,126
H,0: Fraction B (5.0 mg, 0.28 mmol; identified by infrared spectrum = ).
CO,: Fraction C (897.0 mg, 2.038 mmol; 92.67% yield based on C in

—2
. 93,126
initial complex; identified by infrared spectrum;

mass spectruml37).

confirmed by

gggga, (Si0,) : PFraction D (46.2 mg; identified by powder x~ray dif-

fraction to contain Cr203135 and by arc-emission spectroscopy to contain

silicon, assumed to be (Sioz)n).
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i1. Reaction of PhSiMeClz(_Ir(CO)3 with 02:
Using the general procedure described in section F.2.h.i.,

PhSiMZeClzCr(CO)3 (80.5 mg, 0.246 mmol) was reacted with excess O, at

2
room temperature. The following materials from the final mixture

were identified:

HCl: (16.0 mg, 0.440 mmol; 89.47% yield based on Cl in initial complex;

identified by infrared spectrum93’126

Co,: (30.8 mg, 0.701 mmol; 28.5% yield based on C in initial complex;

—2
137
identified by infrared spectrum;93’126 confirmed by mass spectrum  )-
105,1
CrSCO}E: (traces identified from infrared spectrum 06)-

CEHS: (4.1 mg, 0.052 mmol; 21.17% yield based on initial complex;

identified by infrared spectrum93).

Solid residue: (v 56.7 mg; shown by powder X-ray diffraction to contain
135

Cr203

. 122
in large amounts; infrared spectrum showed presence of Si-0-Si bonds ).

and by arc emission spectroscopy to contain chromium and silicon

iii. Reaction of PhSiMe ClCr(CO)3 with 02: When the

2

general procedure described in section F.2.h.i. was used with

PhSiMe ClCr(CO)3 (105.6 mg, 0.344 mmol) and excess O, the following

2

materials were found in the final reaction mixture:

2

HCl: (11.6 mg, 0.318 mmol; 92.4% yield based on initial complex;

93,126

identified by infrared spectrum ).

COo,: (134.2 mg, 3.049 mmol; 80.6% yield based on initial complex;

—2
identified by infrared spectrum;gs’126 confirmed by mass spectrum137).

H,0: (10.1 mg, 0.555 mmol; identified by infrared spectrum93’126).
105,106

c:gco)ﬁ: (trace amounts detected in infrared spectrum ).

Dark solid: (shown by powder X-ray diffraction to contain Cr203).135
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iv. Reaction of PhSiMeacr(CO)3 with 0,: Using the

2
procedure described in section F.2.h.i., PhSiMe3Cr(CO)3 (189.1 mg,

mmol) was reacted with excess 0, at room temperature. The following

2

substances were identified as being in the final reaction mixture:

B,0: (74.9 mg, 4.16 mmol; 45.0% yield based on H in initial complex;

9=

identified by infrared spectrum93’126).

QQQ: (322.6 mg, 7.33 mmol; 92,5% yield based on C in initial complex;

identified by infrared spectrum;93’126 confirmed by mass spectrum137).

ggg;ggsz (traces detected in infraredlzs’124 and mass spectra107 108)-
105,106

CriCO}E: (traces detected in infrared™ > and mass spectra
Crzoa, (SiOZ) (identified by powder X-ray diffraction to contain

1 . . cq s
3> and by arc-emission spectroscopy to contain silicon, assumed

Crzo3
to be (3102)n).
~ v. Reaction of PhCH3Cr(CO)3 with Oxygen:
When the general procedure described in section F.2.h.i. was
applied to PhCH3Cr(CO)3 and 02, no apparent reaction occurred at room

temperature. During the reaction of PhCH3Cr(CO)3 with 0, at 22°/

2
- 4082 atm, the gold tube was melted by the exothermic reaction and all
the material escaped.
vi. Reaction of C6H6Cr(CO)3 with Oxygen:
When the general procedure described in section F.2.h.i.,
was applied to C 6 6Cr(CO) and oxygen, no apparent reaction occurred

at 22° after 24 hours.

3. Reactions of the Free Ligands:

a. Reaction of the Ligands with HC1l at Autogenous Pressures:

Summary: At low pressure and room temperature HCl was found to cleave
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the silicon—carboﬁ bond of PhSiMe3 and PhSiMeZCI. Elevated
temperatures were required to cleave the bond in PhSiMeCl2
and no cleavage was observed in PhSiCl3 at temperatures below

' 220° L

i. Reaction of PhSiMe3 with HCl at 25°:

In a nitrogen filled glove baé PhSiMe3 (468.5 mg, 3.117 mmol)
was placed in a 25-ml glass pressure reactor. The vessel was attached
to the vacuum system and degassed by successive freezings of the
sample to -196° with appropriate pumping. Anhydrous HCl (558.4 mg,
15.31 mmol) was condénsed into the reactor. The mixture was then
allowed to warm and stand at room temperature (22°) for 16 hours.

4 mm 5g)

The vessel was then opened and the volatile material (22°/10°
transferred into the vacuum system. This mixture was separated by

vacuum techniques as follows:

RT v -78° ~ =196 (3 times)
. (A)
RT v =45° ~ =196 (3 times)
(B) ()

The following compounds from the final reaction mixture were identified:

HCl: Fraction A (443.7 mg, 12.17 mmol; identified by infrared

spectrum93’126).

CEH5= Fraction B (216.9 mg, 2.777 mmol; 89.1% yield based on initial

arylsilane; identified by infrared spectrum:93 cénfirmed by maés
spectrumga).
Me.SiCl: Fraction C (337.9 mg, 3.110 mmol; 99.8% yield based on initial

3._—-_
101-103,109

arylsilane; identified by infrared spectrum; confirmed by mass

104
spectrum ).
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i1. Reaction of PhSiMe,Cl with HCl at 22°: Using the

2
general procedure described in section F.3.a.i., PhSiMe201 (783.9 mg,
4.592 mmol) was reacted at 22° with HC1 (341.6 mg, 9.369 mmol) for 24

hours. After reaction the volatile material was vacuum distilled as

follows leaving a liquid residue, D:

RT v -78° ~ =196° (3 times)
¥ )
RT v~ =45° ~ -196° (3 times)
6:)) ©
The following materials from the final reaction mixture were identified:
HCl: Fraction A (221 mg, 6.07 mmol; identified by infrared spectrum93’126).

266

arylsilane; identified by infrared spectrum:93 confirmed by mass

CH.: Fraction B (246.1 mg, 3.150 mmol; 68.6% yield based on initial

sgectrum94).

ggzggglzz Fraction C (411.0 mg, 3.184 mmol; 69.37% yield based on
initial arylsilane; identified by infrared spect:rum;:,mg—lll confirmed

by mass spectrumloa’llz).

PhSiMe,Cl: Fraction D (425.4 mg, 1.387 mmol; 30.2% recovery; identified
by mass spectrum99’116’122).

iii. Reaction of PhSiMeCl2 with HC1:
1. Reaction at 200°: Using the general procedure
described in section F.3.a.i., a mixture of PhSiMeCl2 (237.5 mg, 1.243
mmol) and HCl1 (148.8 mg, 4.081 mmol) were placed in the glass pressure
ampule and heated to 200° for 16 hours. Material which was volatile

at 22°/10°% mm Hg was vacuum distilled as follows:

RT ~ -96° v ~196° (3 times)
+ (A)
RT ~v =45° ~ -196° (3 times)
} (C)
RT ~ =20° ~ -196° (2 times)

® ®
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The following compounds from the final reaction mixture were identified:

93,126

HCl: Fraction A (132.0 mg, 3.620 mmol; identified by infrared spectrum ).

CH: Fraction B (32.2 mg, 0.425 mmol; 34.2% yield based on initial

arylsilane, identified by infrared spectrum;93 confirmed by mass spec-

trumga).

SiMeCl.: ~ Fraction C (61.9 mg, 0.413 mmol; 33.2% yield based on initial

-3
arylsilane; identified by infrared spectrum;loz’109

spectrum104).

confirmed by mass

PhSiMeCl,: Fraction D (155.6 mg, 0.814 mmol; 65.5% recovery; identified

2
99,103 104,

by infrared spectrum; confirmed by mass spectrum

2. Reactions at 100°: Using the procedure des-

cribed in sections F.2.a.i. and F.e.a.iii., PhSiMeCl, and HCl were

2
reacted at 100° for 15 hours.

Reactants: PhSiMeClz.(783.9 mg, 4.101 mmol); HC1 (378.0 mg, 10.36

mmol).

Final Reaction Mixture: PhSiMeCl2 (779.4 mg, 4.078 mmol; 99.4% re-

9,103

covery; identified by infrared spectrum;9 confirmed by mass spec-

trum104)- HCl: (361.8 mg, 9.922 mmol; 95.8% recovery; identified by

infrared spectrum93’126

)«

iv. Reaction of PhSiCl3 with HC1l at Autogeneous Pressures:

1. Reaction at 220°: Using the general procedure

described in section F.2.a.i. and F.3.a.i., PhSiCl3 and HCl were re-~

acted at 220° for 16 hours.

Reactants: PI*;S:th]_._3 (132.1 mg, 0.624 mmol); HCL (112.0 mg, 3.072 mmol).

Final Reaction Mixture: PhSiCl3 (129.7 mg, 0.613 mmol; 98.27% recovery;

99,1 122
identified by infrared spectrum; 9,103,116, confirmed by mass spectru 104);
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HCl: (111.4 mg, 3.05 mmol; 99.3% recovery; identified by infrared

spectrum93’126

).
2. Reactions conducted at 100° and 22° did not
yield any cleavage products.
b. Reactions of Arenes at High Pressure:
i. Reaction of PhSiCl3 with HC1l at High Pressures:
Summary: The reactions of PhSiCl3 with HCl at high pressures were

found to obey the general equation:

PhSiCl, + HC1 - C_H, + SiCl (43)

3 66 4

1. Reaction at 220°/4082 atm: Using the general
procedure described in section B.l.g., PhSiCl, (132.1 mg, 0.6244 mmol)
was reacted with HC1 (44.8 mg, 1.23 mmol) in a glass ampule at 220°/
.4082 atom for 24 hours. After cooiing, the material which was volatile

at 0°/10-4 mm Hg was vacuum distilled as follows:

RT v~ =96° ~ ~196° (2 times)
. W
RT ~ -45° v -196° (4 times)
() (@)

A clear liquid (D) was left in the reaction vessel. The following
compounds from the final reaction mixture were identified:
HCl: Fraction A (40.5 mg, 1.11 mmol; identified by infrared spectrum93’126).
CEH5= Fraction B (10.7 mg, 0.137 mmol; 22.0% yield based on the
93

initial arylsilane; identified by infrared spectrum; confirmed by

94
mass spectrum ).

$iCl,: Fraction C (18.5 mg, 0.109 mmol; 17.67% yield based on initial
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arylsilane; identified by infrared spectrum;126’131’132

confirmed by
mass spectrumloa).
gggiglaz Fraction D (96.2 mg, 0.455 mmol; 72.9% recovery;Aidentified
by mass spectrum104).

2. Reaction at 150°/4082 atm:

Reactants: PhSiCl3 (66.2 mg, 0.313 mmol); HC1l (88.6 mg, 2.43 mmol).

Final Reaction Mixture: PhSiCl3 (55.1 mg, 0.260 mmol, 83.2% recovery;

93,126

identified by infrared spectrum ). 8iCl, (9.6 mg, 0.056 mmol;

—4
17.9% yield based on initial arylsilane; identified by infrared spec-

um;126’131’132vconfirmed by mass spectrumIOA)- HC1 (86.6 mg, 2.37 mmol;

tr
13.1% yield based on initial arylsilane; identified by mass spectrum94).

3. Reaction at 120°/4082 atm:

Reactants: PhSiCl3 (142.1 mg, 0.672 mmol); HC1 (88.6 mg, 2.43 mmol).

Final Reaction Mixture: PhSiCl3 (142.9 mg, 0.675 mmol; 100.47 recovery;

identified by mass spectrum104)- HC1 (87.9 mg, 2.4l.mmol; 99.27 recovery;
93,126,

4, Reaction at 200°/1020 atm:

identified by infrared spectrum

‘Reactants: PhSiCl3 (141.3 mg, 0.668 mmol); HC1l (155.0 mg, 4.25 mmol).

Final Reaction Mixture: PhSiCl3 (129.9 mg, 0.614 mmol; 91.97% recovery;

104
identified by infrared spectrum;99’103’116’122 confirmed by mass spectrum ).

93,126

HCl (154.6 mg, 4.24 mmol; 99.8% recovery; idéntified by infrared spectrum ).

S. Reaction at 150°/1020 atm:

Reactants: PhSiCl3 (264.6 mg, 1.251 mmol); HCl (160.8 mg, 4.411 mmol).

Final Reaction Mixture: PhSiCl3 (250.0 mg, 1.182 mmol; 94.57% recovery;
99,103,116,122

identified by infrared spectrum;

104
trum ).

confirmed by mass spec~
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11i. Reaction of PhSiMIeCl2 with HC1 at High Pressures:
Summary: The reaction between PhSiMeCl2 and HC1 at high pressures was

found to obey the general equation:

PhSiMe012 + HC1 ~» C6H6 + MeSiCl3 (44)

1. Reaction at 100°/4082 atm: Using the general
procedure described in section B.1l.g., PhSiMeCl, (59.4 mg, 0.311 mmol)
was reacted with HCl (104.6 mg, 2.87 mmol) in a glass pressure reactor

at 100°/4082 atm for 14 hours. All material which was volatile at 0°/
-4

10 " mm Hg was vacuum distilled as follows:
RT v -96° v -196° (3 times)
. W -
RT v =45 -196° (4 times)
@® (©

A clear liquid (D) was retained in the glass reactor. The following

compounds from the final reaction mixture were identified:

93,126

HCl: Fraction A (96.6 mg, 2.65 mmol; identified by infrared spectrum ).

CEHS: Fraction B (18.0 mg, 0.23 mmol; 74.0% yield based on initial

9
arylsilane; identified by infrared spectrum; 3 confirmed by mass

spectrumgé).

MeSiCl,: Fraction C (26.0 mg, 0.177 mmol; 56.97% yield based on initial

—3

arylsilane; identified by infrared spectrum;loz’109 confirmed by mass
spectrum104’ll4).
PhSiMeC12: Fraction D (13.7 mg, 9.0978 mmol: 31.4% recovery; identified

by mass spectrum104).
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2. Reaction at 50°/4082 atm:-

Reactants: 'PhSiMeCl2 (59.1 mg, 0.309 mmol); HCl (36.5 mg, 1.00 mmol).

Final Reaction Mixture: MeSiCl3 (22.2 mg, 0.148 mmol; 47.9% yield

based on initial arylsilane; identified by infrared spectrUm;102,109

104,114

). CEHE (12.7 mg, 0.162 mmol; 52.4%

yield based on initial arylsilane; identified by infrared spectrum;93

confirmed by mass spectrum

confirmed by mass spectrumga). PhSiMeCl2 (27.4 mg, 0.143 mmol; 46.37%

recovery; identified by mass spectrum104). HC1 (31.1 mg, 0.853 mmol;

93,126)

3. Reaction at 22°/4082 atm:

identified by infrared spectrum

Reactants: PhSiMeCl2 (59.4 mg, 0.311 mmol); HC1 (58.7 mg, 1.61 mmol).

Final Reaction Mixture: MeSiCl. (2.9 mg, 0.019 mmol; 6.1% yield based
J . .

102,109

on initial arylsilane; identified by infrared spectrum; confirmed

104,114y g, (1.0 mg, 0.013 mmol; 4.2% yield based

on initial arylsilane; identified by infrared speccrum;93 confirmed by

‘by mass spectrum

mass spectrumga). HC1 (56.5 mg, 1.55 mmol; identified by infrared

spectrum93’126

). PhSiMeCl2 (50.7 mg, 0.265 mmol; 85.27% recovery;
identified by mass spectrum104).

4., Reaction at 50°/1020 atm:

Reactants: PhSiMeCl2 (59.4 mg, 0.311 mmol); HC1l (40.8 mg, 1.12 mmol).

Final Reaction Mixture: PhSiMeCl2 (56.2 mg, 0.294 mmol; 94.57 recovery;

identified by mass spectrum104). HC1 (40.4 mg, 1.11 mmol; identified

93,126

by infrared spectrum ). MeSiCl3 (1.3 mg, 0.0087 mmol; 2.87% yield

based on initial arylsilane; identified by infrared spectrum;loz’109

confirmed by mass spectrumlOA’lla). CEHE (traces, detected in mass

spectrumga).
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114, Reaction of cs“a and HC1 at 22°/4082 atm: No

apparent reaction occurred between C6H6 and HCl at 22°/4082 atm when

reacted for 24 hours.

¢c. Reaction of the free Lignads with 02:

i. Reaction of PhSiCl, with Oxygen: When the general

3
procedure described in section F.2.h.i. was applied to PhSiCl3 (1331

mg, 6.292 mmol) with excess oxygen at 22°, no apparent reaction occurred.

1i. Reaction of PhSiMeCl2 with Oxygen: When the general

procedure described in section F.2.h.i. was applied to PhSiMeCl2 (1023
mg, 5.352 mmol) with excess oxygen at 22°, no apparent reaction was
detected.

iii. Reaction of PhSiMe2C1 with Oxygen: When the
general procedure described in section F.Z.h.i..was applied to
PhSiMe2C1 (985.8 mg, 5.774 mmol) with excess oxygen at 22°, no apparent
reaction was detected.

iv. Reaction of PhSiMe3 with Oxygen: When the general
procedure described in section F.2.h.i. was applied to PhSiMe3
(712.2 mg, 4.74 mmol) and excess oxygen at 22°, no apparent reaction

was detected.

4. High Pressure Reactions of Cr(CO), with HCL:
A%

a. The Reaction of Cr(CO)6 and HC1 at High Pressures and
Temperature Above 300°:
Summarz: It was found that at 4000 atmospheres and temperatures in
excess of 300° Cr(CO)6 and HCl reacted in quantitative yields after 18

hours. The reaction is summarized by the following equations:
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2Cr(C0), + 6HC1 - 2CxCl, + 3H, + 12CO (45)
6 3 2

2C0 ~» Co, + ¢C (46)

Equations 45 and 46 can be summed to yield the total equation:

2c:(c0)6 + GHC1 - 2Crc13 + 3H2 + scoi + 6C (47)

1. Chromium Hexacarbonyl and Hydrogen Chloride at
500°/4082 atm: Chromium hexacafbonyl (30.3 mg, 0.138 mmol) wés placed
in the gold tube and HC1 (98.6 mg, 2.70 mmol) was condensed into the
tube. The tube was sealed and held at 500°/4082 atm for 18 hours.
When the tubg was opened, a noncondensable gas (A) was observed. The
remaining volatile material was distilled‘as follows:

RT ~ -145° ~ ~196° (5 tines)
B c
A clean separation could not be achieved and a mixed molecular weight

measurement was used to obtain yields. A nonvoltaile, black solid (D)
was removed from the gold ampule in a dry bag, and then water extracted
in the presence of SnCl2 to yield a black solid. The following materials

were identified in the final reaction mixture.

32: Fraction A (small amounts; identified by mass spectrum.l36

€0,, HCl: Fraction B and C (2.675 mmol gas; infrared spectrum identical

2
to that expected for a mixture of 002 and HCl;93’126

spectrumll3’137

).

confirmed by mass
). 992 (19.2 mg, 0.437 mmol; 105.8% yield based on
initial Cr(CO)6); HC1l (81.6 mg, 2.24 mmol).

CrCla, C: Fraction D (25.8 mg, powder x-ray spectrum identical to
Cr013;134’135 the black solid was assumed to be powdered carbon. By

difference CrCl3 was 21.2 mg, 0.134 mmol, 97.17% yield based on initial

Cr(CO)G; C, 4.6 mg, 0.383 mmol, 92.5% yield based on Cr(CO)6).
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ii. Chromium Hexacarbonyl and HCl at 350°/4082 atm:
A procedure identical with part a above was conducted with Cr(CO)6
(67.9 mg, 0.309 mmol) and HC1L (170.9 mg, 4.687 mmol) at 350°/4000 atm.
The following materials were identified in the final reaction mixture:
gzz_gg: Fraction A (small amounts; identified by mass spectrum130’l36).
Eg%}LjyzL: Fractions B and C (4.273 mmol gas; infrared spectrum identical

to that expected for a mixture of CO 93,126

113,136

and HC1; confirmed by mass

2

spectrum; CO2 (022,7 mg, 0.515 mmol; 55.6% yield)' based on

Cr(CO)6 employed; HC1 (137.0 mg, 3.758 mmol).

135

CrCl,, C: Fraction D (54.9 mg, powder x-ray spectrum identical to CrClB;

—3—
CrCls, 49.0 mg, 0.309 mmol; 100.2% yield based on Cr(CO)6 employed, C,
5.9 mg, 0.49 mmol; 52.9% yield based on Cr(CO)6.

b. The Reaction of Chromium Hexacarbonyl and Hydrogen
Chloride at High Pressure and Temperatures at 300° and Below:
Summary: It was found that Cr(CO)6 and HCl reacted at temperatures
between 125° and 300° and high pressures according to one or both of
the following equations:

2Cr(CO)6 + 6HC1 -+ 2CxCl, + 3H, + 12CO (485

3 2

Cr(CO)6 + 2HC1 ~» CrCl2 + H2 + 6CO (49)

i. Reaction of Cr(CO)6 and HC1 at 300°/4082 atm:
Chromium hexacarbonyl (61.5 mg, 0.280 mmol) and hydrogen chloride
188.4 mg, 5.166 mmol) were reacted at 300°/4000 atm for 16 hours.
When the gold ampule was opened a nonvolatile gas (A) was observed,
identified and discarded. The volatile material was fractionally
separated by the following procedure:

RT ~ 0° ~ -196° (2 times)
B C
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A solid (D) was removed from the gold ampule under aﬁ inert atmosphere.
The following materilals were identified in the final reaction mixture:
H,, €O: Fraction A (1.98 mmoles mixed molecular weight 26.2, mole

fraction H, = 0.298, 1.2 mg, 0.59 mmol; mole fraction CO = 0.702, 38.9

2
mg, 1.39 mmol; mixture identified by mass spectrum113’l36).

Cr(CO)E: Fraction B (no Cr(CO)6 was found in this experiment but at

milder conditions Cr(CO)6 was found in this fraction).

HCl: Fraction C (160.1 mg, 4.391 mmol; identified by infrared spectrum;93’126

confirmed by mass spectrum113).

CrClsz CrClzz Fraction D (42.0 mg; powder x~-ray identical to that ex-

pected for a mixture of CrCl3 and CrClZ;133-135

mmols 77.27% yield based on Cr(CO)6 employed); yields are based on initial

CrClB-(34.2 mg, 0.2158

Cr(CO)6 and final weight of solid. CrClz, 7.8 mg, 0.063 mmol; 17.37%
yield based on initial Cr(CO)6.

| ii. Reaction of Cr(CO)6 and HC1 at 300°/2041 atm:
Reactants: Cr(CO)6 (118.8 mg, 0.5398 mmol); HC1l (262.4 mg, 7.196 mmol).

Final Reaction Mixture: HC1 (215.9 mg, 5.921 mmol); CrCl3 (34.5 mg,

0.218 mmol; 40.4% yield based on initial Cr(C0)6); CrCl2 (38.3 mg,
0.312 mmol; 57.8% yield based on initial Cr(CO)6. Traces of H2 and
CO were observed.

iii. Reaction of Cr(CO)6 and HCl at 300°/612 atm:
Reactants: Cr(CO)6 (73.6 mg, 0.3467 mmol); HC1 (117.3 mg, 4.864 mmol).

Final Reaction Mixture: HCl (149.9 mg, 4.110 mmol); CrCl3 (9.5 mg,

0.0599 mmol; 17.3% yield based on initial Cr(CO) g)3 CrClys CrCl, (35.2

2;
mg, 0.287 mmol; 82.7% yield based on initial Cr(CO)6). Traces of H2

and CO.
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iv. Reaction of Cr(CO)6 and HC1 at 300°/340 atm:
Reactants: Cr(CO)6 (57.6 mg, 0.262 mmol); HCl (41.1 mg, 1.13 mmol).

Final Reaction Mixture: Cr(CO)6 (6.0 mg, 0.027 mmol); HC1 (22.2 mg,

0.610 mmol); CrCl3 (7.7 mg, 0.049 mmol; 19% yield based on initial
Cr(CO)s); CrCl2 (22.8 mg, 0.186 mmol; 71.0% yield based on initial
Cr(CO)G); H2 and CO in small amounts.

v. Reaction of Cr(CO)6 and HC1 at 250°/4082 atm:

Reactants: Cr(CO)6 (286.6 mg, 1.300 mmol); HC1 (285.1 mg, 7.819 mmol).

Final Reaction Mixture: Cr(CO)6 (198.1 mg, 0.9001 mmol); HC1l (249.2 mg,
6.834 mmol); CrCl3 )29.4 mg, 0.186 mmol; 14.3% yield based on initial
Cr(CO)6); CrCl2 (26.4 mg, 0.214 mmol; 16.5% yield based on initial
Cr(CO)G); H2 and CO in small amounts.

vi. Reaction of Cr(CO)6 and HC1 at 250°/1020 atm:
Reactants: Cr(CO)6 (105.1 mg, 0.4776 mﬁol); HC1 (124.2 mg, 3.408 mmol).

Final Reaction Mixture: Cr(CO)6 (57.3 mg, 0.260 mmol); HC1 (108.7 mg,

2.982 mmol); CrClB‘(O.4 mg, 0.002 mmol; 0.5% yield based on initial
Cr(CO)6; CrCl2 (26.4 mg, 0.215 mmol; 45.0% yield based on initial

Cr(CO)G); small amounts of H, and CO with mixed molecular weight of 27.0.

2
vii. Reaction of Cr(CO)6 and HC1 at 250°/408 atm:
Reactants: Cr(CO)6 (104.7 mg, 0.4757 mmol); HCl (96.1 mg, 2.63 mmol).

Final Reaction Mixture: Cr(CO)6 (58.0 mg, 0.264 mmol); HC1 (78.7 mg,

2.16 mmol); CrCl3 (3.1 mg, 0.020 mmol; 4.1% yield based on initial
Cr(CO)6); CrCl2 (23.7 mg, 0.193 mmol; 40.5% yield based on initial
Cr(CO)6); small amounts of H2 and CO.

viii. Reaction of C;'(CO)6 and HC1 at 200°/4082 atm:

Reactants: Cr(CO)6 (80.7 mg, 0.367 mmol); HC1l (246.8 mg, 6.769 mmol).
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Final Reaction Mixture: Cr(CO)é (72.6 mg, 0.330 mmol); HC1l (242.8 mg,
6.658 mmol); CrCl, (5.8 mg, 0.037 mmol; 10% yield based on initial

Cr(CO)6); small amounts of H, and CO.

2
ix. Reaction of Cr(CO)6 and HC1 at 200°/4082 atm:
Reactants: Cr(CO)6 (49.5 mg, 0.225 mmol); HCl (184.0 mg, 5.048 mmol).

Final Reaction Mixture: Cr(CO)6 (44.3 mg, 0.201 mmol); HC1l (178.4 mg,

4.892 mmol); CrCl3 (6.0 mg, 0.038 mmol; 17% yield based on initial
Cr(C0)6); small amounts of H2 and CO.

X. Reaction of Cr(CO)6 and HC1l at 200°/612 atm:
Reactants: Cr(CO)6 (91.4 mg, 0.415 mmol); HC1l (204.0 mg, 5.596 mmol).

Final Reaction Mixture: Cr(CO)6 (78.0 mg, 0.354 mmol); HCLl (198.0 mg,

5.430 mmol); CrCl3 (7.0 mg, 0.044 mmol; 117 yield based on initial
Cr(C0)g)s CrCl, (2.0 mg, 0.016 mmol; 3.9% yield based on initial Cr(CO),);
‘small amounts of H2 and CO.'

xi. Reaction of Cr(CO)6 and HC1l at 200°/340 atm:
Reactants:  Cr(CO), (66.6 mg, 0.303 mmol); HCL (65.1 mg, 1.79 mmol).

Final Reaction Mixture: (5.9 mg, 0.037 mmol; 12% yield based on initial

Cr(C0)6); CrCl2 (1.6 mg, 0.013 mmol; 4.2% yield based on initial
Cr(CO)G); small amounts of H2 and CO.
xii. Reaction of Cr(CO)6 and HC1 at 150°/4082 atm:

Reactants: Cr(CO)6 (68.4 mg, 0.311 mmol); HC1 (37.9 mg, 1.04 mmol).

Final Reaction Mixture: Cr(Co), (68.2 mg, 0.310 mmol); HC1 (38.0 mg,

1.04 mmol); CrCl3 (trace amounts); H, and CO (trace amounts).

2
xiii. Reaction of Cr(CO)6 and HCl1 at 125°/4082 atm:

Reactants: Cr(CO)6 (81.5 mg, 0.370 mmol); HC1l (223.1 mg, 6.118 mmol).

Final Reaction Mixture: Cr(CO)6 (81.0 mg, 0.368 mmol); HC1 (223.1 mg,

6.119 mmol).



9%

S. The Low Pressure Reactions of Cr(C0), with HC1:
U

Summary: The reactions of Cr(CO)6 with HCl at autogenous pressures
are reported in this section. It was found that Cr(CO)6 and HC1
reacted at temperatures above 125° and at low pressures between 1 and

50 atm according to the following equation:

Cr(CO)6 + 2HC1 -+ CrCl, + H, + 6CO (50)

2 2

a. The Reaction of Cr(CO)6 and HC1 at 300°/10 atm: In this
low pressure reaction Cr(CO)6 (0.0576 g, 0.2617 mmol) was placed in the
glass pressure reactor then HC1l (0.2221 g, 6.092 mmol) was condensed
jnto a glass reactor and sealed with a torch. The ampule was held
at 300°/10atm for 18 hours. The ampule was opened at -196° and a
check made for noncondensable material (A). All material which
volatilized at 22° was fractionally distilled by the. following method:

RT ~ 0° ~ -196° (2 times)
B C

A white and pink solid (D) was removed from the glass ampule in a N2

atmosphere. The following materials were identified in the final
reaction mixture:

H,, CO: Fraction A (mixed molecular weight of 24.4. CO was identified

93,126 onfirmed by mass spectrum;130 H, identified

by infrared spectrum; 2

by mass spectrum).136

Crgco)sz Fraction B (3.0 mg, 0.014 mmol; identified by infrared

105,106 confirmed by mass spectrum107’108).

spectrum;
HCl: Fraction C (203.4 mg, 5.578 mmol; identified by infrared

spectrum;93’126 confirmed by mass spectrumllB).
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CtCl32 CrClzz Fraction D (pink solid gives powder x-ray spectrum ex-
pected for CrCl3 and CIrCI.z);]'%“135 CrC13.(2.7 mg, 0.017 mmol; 6.5%

yield based on initial Cr(CO)6); Cr012 (28.4 mg, 0.231 mmol; 88.3%
yield based on initial Cr(CO).). o

b. Reaction of Cr(CO)6 and HC1 at 200°/10 atm:
Reactants: Cr(CO)6 (217.7 mg, 0.9893 mmol); HC1 (266.9 mg, 7.320 mmol).

Final Reaction Mixture: Cr(CO)6 (46.2 mg, 0.210 mmol); HCL (212.6 mg,

5.831 mmol); CrCl2 (93.6 mg, 0.762 mmol; 77.0% yield based on initial
Cr(CO)()- ’

¢. Reaction of Cr(CO)6 and HC1l at 150°/10 atm: See
section B.2.b.. and F.5.a. for general procedure.

Reactants: Cr(CO)6 (170.7 mg, 0.7757 mmol); HCl (262.4 mg, 7.198 mmol).

Final Reaction Mixture: Cr(CO)6 (172.1 mg, 0.7820 mmol); HC1l (263.1 mg,

7.215 mmol); CrCl2 (trace).

6. Fluorination Attempts:

a. Reaction of PhSiMe ClCr(CO)3 + AgBF Solid AgBF

4° 4
c1cr(C0), (258.5 me,

2
(3.5877 g, 0.018429 mol) was mixed with PhSiMe

2
0.8427 mmol) in a glass pressure reactor under a niyrogen atmosphere.
The reaction in the solid phase started shortly after mixing with the
production of a gas. After 4 hours at room temperature all volatile
material was collected in the vacuum line at -196°. A noncondensable

gas (A) was detected, analyzed, and discarded. The remaining material

was fractionally distilled as follows:

RT ~ -120° v -196° (3 times)
+ (B) :
RT ~ -78° ~n ~196° (3 times)

©) (D)
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The folldwing compounds were identified in the final
reaction mixture:

C0: Fraction A (noncondensable gas, molecular weight 29.1; infrared

spectrum identical to that of CO with traces of BF3 present.126
BF,, SiF,, Me SiF , MeSiF3: Fraction B (179.6 mg, infrared agreed
C* & 4
with that expected for the mixture;lla’ug’l%’lM’145 mass spectrum
confirmed the mixture121).
. . . 144,145
MeSiF,, MeGSinz Fraction D (39.6 mg, identified by infrared spectrum;
- &
confirmed by mass spectruleI).
b. Reaction of PhSiMeZCl with AgBR&: Solid AgBF4 (5.2676 g,

0.027059 mol) was mixed with PhSiMeZCI (1108.8 mg, 6.495 mmol) in a
glass pressure reactor under a nitrogen atmosphere. An immediate exo-
thermic reaction occurred. The mixture was held at 22° for 14 hours.

4

The material which was volatile at 22°/10 " mm Hg was vacuum distilled

as follows:

RT ~ -120° ~ ~196° (3 times)
. ®)
RT v -78° ~ -196° (3 times)
(8) (C)

Further attempts to purify the gases were unsuccessful. The following
material was identified from the final reaction mixture:

SiF,, MenSin, MeSiF,, BF3: Fraction A (0.1796 g, identified by
% L J

118,119,126,144,145 confirmed by mass spectrum121).

infrared spectrum;

MeSiF,, Me,SiF Fraction C (0.2675 g, identified by infrared

it
spectrum;lls’119’126’144’145 confirmed by mass spectrum121).

¢. Reaction of PhSiMe ClCr(CO)3 with SbF

9 In a glass

3:
CicCr(co), (316.5 mg, 1.032 mmol)
3

pressure reactor was placed PhSiMe2
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with SbF3 (5.000 g, 0.0280 mol) using 25 ml of degassed diethylether as
a solvent. The reactor was held at 30° for 12 hours when the ether
golution was removed by filtration under a nitrogen atmosphere. The
ether solﬁtion was fractionated by vacuum techniques as follows:

RT ~ -63° v -196° (3 times)
(a)

The following materials were identified from the final reaction mixture:

PhSiMeZE: Fraction A (0.1373 g, 0.8903 mmol; 86.37% yield based on

initial PhSiMe ClCr(C0)3; identified by infrared spectrum;146 confirmed

2
by mass spectrum.147

7. Reaction of PhCH:,,Cr(CO)3 with PhCClB: To}une chromium
.tricarbonyl (1.429 g, 15.51 mmol) was reacted with trichlorotoluene
(13.470 g, 68.91 mmol) in the Strohmeier apparatus described in section
C. 2., using excess trichlorotoluene as the only solvent. The mixture
was heated to 100° for 4 hours, when all solvent was removed at 30°/
10_4 Hg leaving a dark solid. This solid was washed with five 10 ml
portions of diethylether through a glass filter under a nitrogen at-
mosphere. The ether was stripped from the mixture leaving viscous,
orange oil. The infrared spectrum was consistent with that expected for
a mixture of PhCH3Cr(CO)3,9 PhCClZCCIZCCIZC6H5148 and other p?oducts,
including polymeric compounds. Mass spectra agreed with this
suggestion.

8. Reaction of Cr(co)6 and PhCCl3:
(5.254 g, 0.02387 mol) was mixed with PhCCl3 (47.321 g, 0.2421 mol)

Chromium hexacarbonyl

in the Strohmeier apparatus. Shortly after applying heat, an extremely

exothermic reaction occurred starting with a sudden change in color



98

to blue and then immediately to a dark brown viscous oil. Infrared and
mass spectral data suggested the presence of PhCClZCCIZPh and a mixture
of polymeric compounds with some of the phenyl groups m-bonded to

Cr(co)34groups.

9. Reaction of PhCF3 and Cr(CO)G: Chromium hexacarbonyl
(5.0755 g, 0.02306 mol) was refluxed with PhCF3 (17.829 g, 0.12202 mol)
in the Strohmeier apparatus using 50 ml of diglyme as the solvent.
After 16 hours, the excess diglyme was removed at 50"/10'_4 mm Hg pro-
ducing a yellow oil mixed with a black solid. The oil was extracted
with 50 ml diethylether leaving a dark green pyrophoric solid which
gave a positive test for the presence of chromium. The ether was stripped
(22°/200 mm Hg) from the yellow oil (B). Further attempts to purify
the yellow oil were unsuccessful. The infrared and mass spectra cor-
responded to those expected for PhCF3Cr(C0)3 mixed with traces of diglyme,

PhCF, and other products, possibly including PhCFZCFzPh and (PhCF

2x’
10. Reaction of PhSiH3 and Cr(CO)G: Chromium hexacarbonyl

3

5.213 g, 0.02369 mol) was refluxed with PhSiH3 (3.790 g, 0.05031 mol)

in the Strohmeier apparatus using 90 ml of diglyme as the solvent.

After 8 hours the excess solvent was removed at 50°/10-4 mm Hg and the
resulting oily solid extracted with diethylether leaving a brown solid
which was very soluble in acetone. The ether solution was stripped pro-
ducing a yellow, oily solid. Further attempts at purification of either
solid were unsuccessful. Mass spectra of both solids showed a com-
plicated pattern suggesting a mixture of polymeric materials. The
infrared spectra of both solids had éwo bands in the 2000 to 1850 cm-1

region characteristic of the Cr(CO)3 group, and the spectrum of the yellow
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ether soluble solid showed a band at 2180 Cm-l, indicative of Si-H
bonds.122

11. Reaction of PhSiMe.H with Cr(CO),: Chromium hexacarbonyl
4 O

(4.9686 g, 0.022578 mol) was refluxed with PhSiMeZH (8.891 g, 0.06524
mol) in 30 ml of diglyme using the Strohmeier apparatus. After 10
hours, the excess solvent was removed at 50°/10_4 mn Hg and the re-
sulting mixture was extracted with diethylether. After removing the
ether a yellow oily solid resulted. Further attempts to.purify this
product were unsuccessful, but results suggested the presence of at
least one major and two minor solid yellow products. The mass
specivum showed the fragmentation pattern and parent peak expected
for PhSiMeZHCr(CO)3. The infrared spectrum contained band at 2175

v (8- 122 95,96

, 1980 and 1917 cm—l (v (CO) of Cr(CO)3 group).

The reaction was repeated using excess PhSiMeZH as the only
solvent. A resulting oily yellow solid gave data identical to that
previously obtained. |

12. Synthesis of PhSi(OEt)B: Chromium hexacarbonyl (3.9846 g,.

0.018107 mol) was mixed in the Strohmeier apparatus with PhSi(OEt),
(10.923 g, 0.0454 mol) using 50 ml of diglyme as solvent. The solution
was refluxed for 6 hours before performing a water-ether extraction
with 50 ml portions of each liquid. The ether layer was saved and
stripped at 22°/4200 mm Hg leaving a yellow oil. Further attempts to
purify this product were unsuccessful., Infrared and mass spectra

confirmed the presence of PhSi(OEt)3Cr(CO)3.
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13. Reactions of Chromium with HC1l:
Summary: Powdered chromium metal and anhydrous HCl reacted at high

pressure to yield CrClB, CrCl, and hydrogen.

2

a. Reaction of Cr with HC1 at 600°/4082 atm: Powdered
chromium metal (37.1 mg, 0.714 mmol) was placed in the bottom of a
gold tube using a long stem funnel made from 3 mm o.d. glass tubing
and a disposable pipet. The gold tube was slowly evacuated to 10-3 mm
- Hg and then heated to 300° with pumping for 15 minutes. After cooling,
HC1 (216.7 mg, 5.944 mmol) was condensed into the tube with liquid
nitrogen. The gold tube was sealed and held at 600°/4082 atm for 18
hours. When the tube was opened, a noncondensable gas (A) was ob-
served. The quantity of gas was too.small to obtain accurate data on
its molecular weight or the amount of gas présent. The remaining
volatile material was vacuum distilled as follows:

RT ~ =130° ~ - 196° (2 times)
(B)

A nonvolatile solid in the solid tube was extracted with ten 5-ml
portions of distilled water leaving a nonsoluble metallic solid (C)
and a water soluble product (D). The solid would also react with
C014, forming CHC1

hydride.l?’

3° This reaction indicates the presence of 5 metal

The following materials were identified in the final reaction

mixture:

§2‘ Fraction A (small amounts; identified by mass spectrum136).
HCl: Fraction B (200.1 mg, 5.488 mmol; identified by infrared

spectrum93’126).
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Cr: Fraction C (23.6 mg, 0.454 mmol; 63.6% recovery; identified by
135
).

Water soluble product: Fraction D (31.5 mg; shown by powder x-ray
134,135

3.

b. Reaction of Cr and HC1l at 500°/4082 atm:

powder x-ray diffraction

diffraction to contain CrCl

Reactants: HCL (166.9 mg, 4.577 mmol), Cr (45.0 mg, 0.865 mmol).

Final Reaction Mixture: HCl (148.0 mg, 4.059 mmol), Cr (30.4 mg,

0.585 mmol; 67.6% recovery). Water soluble product (33.5 mg; violet
solid shown by powder x~ray diffraction to contain CrC13134’135).

¢. Reaction of Cr and HC1 at 300°/4082 atm:
Reactants: HCl1 (58.8 mg, 1.614 mmol), Cr .(43.0 mg, 0.827 mmol).

Final Reaction Mixture: HC1l (48.5 mg, 1.330 mmol), Cr (30.5 mg,

0.587 mmol: 70.9% recovery). Water soluble product (26.0 mg, violet

solid shown by pﬁwder x~ray diffraction to contain CrCl3 and CrC12133—135).
d. Reaction of Cr and HCL at 120°/4082 atm:

Reactants: HCl1 (202.8 mg, 5.563 mmol), Cr (39.2 mg, 0.754 mmol).

Final Reaction Mixture: HCl1 (164.7 mg, 4.517 mmol), Cr (32.8 mg,

0.631 mmol; 83.7% recovery). Water soluble products (15.6 mg, violet

134,135
as

solid shown by powder x-ray diffraction to contain CrCl3
the only crystalline compound.)

e. Reaction of Cr and HCl at 75°/4082 atm:
Reactants: HC1 (208.5 mg, 5.718 mmol), Cr (44.7 mg, 0.860 mmol).

Final Reaction Mixture: HC1 (201.5 mg, 5.527 mmol), Cr (39.7 mg,

0.764 mmol; 88.8% recovery). Water soluble product (11.7 mg).
£. Reaction of Cr and HCI at 24° /4082 atm:

Reactants: HC1 (229.6 mg, 6.296 mmol), Cr (82.4 mg, 1.585 mmol).
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Final Reaction Mixture: HCl (198.5 mg, 5.445 mmol), Cr (73.3 mg,

1.410 mmol; 89.0% recovery). Water soluble product (12.0 mg, identified
by powder x-ray diffraction to contain CrCl3134’135).

g. Reaction of Cr and HC1 at 300°/340 atm:
Reactants: HCl1 (176.8 mg, 4.848 mmol), Cr (16.9 mg, 0.325 mmol).

Final Reaction Mixture: HCl (116.5 mg, 3.195 mmol), Cr '(12.8 mg,

0.246 mmol; 75.7% recovery). Water soluble product (11.7 mg, pink

solid shown by powder x-ray diffraction to contain CrC13'and Cr012133—135).

h. Reaction of Cr and HCl at 200°/340 atm:
Reactants: HC1 (250.3 mg, 6.865 mmol), Cr (117.4 mg, 2.258 mmol).

Final Reaction Mixture: HCl (230.9 mg, 6.334 mmol), Cr (105.1 mg,

2.021 mmol; 89.5% recovery). Water soluble product (19.8 mg, pink .

solid shown by powder x-ray diffraction to contain CrCl3 and CrC12133—135).
i. Reaction of Cr and HCl at 100°/340 atm:

Reactants: HC1 (241.6 mg, 6.625 mmol), Cr (98.7 mg, 1.898 mmol).

Final Reaction Mixture: HCl (236.3 mg, 6.482 mmol), Cr (88.0 mg,

1.692 mmol; 89.2% recovery). Water soluble product (15.1 mg, white
solid shown by powder x-ray diffraction to contain CrC12133’135).
j. Reaction of Cr and HCl at 22°/340 atm:

Reactants: HC1 (181.3 mg, 4.972 mmol), Cr (120.3 mg, 2.314 mmol).

Final Reaction Mixture: HC1 (179.6 mg, 4.926 mmol), Cr (109.9 mg,

2.114 mmol; 91.4% recovery). Water soluble product (8.2 mg).
k. Reaction of Cr and HC1l at 400°/10 atm:
Reactants: HC1l (462.0 mg, 12.672 mmol), Cr (350.6 mg, 6.743 mmol).

Final Reaction Mixture: HC1 (461.0 mg, 12.643 mmol), Cr (349.9 nmg,

6.729 mmol; 99.8% recovery). Water soluble product (v1.2 mg, trace).
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1. Reaction of Cr and HC1 at 300°/10 atm:
Reactants: HCl (959.6 mg, 26.32 mmol), Cr (306.7 mg; 5.898 mmol).

Final Reaction Mixture: HCL (957.8 mg, 26.27 mmol), Cr (304.1 mg, .

5.849 mmol; 99.2% recovery). Water soluble product (1.6 mg).
m. Reaction of Cr and HCl at 100°/10 atm: There was
no apparent reaction between chromium and hydrogen chloride uﬁder

these conditions.



CHAPTER III

DISCUSSION

A, Arylsilane Chromium Tricarbonyl Complexes

1. Preparation of the m—-complexes:

All of the w~complexes were synthesized by a method similar to
that of Nicholls and Whiting29 (Table III). Initially nitrogen was uséd
Ar + Cr(CO)6 > A.rCr(CO)3 + 3C0 (51)
as an inert atmosphere, but the substitution of argon was found to produce
higher yields and fewer undesirable side-reactions. The m-complexes of

PhSiCl3Cr(CO)3, PhSiMeCIZCr(CO)3 and PhSiMe ClCr(CO)3 were prepared for

2
the first time from Cr(CO)6 and the corresponding arylsilane. The compound,
PhSiMe3Cr(CO)3, was prepared in greater yields than previously reported.69
When argon was used as the inert atmosphere, no additional solvents were
employed in the experiments which yielded the best results. The mixtures
were held at their respective reflux temperatures until all of the Cr(CO)6
was consumed or excessive decomposition occurred. In a normal reaction,
when a temperature in excess of 100° was attained, the solution turned a
pale yellow and then darkened to a brown color. The general reaction is
typified by the equation for PhSiCla.
PhSCL, + Cr(C0) 4 + PhSICL,Cr(CO), + 30 (52)

The reaction was conducted in a semi-closed system to exclude

104



TABLE III

Synthesis of Chromium Tricarbonyl Complexes

Product Yield M.p. Calculated Found
C H C1 C H Cl
PhSiCi3Cr(CO)3 70.8% 107-109° 31.10 1.45 30.69 31.27 1.72 30.38
PhSiM.eClzCr(CO)3 75.5% 78-80° 36.71 2.46 21.67 36.88 2.60 21.42
PhSiMeZCICr(CO)3 79.47 74-75° 43.07 3.61 11.56 42.87 3.50 11.70
PhSiMe ,Cr (CO) ,° 91.1% 72-73° - - - - - -
69

a. Previously reported.

SoT
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oxygen and water but a mercury bubbler facilitated the removal of gaseous
carbon monoxide, driving the reaction toward compietion.

A second method was used to prepare PhSi(OEt)BCr(C0)3, PhSiMe2
HCr(C0)3, PhSiH3Cr(CO)3 and PhCF3Cr(CO)3 from Cr(CO)6 and the proper
aromatic compound. In these latter reactions, diglyme was employed
as the solvent. In each case, a yellow solid was isolated by stripping
off the solvent at 50°/10-4 mm Hg. The mass spectra and infrared spectra
confirmed the presence of the desired m-complex but other impurities were
also present. Recrystallization, sublimation and chromatography tech-—
niques failed to produce a product with a narrow melting point. The
primary impurity appeared to be diglyme or a complex with diglyme as
‘a ligand since diglyme was always observed in the infrared and mass
spectra. This conclusion is also supported by the formation of diglyme

complex when C6H6Mo(CO)3 is heated in diglyme.149

Mo(CO) , + CH,OCH,CH,O0CH,CH,0CH, =» (dig)3Mo(C0);  (53)

Collg 30CH, CH,0CH,, CH, 0CH,4

A similar intermediate to II can be proposed with chromium as
the central atom. This is one advantage of using diglyme as the solvent
since the intermediate would not be predicted to be highly stable.

The important point of the preparation is the new procedures
which eliminated most of the side reaction by using the modified

Strohmeier apparatus,89 to increase yields and prepare novel compounds.
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2. Thermal Decomposition:

The arene chromium tricarbonyls are generally thermally stable
at temperatures below 250'°.28 C6H60r(CO)3 did not decompose in a mass
spectrometer until a temperature of 300° was attained.150 It is generally
maintained that substituents which are électron—withdrawing decrease the
extent of back-donation from the metal to‘the carbonyl ligand by de-
creasing the electron density on the metal.28 Recently, it was reported
that the effect on the aromatic ring of coordination with the Cr(CO)3
group was a considerable change of effective positive charge on the
o-orbitals and that no essential change of the w—electronic charge of

46-49 Since the m-complexes prepared in this re-

the arene takes place.

search generally had side-chains with large group electronegativities,

and, as stated above, the Cr(CO)3 group withdraws electrén density frdm

- the o-orbitals, the question of thermal stability was of great interest.
All the arylsilane w-complexes were found to decompose only |

slightly at 180° when heated in vacuo for 6 hours, as summarized in Table

IV. The volatile products of decomposition were Cr(CO)6; CO and the

free arene. The general equation for decomposition can be written as:

heat

?.ArCr(CO)3 2Ar + Cr(CO)6 + Cr (54)

Above 150° there was some additional decomposition of Cr(CO)6 to produce
CO and more Cr.

This data was not totally unexpected since all the complexes were
prepared at temperatures in excess of 170°. PhSiCI3Cr(CO)3 was syn-
thesized at temperatures above 200° with little decomposition as

demonstrated by the large yield. The data does show that there are
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TABLE 1V

*
Decomposition of Chromium Tricarbonyl Complexes

Complex Temperature Pressure, Atm 7 Decomposition
PhSiC13Cr(CO)3 100° <1 : 5.8
22° <1 0
22° 4082 1.0
PhSiMieCIZCr(CO)3 100° <1 : 5.5
22° <1 0
22° 4082 3.0
PhSiMe,C1Cr (CO), 100° <1 3.2
PhSiMe3Cr(CO)3 100° <1 4.9
PhHCr(CO)3 200° 4082 95
PhCH3Cr(CO)3 22° 4082 0

%
All reactions were held at stated reaction conditions for 6 hours.
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no gross differences in the thermal stability due to changes in the
group electronegativity of the side chain.

The stability of the complexes at 4082 atmospheres was also in-
vestigated and the results are also summarized in Table IV. The decom-
position products at 22°/4082 atm were the same compounds observed at
200° and low pressures. It was observed that an increase in pressure
to 4082 atmospheres caused a small amount of decomposition to occur
at a temperature where no previous decomposition was detected. Thus
the actual reactant in any reaction of the complexes under pressure with
HC1 to yield a chromium chloride could be Cr, Cr(CO)6 or some intermediate
rather than the n~complex. It will be shown later that the reactant is
not Cr(CO)6 since this compound does not react below 125° but the complex
does. The possibility that chromium metal is the reactant has not been
ruled out since 200 mesh chromium metal will react under conditions
similar to those required for reaction of the complexes.

3. Mass Spectra of the Chromium Carbonyl Complexes:

A large number of compounds containiﬁg silicon have been studied
mass spectrometrically. They have been popular subjects because they
are relatively easy to prepare and have convenient volatilities. Al-

"~ though mass spectrometry has been used to characterize in depth inorganic
compounds of silicon most of the detailed investigations have concerned
organometallic derivatives. The mass spectra of metal carbonyl compounds
are usually characterized by sequential loss of carbon monoxide from the
parent molecular ion and only processes with very low energy requirements
can compete with this decarbonylatit;n.151

Sﬁm@arz. The mass spectra confirmed the analyses of the

complexes by showing the parent ion and a fragmentation pattern expected
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for the compound. The mass spectfa of the chromium carbonyl complexes
were characteriéed by sequential loss of carbon monoxide; and in several,
the simultaneous loss of more than one CO group was observed. In general,
any fragment which included the CO ligand had a low relative abundance.

In the regions of common ions, the spectra of the complex and its free’
arylsilane showed significantly altered intensities. The occurrence

of ion-molecule reactions in the mass spectrometer was also noted. The
spectra were reproducible if the sample inlet pressures were identical,
but this proved to be a demanding requirement; however, even at different

inlet pressures, the gross features were reproducible.

2
ClCr(CO)3 and PhSiMeBCr(CO)3 are reported in Appendicies A, B, C, and

The mass spectra of PhSiCl3Cr(C0)$, PhSiMeClzcr(CO)a, PhSiMe

D, respectively. The spectra of the free ligand were also recorded for
comparative purposes so any unique trait of the instrument would be re~
1ﬁtive1y constant. These ligand spectra are reported in Appendicies E,
F, G, and H, respectively."

The observed spectra of these complexes were similar to those

97,98,150,152-155 and were

reported for other metal carbonyl complexes
characterized by successive losses of CO groups to give peaks for
[ArCr(CO)n]+ fragments where n = 2,3,1 or 0 and Ar = an arylsilane.
The pattern for n = 2 was either extremely weak or absent for it was
detected only at higher inlet pressures in the spectra of Ar = PhSiCls.
Also, at higher inlet pressures, lower intensity peaks were detected

and assigned to ions of the type [(Ar minus R)Cr(CO)n]+ where n = 3,2,1,0;
R = Me or C1. In general, the peaks containing the CO ligand of the

type ArCr(CO)n+ or Cr(CO)nf were only observed in low relative abundances.
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A representation 6f the fragmentation pattern for PhSiClscr(CO)3 is
ghown in Figure 10.
For each compound, the fragment assigned to Cr+ ion was the most

intense, except where Ar = PhSiMe,Cl when the ArCr+ peak dominated, and

2
the Cr+ peak was the second most intense (Cr+/ArCr+ = 0.85). 1In the
spectra of both the ligands and complexes, the fragmentation pattern
resulting from the successive removallof groups from the silicon atom
was observed, although the relative intensities of the corresponding
ions were significantly altered upon complex formation. The Ar+ peak
was much weaker in the spectrum of the complex as compared to the cor-
responding silane. Also, there was a series of peaks of low intensities
which had a m/e ratio and isotopic cluster pattern expected for a CrR+'
fragment (R = C1 or Me). The fragment was assumed to be the result of
156

. a rearrangement of the type:

SiR3]+ > CrR| + C_H_SiR (58)

[CrC6H ¢l5SiR,

5
Earlier workers reported that metal carbonyl complexes undergo

ion-molecule reactions in the mass spectrometer to give peaks at m/e |

153,154

ratios greater than the parent ion. At high sample inlet pressures

G x 10~

mm Hg), a series of low intensity peaks (T < 1.0) at m/e ratios
corresponding to ions of the type [ArCrZ(CO)n]+ (n = 2,3) were observed.
However, no ions of the type [Arzcr(CO)n]+ of [ArZCr]+ were observed
even where the ratio of intensities of [ArCrZ(CO)3]+ to parent ion was
0.6 as reported for the case Ar = PhSiClB.

In the spectra of PhSiClBCr(CO)3 there were peaks at m/e ratios
corresponding to [Ph81012Cr2(C0)2]+ and [PhSiClBCrZ(CO)n]+ (n = 1,0).
+

For Ar = PhSiMeZCI, ions of the type [PhSiMeZCr(CO)]+ and ArCr2 were
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Figure 10. Fragmentation Pattern for PhSiC13Cr(CO)3.
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observed. All these extremely weak peaks were at m/e ratios less
than the parent ion and close to interfering patterns of more prominént
fragments. Thﬁs, the isotopic pattern could not be reasonably con-
firmed and assignment is not certain.
There has been conflicting reports about the presence of a
peak at an m/e ratio of 40 (C3H4+) in the spectra of previous arene

97,98,152 11e 1ow pressure spectra of these

chromium tricarbonyls.
phenylsilane complexes had a m/e 40 peak of approximately equal
intensity to that of the m/e 39 peak. When higher pressures were em-
ployed, the m/e 40 peak was not observed, nor was it found in the spectra
of the uncomplexed arylsilanes. Perhaps éhis fragment experiences a
reaction in the mass spectrometer at higher pressures.

Using the data presented in Appendixies A through D, two in-
teresting trends were derived. First, as more chlorine groups replace

methyl groups on the silicon atom, the relative amount of fragmentation

increased, reducing the abundance of the parent ion.

Pah1158’159 defined a parent-ion stability as
Wp = 1 - WZ’ (55)
where Wz = EIf/(Ip + ZIf). (56)

Wz is the parent-ion decomposition probability, I_ 1is the intensity of

p
the undecomposed parent ions (including isotopic ions), and ZIf is the
total intensity of all of the other (singly charged) ions in the mass

spectrum. Equations 55 and 56 can Be combined to obtain

Wp = Ip/(Ip + EIf). (57)
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This is the same procedure as summing the fraction of total ion intensity
of peaks resulting from the isotopic cluster pattern and comparing that
sum to the total ion intensity for the complex. The relative stabilities
of the p#rent ions were found to be in the order: PhSiMe3Cr(CO)3'+ >

PhSiMe ClCr(CO)3+ > PhSiCl3Cr(CO)3+ > PhSiMIeClZCr(CO)3+ at low inlet

2

pressures, as shown in Table V. At higher inlet pressure the same basic

order was found, except the last two compounds were interchanged.
Second, the fragmentation patterns for the successive removal

of groups from the silicon, while maintaining the complexation of

the phenyl ring with the Cr(CO)3 grouping, was found to result in the

preferential cleavage of chlorine groups as compared .to the methyl

groups. In the spectra of the complexes, the same trend was noted for

fragments which did not contain the Cr(CO)n group. This was exactly"

104,151
2

~and for both PhSiMeCl2 and PhSiMeZCl (Appendix F and G) as measured in

this laboratory. These spectra taken during this research showed more

the reverse of the behavior noted previously for uncomplexed PhSiMeCl

detail but generally corresponded to the previously reported results
for the uncomplexed arylsilane. Also Beynon states that in compounds

of the type R SiCl2 cleavage of an R-Si bond is twice as probable as

2
cleavage of a Si-Cl bond.151 In RSiCl3 compounds, cleavage of- Si-Cl

bonds is somewhat enhanced, whereas in R_SiCl compounds, breakage of

3
R-Si bonds predominates.

The above stability order and the relative amounts of bond
cleavage would be expected on the basis of electronegativity arguments.
The Cr(CO)3 group has a strong electron-withdrawing effect on the ¢

50,160

orbitals of the aromatic ring. Since chlorine is more electro-



Compound
PhSiMbBCr(CO)3

PhSiMe ClCr(CO)3

2
PhSlM'eCIZCr(CO)3

PhS1C1,Cr (C0),

115
TABLE V

Parent Ion Stability

Stability, Wp

Low Inlet Pressures
0.0425
0.034
0.0035

0.001.22

High Inlet Pressures .
0.0533
0.0389
0.0158

0.0208



| 116
negative than a méthyl group, loss of a chlorine atom would tend to
better stabilize the ion's positive charge and the partial positive
charge from the effect of the Cr(CO)3 group. Since the fragments with-
out the Cr(CO)n group present were assumed formed by successive losses
of CO groups and then the Cr atom, their comparative stabilities would
logically be controlled by the relatiye abundance of the various larger
parent species.

The reason for the relative position of PhSiC13ér(CO)3 in the
trend shown in Table V, is not fully understood but might be partially -
explained on the basis of increasing n-bonding between silicon and
chlorine. It has been argued161 that (p+d) m-backbonding between chlorine
and silicon occurs and the effect is to increase the negative charge
density in the d-orbitals of silicon. Consequently, the capacity of
“silicon to accept electron density from the ring is decreased, and,
thus, the negative charge density in the ring ié increased. The magnifude
of this transfer of électron density for an extra chlorine may compensate
for the larger electronegativity of chlorine over a methyl group.

It might be proposed that the order of bond dissociation energies
be assigned on the basis of the relative intensities of the ions, but
the previous discussion suggest that erroneous conclusions would result.
Bond dissociation energies in the initial neutral molecule and in the
corresponding positively charged ion seemed to be significantly dif-
ferent. The mean dissociation energy of a Si-Cl bond is approximately
116 kcal/mole while that of a Si-Me bond is significantly lower at
about 85 kcal/mole.24 Also the relative abundance of the ionized species

may be kinetically controlled instead of thermodynamically controlled.
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The thermal decomposition data indicated that the mass spectra
of the m-complexes were relatively unaffected by thermal decomposition

effects in the mass spectrometer during the rums.

4. Infrared Spectra of the Chromium Complexes:
Previous infrared work on mw—-arene complexes of chromium tri-~

162,163

carbonyl was conducted by Fritz and Manchot in the 3000 to 300

cm region. Their data were reassigﬁedl64 and confirmed53 by later
workers. Humphrey discussed the shifts in the internal ‘frequencies
of some arenes due to w-complex formation.165 A number of other workers
have reported on the vibrational spectra of this type of complex.95’96’l66’167
The work of Buttery and co-~workers showed that the spectra of these com—
plexes in the solid phase are strongly influenced by intermolecular
coupling, and, consequently, an investigation of their spectra in solution
. is necessary to obtain valid information concerning individual molecules.167
Additionally, a great deal of work on the vibrational spectra of n-arehe
complexes has assumed that the concept of "local symmetry" is a valid
approximation; although Davidson and Riley96 have questioned the general
use of this concept.

The infrared spectra of these complexes are reported in Table
VI and shown in Figures 11-14, but because of the work of Buttery and
co—workers,167 solution spectra in both 052 and cyclohexane were
obtained. Only the v{(C00) modes were observed and measured in very
dilute cyclohexane solutions. The bands were assigned by comparing
the observed spectra with the reported spectra of similar complexes
53,95,96,99,100,116,123,162-167

and uncoordinated ligands.

Although Davidson and Riley96 reported splitting of the E mode



TABLE VI

IR Absorption Frequencies

(cmfl) of w-com.plexesa

PhSiMe ,Cr (CO) PhSiMeZCICréCO)B PhS1MeCl,Cr (CO) 4 PhS1C1,Cr(C0), Assignment

cs, KBr cs, KBr cs, KBr cs, KBr

3077vw  ———- 3080vw ~——- 300lvw ———= v (CH) ring
2959m 2958w 2961vw ———- 2970vw  2970vw 2957vw  2965vw v (CH) ring
2900vw —-—v 2910vW ~—mmm 2927v  ——mn v (CH) methyl
1979vs 1955vs  1985vs 1963vs 1990vs 1975vs 1997vs 1975vs v (C-0)

1907vs 1865vs  1916vs 1973vs 1920vs 1880vs 1935vs 1893vs v (C-0)

1401vw 1392vw  1402ve —-—- 1400w 1399 1400vw  ———m & (Si~C) methyl
1365vs ———- 1362vw  ———- 1364vw ———m 1367vw ==

1289w 1286w 1290w  ———— 1287m  —-——- 1290w  —=—=- 6 (C-H) ring
1268vw 1265vw § (Si-C-H) mé:hyl
1256s  1245m 1260m 1254w 1265m  ———— 8 (Si-C-H) methyl
1163vw 1147vw  1161lvw —=—- 1160w  ~—-—- 1163vw --—- § (CH)

1107s  1100m 1112m  ———- 1114s  =——- 1117s  1080m § (H-C-Si) ring
1019vw =—-——- 1015vw -———- 10l4w. ———~ 1015vw 1025m § (CH) ring

991w ———- 990vw ~——- 990w  =——- 991vw —-—m v (C-C) ring

8TI




TABLE VI (continued)

PhSiM.e3Cr(CO)'3 PhSiM'eZClCr(CO)3 PhSiMeClzcr(CO)3 PhSiC13Cr(CO)3 Assignment
CS2 KBr CS2 KBr CS2 KBr CS2 KBr
843s  837s 840m 839w v (Si-C)
810vw  809vw 8l4s 809w 802vw 795w & (CH) ring
795m  ———— 793s 780m -_—— 785w § (CH) ring
754m 747vw 753m  ———— 8 (CH) ring
693w 787vw 695vw —-~—- 694w  ~——- 717m 715vw
652s 653m 652s 652s 648s 652m 6455 641vw § (Cr-C-0)
620s 621m 619s 618s 615s 615m 612s 607vw 8 (C-C) or § (Cr-C-0)
5598 @ ———- 594m 585w v (Sicl)
535m 525w 532m 526w. 534m 530w 8 (CrCO) or v (Cr-C)
492w  ———- 503s  ——- 518m 515vw v (8i-Cl)
471w ———— 47éw —— 467w 470vw 465w 460vw v (Cr-C) or § (CrCO)
—— 420vw | —— 425vw —_— 430vw § (C-C) ring

a. s - strong, m - medium, v - weak, v - very

b. Possible assignments were made in conjunction with references.

611
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of the C-0 stretching frequency in all of the studied complexes with
a side chain when in dilute cyclohexane, splitting of the E mode was
observed in these new coﬁplexes only in the cases of PhSiMeCiZCr(CO)3

and PhSiMe ClCr(CO)a. In more concentrated CS2 éolutions, just two

2
bands were found for each compound, in agreement with an effective local

symmetry of C, for the Cr(CO)3 group. These correspond to the vibra-

3v
tions of symmetry A, and E. Since the lower frequency band was split

1
as reported above, it was assigned to the E mode.

The trends in C-0 stretching frequencies correlated well with
the expected ease of electron donation from the aromatic ligand (as
measured by group electronegativity of thé side~chain) and v(CO) for
either the A1 or the E mode (Figures 15 and 16). Thus, as the group
electronegativity increased the stretching band shifted to a higher

frequency.

5. NMR of the Chromium Complexes:

Summary. In the nmr spectra of arylsilanes aﬁd their chromium
tricarbonyl complexes, the aromatic protons of the arylsilaneAexhibited
complex multiplets, while the aromatic protons of the complexes, except
for PhSiMe3Cr(C0)3, were resolved into two intricate clusters. -The
integration of these clusters indicated that there were 3 protoms in
the downfield multiplet and 2 protons in the upfield one. The results
of the complexes also displayed a relative spectral shift among the
aromatic protons as compared to that of the corresponding free arylsilane.
Typically, a large, upfield shift of 2.1-2.5 ppm (relative to the

corresponding arylsilane) for the aromatic protons was observed upon

complex formation.
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Table VII summarizes the spectra of both the chromium tricarbonyl
complexes and, for comparison, their corrésponding free arylsilane. The
spectra of the complexes are shown in Figures 17, 18, 19 and 20. The
low-field resonance pattern can be readily assigned to the ring prétons

51,52,168,169 and

by analogy with other chromium tricarbonyl derivatives,
by the.integration of the area under the curve. The high-field singlet
was assigned to the methyl protons by a similar method.

The results given in Table VII show three main characteristics
that differentiate the chemical shifts of the arylsilane chromium
tricarbonyls from those of the { e arylsilane. First the effect of
the silicon substituent on the aromatic protons diffgrs in the two
.spectra. The spectra of the chromium complexes were not easily inter-
preted since the aromatic protons appears to form a complicated AA'BB'C .
spectrum.170 But previous workers171 have interpreted the spectra of
isopropylbenzene chromium tricarbonyl as due to the temperature dependence
of a conformation equilibrium about the ring-metal bond. The exchange

was described as a two component equilibrium between conformers (III)

and (IV).

(59)

Vo Y w N
AR

(III) awn
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TABLE VII

Chemical Shifts (6-ppm) of m-Complexes®

Group PhSiMe 3b PhSiMe201 PhSiMe012 PhSiCl 3
Complex Neat Complex Neat Complex Neat Complex Neat
CH, 0.30 0.28 0.70  0.60 1.06 0.93 ——— ——-
CeHs 4.95 7.11 4.97 7.20 4.97 7.200  4.66 7.33
5.05 7.13 5.07 7.24  5.07 7.23  4.76  7.36
5.16 7.20 5.17  7.27 5.17  7.27°  4.86 7.43
5.26 7.24 7.30 7.32 7.46
5.35  7.30 5.3 7.35  5.46 735 5.27  7.49
5.42  7.35 5.46  7.45 5.55 7.57  5.41 7.53
7.39 5.5 7.50  5.63 7.62  5.52  7.66
7.43 7.57. 7.68 °7.73
7.46 7.62 7.72 7.78
7.51 7.82

a. Solutions ca. 0.1 M CC14.

b. cf. data from reference 69.
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Electronic effécts of an electron.releasipg group favored (III) but
steric interactions favored (IV). For an electron withdrawing group
the m-electron density is greatest at the meta-positions and conformer
(IV) would be favored by both effects; thus, the ortho- and péra-protons
would be deshielded by the Cr-CO bond relative to the meta-protons.

The spectra of the arylsilane chromium tricarbonyl complexes
are consistent with a conformer of type (IV) where the ortho- and para-
protons were shifted down-field relative to the meta—proton{

Second, there was a large upfield shift of the aromatic protons
resonance in the complex relative to the free ligand. It is assumed
that an appropriate blend of the following three effects would explain

-these shifts.so’169

First, the protons could be shielded by the.
metal atom. Second, a modification of the ring current could return
the position of the protons to that for a normal alkene proton. And
finally, the strong electron withdrawing effect of the Cr(CO)3 group
could caﬁée a shift to lower fields..

The third and last major feature of the spectra of the complexes was
that they showed a solvent effect. McFarlane and Grim51 have reported
the chemical shifts of benzene chromium tricarbonyl in CDCl3 differ
substantially from those obtained in benzene solution. In this re-
search a shift range of 0.05 to 0.30 ppm was found between the speétfa
of the CCl4 and cyclohexane solutions with the resonance in CCl4

shifted downfield except for PhSiClSCr(Co)3 in which case they were shifted

slightly upfield. The solutions of the free arylsilane showed a similar

downfield shift, however, the magnitude was somewhat smaller. Since, in a

given solvent, the effect is greater for the chromium carbonyl complexes
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and the associatibn shift is stronger the more acidic t.:he‘proton,170
then the C~H bond of the ring for the complexes should be more polarized

than in the frée arylsilane.

6. Reactions of the Chromium Complexes:

a. Reactions with 02. The literature contains few reports of

the reaction of arylchlorosilanes with molecular oxygen' at low tempera-

32 Me281012,

who found

tures. The ignition limits of mixtures of oxygen with MeSiCl

and Me33101 were studied by Galis, Liebhafsky and Getz122

that the mixture could be ignited by a spark if the critical O, content

2
was larger than 10Z by volume.

The tetraalkysilanes'are quite stable to oxygen at their normal
boiling point, since they can be distilled iﬁ air without oxidation.
In air, trimethylphenylsilane was paftially oxidized af 400° to a combina-
- tion of siloxanes, formic acid, formaldehyde, biphenyl, phenol, carbon
monoxide, carbon dioxide and hydrogen.124 Depending on the experimenté}
conditions, the proportion of organosilane oxidized varied from 1 to
48%. Separate experiments showed that the glass reactor used did not
catalyze the oxidation.

.In this study the reactions of pure oxygen with both the free
and complexed arylchlorosilanes were conducted at 0° and initial low
pressure. The chromium tricarbonyl complexes usually underwent a violent,
exothermic reaction. The products included C02, HZO,.Cr203, very small
amounts of unreacted ligand, traces of benzene, and, when the ligand
contained chlorine, major amounts of HCl. The reactions were not re-
producible with recpect to‘yields.

None of the corresponding neat ligands underwent reactions at

conditions below 22°/5 atm. This could imply that the Si-Me, Si-~Cl and
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Si-Ph linkages.aré more resistant to oxidation than the same, linkages
in the complex. It could be argued that the Cr(CO)3 group withdraws
electron density from the ring, thus increasing the electronegativity
of the ring carbon. (The group electronegativity for the (CO)3CrC6H5—
substituent has been determined to be 8.95 as compared to 7.67 for the

65

could increase the polar nature of other bonds to silicon.

corresponding C_H substituent.as) This increased electronegativity

It is also possible that the complexes reacted more readily
because the oxygen initially attacked the Cr(CO)3 group and, thus, the.
free ligands would not be expected to react in the same manner.

It should be noted that conclusions derived from a direct com-
parison of these reactions may be erroneous since the complexes, while
initially igniting at a lower temperature and pressure due to the exo-

-thermic nature of the confined reaction. “

Since none of the starting complex, its derivatives, or oxidizéd
derivatives of the free arylsilane were found in the final reaction
mixture and the free arylsilanes did not react under similar initial .
conditions, it is tempting to suggest that attack at the Cr(CO)3 group
accounts for the differences in reaction but under the same conditions

PhCH3Cr(CO)3 and C Cr(CO)3 did not react. PhCH3Cr(CO)3 and 06H6Cr(CO)3

6'l6
did, however, react at the same temperature and 4000 atm; unfortunately,
the gold tube was melted by the exothermic reaction and the composition

of the products was not able to be determined.

b. Randomization of Phenylchlorosilanes. Randomization re-

L

actions of phenylchlorosilanes have been reported when these compounds

were heated in sealed containers.173 Only moderate temperatures (v 150°)
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were required when a catalyst (usually AlCl3) was present. Since-
chromium salts and carbonyl derivatives are known catalysts for other
reactions, each of the compounds reported in this research was checked
for such rearrangements. None was observed at conditions up to 200°/
4000 atm.

c. Reactions of the Complexes with H20.

Summary. The presence of the Cr(CO)3 groups in the arylchloro-
silanes did not grossly alter the reaction of the silicon-chlorine bond
with water. In no examined case was the presence of a silicon-chlorine
bond detected in the final products. Thus, reaction to at least ;he
silanol‘stage was totally effected in all cases. Further reaction and
condensation to the siloxane occurred for each compound except

PhSiMe ClCr(CO)s, where only partiél condensation was observed.

2

The phenylmethylchlorosilanes are very important industrially
because they are intermediates in the manufacture of a variety of
phenyl- or methyl-containing silicone liquids, rubbers, and solids
which are silicone,_polymers.58 These polymers usually result from the
cleavage of the silicon~chloride bond by hydrolysis which leads to the
initial formation of the corresponding silanol. These silanols usually
condense to fbrm the siloxane and water. The generai reactions are
given by equations 60 and 61. The reactions of triorganochlorésilanes

can be stopped at the silanol stage with the least difficulty.174
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R38101 + H20 > RasiOH + HC1 (60)

2R3510H-+ R381081R3 + H20 (61)

The mechanism proposed for the hydrolyéis involves the initial
nucleophilic atfack on silicon by the oxygen atom, but the complete
reaction mechanism is uncertain. The proposed scheme is

R R
2H,0 +R,SiCl+ HO-Si-Cl - R.SiOH + H 0T + c1”  (62)

2 3 3 3
H-0-H R

H
The driving force behind these reactions is the increased stability
of the S5i-0 bond over that of the Si-Cl bond. The reactions are further
promoted by the removal of the liberaﬁed HCL. | .

Steric factors of the organic grouping are known to have a
considerable effect on the reaction rate. The presence of |
bulky organic groﬁps attached to thé s§ilicon generally suppresses
the silanol condensation.

The reactions of H20 with the chromium tricarbonyl complexes
of the arylchlorosilanes were conducted to determine if the presence
of the more bulky Cr(CO)3 group sﬁppressed the silanol condensation.
It was also of interest to see if the electron withdrawiné nature of
the Cr(CO)3 group would grossly gffect the rate of reaction by making
the silicon atom more positivé resulting in a more stable transition
state.

The complexes were reacted with excess H20 at 22°, a temperature

where the arylchlorosilanes are known to yleld complete convertions to
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slloxanes.25 Thevcomplexes reacted to yleld products which contained

no evidence for Si-Cl or Si-OH bonds (except in the case of PhSiMe ClCr(CO)3);

2
however, the amount of HCl recovered was not 100% of the expected amount,
but there was a small amount of a chromium compound containing chlorine.
The mass spectra suggested that part'of the phenyl rings were not bonded
to a Cr(CO)3 group in the final polymers, thus, a chromium chloride could
nicely account for both the missing Cr.and Cl. Only in the case of

PhSiMe ClCr(CO)3, when approximately half of the final mixture was the

2

complexed silanol, did the presence of Cr(CO)3 group appear to hinder
the condensation to the siloxane. The uncomplexed silanol or siloxane.
were not observed in any of the cases examined.

The electron-withdrawing effect of the Cr(co)3 did not increasg
the polar nature of the silicon-carbon bond enough to cause cleavage
.at that location. Thus, PhSiMe3Cr(CO)3 could be shaken with large
quantities of an ether/water mixture and recovered unchanged.

d. Reactions with HCl. Summary: In this study several para-
meters were varied to describe the nature of the interaction between
anhydrous hydrogen chloride and the chromium tricarbonyl complexes or
the free arylsilane. These changes included the physical conditions of
temperature and pressure as well as modification of the arylsilane by
changing the groups attached to the silicon and the coordination of the
Cr(CO)3 group to the aromatic ring. The reactions with HCl clearly
demonstrated the influence of pressure on the cleavage of the silicon-
phenyl linkage as the major reaction. Table VIII summarizes the experi-
mental results. Several trends are apparent. First, for both the

complexes and free arylsilanes, cleavage of the silicon-phenyl bond
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TABLE VIII

High Pressure Silicon-Phenyl Cleavage Reactions with nc1?

Substance Temp Percent Reaction at Listed Pressure

°c 10 atn’ 1026 atm 4080 atm
PhSiMe3 22° 997 ——— ——
PhSiMe3Cr(C0)3 22° 100% — —
PhSiMe201 22° 69% _ —— ———
PhSiMeZClCr(CO)3 22° 97% — —
PhSiMeCl, 22° 0z — 6%
50° 0% 2% 487
100° 07 ———— 57%
200° 33% , ——— ———
PhSiMeClZCr(CO)3 22° 0% — 27
50°. . 0% 0% 75%
, 100° 197 33% 100%
Phsicl, - 120° —— — 0%
' 150° —— 0% 187%
220° (174 072 177
PhSiCl3Cr(CO)3 50° — 0% 0%

100° —— 2% 12.5%

120° — 12.6% 25%
150° 0% | m—— 29%

a. ‘Yield based on recovered chlorosilane at equilibrium after 16 hours.
b. Autogenous pressure calculated using the ideal gas equatiomn, ca.

10 atm.
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became more difficﬁlt as chlorine replaced methyl groups. Second,
when the Cr(CO)3 group was coordinéted to the ghenylsilane the con-~
ditions for cleavage were somewhat milder. Third, an increase in .
pressure lowered the minimum temperature required for a measurable
amount of reaction.
The reaction of HCl1l with PhSiR3Cr(CO)3 results in the formation

of a series of products including benzene, R,SiCl, chromium chlorides

3
and chromium hydride. In this section the reaction to form benzene
(and its complex with Cr(CO)S) and R3SiCl is discussed. The reactions
which lead to the formation of nonvolatile chromium products are
discussed in sections IIIB and IiIC. |

The heterolytic fission of the silicon-phenyl linkage by hydrogen
halides has been long considered to be an electrophilic substitution
reaction involving a o-complex.15-17 However, no evidence exists which
clearly eliminates the possibility of a four-center transition state
(I). Additionally, as noted in the review in Chapter I, almost.all of
the previously reported reactions were conducted in the presence of

water. When care was taken to remove all traces of H,0, the reactivity

2
was, usually, either greatly reduced or eliminated. The o~complex
mechanism, hoﬁever, is consistent with the observation that the addition
of electronegative groups to the silicon hinders the cleavage reaction.
This is reasonable since the silicon removes electron density from the
carbon and ring through both its o- and m—-orbitals, making the linked
carﬁon more positive and hindering attack by the positive ion, H+. It

should be noted that the probability of reaction via some type of

four-center mechanism would be increased by the attachment of electro-
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negative atoms to the silicon. This substitution woﬁld cause the
silicon-carbon bond to become morevpolar, increasing the likelihood
of coordination of the silicon with the negative end of the HC1l molecule.
There have been several recent communications to support this
concept of interaction between the silicon atom and its attached ring.
After an nmr study of substituted phenyltrimethylsilanes, Vignollet and

Maire176 concluded that the principle effect of the SiMe, group on the

3
ring was inductive, but that a small donation of electrond did occur
to form a (p-d) w~bond. Bock and Alt177 conducted charge-transfer
studies on silyl- and alkylbenzenes and stated that the substituent

effects on the benzene molecular orbitals can be rationalized in terms

‘of inductive polarization (+ I >+ 1 ) as well as strong electron
SiR3 CR3 o

back-donation Cr + Si from the benzene 7 system into the empty silicon
atomic orbitais of m symmetry. Other recent nmr experiments161 suggest
that (p-d) mbonding is significant in PhSiCl,. This type of bonding
occurs between silicon and chlorine and contributes substantially to

the electronic properties of the SiCl, group by shifﬁing charge density

3
to the central silicon atom from the chlorine and consequently decreasing
the capacity of silicon to accept electron density from the phenyl ring

3 8roup in which no

chlorine silicon w-bonding occurs. However, the m—acceptor capacity

relative to that expected for a hypothetical SiCl

of silicon for the ring electron density increases on substitution of
a chlorine atom for an alkyl group in SiR3 compounds.
Isomer distribution and relative rate constants for bromination

of compounds of the type PhSiMe nCln were explained in terms of a con-

3..
tribution by both inductive and (p-d) w-character of the silicon—ﬁhenyl
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bond.178
The reaction of PhSiCl3 wifh HC1l is thermodynamically possible

at 25°/1 atm, (See Appendix I), however, no reaction was observed up
to 220°/5 atm. Although the exact magnitude of the effect of pressures
up to 4,000 atmospheres on this reaction is not known, in general,
a reaction involving the disappearance of gas molecules can be assisted
by pressure to the extent of approximately 5 kcal per mole of gas that
disappears during reaction at room temperature but this value increases
in proportion to the increase in absolute temperature.1

3

25° and low pressure is believed associated with a kinetic rather than

The reason the reaction of PhSiCl, with HCl did not occur at

-a thermodynamic problem. Besides its influence on the position of
chemical equilibrium, pressure is also important in affecting rates of
chemical reactions. The effect of the pressure may simply be to increase
the solubility of the arylsilane or complex in HCl or to increase the
activity of the reactants. (Highly gompressed gases, like liquids,

have considerable solvating properties; for example, quartz will dissolve
in supercritical steam.l) These reactions were carried out above the
critical temperature (51.4°) of HCl, which has a demsity of 0.9 g/cc at

179

400°/2000 atm. Also, the melting point of benzene at 4000 atmospheres

0°18% and the melting points of substituted benzenes

is approximately 10
should be even higher.

The effect of the pressure may be to increase the rate constant
of feaction since no cleavage was observed below 1000 atmosphere and

at the lowest reaction temperature at 4000 atmospheres. Up to pressures

of about 1000 atmosphere, the more important effects of pressure on
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rates of reactioné is the increase in activities of reactants. At
higher pressures, significant changes in the rate éonstant occur.1’3
The increase in rate constant with pressure is directly pro-

portional to the decrease in volume of the system and is approximated

by the relationship

. X
(31nk) _ _ AV
(aP)T - " RT (63)

where AV* is the partial molar volume difference between the starting
materials and the transition state in the transition state theory.2
Thus, intermolecular repulsion is.overcome so.;hat particular groups
are brought into more intimate contact. It is also necessary to consider
the interaction of a solvent with the activated species. (This solvent
could be one of the reactants in excéss quantities.) The volume of -
activation term can be split into two terms, AVI and AVZ, where sz
is the volume change of the reacting molecules when they form the
transition étate, while AVZ is the accompanying change in volume of the
su;rounding liquid, arising principally from changes in the electro- '
str:lction.3

The pressuie iﬁc:easg will favor either of the propésed mechanisms.
The formation of a four-centered ;ransition state would result in a de-
creased vgiume for the system, thus favoring reaction. Four-centered
rearrangements have been shown to be‘pressure acgele;ated.lgl The.
o-complex mechanism would also be pressure enhanced since the dense
polgr fluid, HCl, could tend to stabilize the transition state by

coordination to the developing ionic species thus making the magnitude
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. .
of AV8 term larger. Since high pressure is known to increase ioniza-
tion, it is also possible that the rate could be accelerated by the

increased formation of ionized HC1l, viz.,

3HcL » H,CL + Hel, (64)

it has already been reported ;hat HC1 has a density comparable
to common liquids at 400°/2000 atm. Since the maximum conditions of
reaction in this research were at twice this pressure and one-half
this temperature (200°/4000 atm), the density of HCl would be expected
to increase even more. In alcohols, the proportion of hydrogen-bonded
"polymers" increases with rising pressure, and sz is about 4 cm3/m01
for formation of the hydrogen bond.182 Increasing pressure also
greatly increases the ionization of fluid water; and, when compressed.
" to the density of molten sodium hydroxide, water has about the same

183,184 Thus pressure could

electrical properties as sodium hydroxide.
produce an increase in the jonization of HCl similar to that found
with HZO'

The influence of the Cr(CO)3 group is to increase the amount
of reaction at the same conditions or lower the conditions required for
a detectable amount of reaction. This is a thermodynamic effect rather
than kinetic. However, a kinetic effect is also expected. The aryl-
silicon bond in substituted phenyltrimethylsilane is much more readily
- cleaved by base in aqueous methanol when complexed with Cr(CO)3 than
in the free arylsilane. The rate enhancement by the Cr(CO)3 group was

185

at least 500-fold. Since all experiments in this research were to

attain equilibrium because each reaction was conducted for 16 hours,
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 and no additional reaction was noted after 8 hours, kinetic measure-
ments were not made. The only kinetic effect observed was the possible
rate increase when high pressure was applied.
. Support for an ionic type mechanism is found in the work of

White and Fasona.37’38

They reported that ArCr(CO)3 type compounds
reacted with free halide ions and suggested that these complexes could
serve as effective catalysts in certain electrophilic substitution
reactions by promoting ionic-type reactions. If the mechanism of these
reactions involve the interaction of the chromium atom with the anion
or negative end of the ionic species, such interactions would partially
support both the formation of the chromium chlorides and the rate
acceleration under pressure by increasing the concentration of HZCl+.
As previously stated, substitution of strongly electron-with-
drawing substituents on the silicon atom is known to inﬁre;se the dif-
ficulty of rupturiné the aryl-silicon bond. Using the group electro-

negativity values for the C6H - and Cr(C0),C_H_-moieties calculated

5 3765
by Guvin and Khandarova47’48 and the values for SiCl3, SiMeClz,
SiM6201 and SiMe3ca1culated according to Huheey's group electronegativity

186-190

method, certain relationships can be correlated (Appendix J).

For the uncomplexed areng systems both SiMe3 and SiMéZCI were predic;ed
to be electron donating to the ring, but the other two groups should
be electron withdrawing. These conclusions are consistent with both
previous work and the results of this study. For example, at low
pressure both.PhSiMe3 and PhSiMéZCl»reacted at or near 22° with HC1, .

to give cleavage, but the other arylsilanes did not react except at

elevated conditions.
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When the ér(CO)3 group is bonded to the phenyl ring, all of the
silicon groupings' are predicted to be electron donating. Again, in
agreement with this prediction, the ease of reaction was found to be
in the expected order with PhSiCl3Cr(CO)3 being the least reactive;
and the conditions for reaction in comparison to the uncomplexed arene
were reduced. Cleavage was observed in PhSiMeCIZCr(CO)é at 100° and
low pressures, but at the same conditions no reaction of the pure
ligand was detected. No cleavage reaction with HCl was observed for

PhSiCl, or its 7-complex at 150° and low pressure. Since the m-complex

3

decomposed above 150° and the reaction was more complex than just the
cleavage reaction, a direct comparison at 220° could not be made for
PhSiCl3Cr(CO)3.

The ability of the Cr(CO)3 moiety to stabilize a positive
 charge which develops on the ring or a side-chain of the ligand during

41,191

reaction has been discussed. It was proposed that the bond

between the phenyl ring and the chromium atom functioned in much the

same manner as the Cr-CO bond with a forward coordination and a back

donation. Anderson and Brown192 have suggested a method for measuring

this effect. They proposed that the v(CO) E/A1 intensity ratio could
be related to the importance of the m-acceptor character of arenes
in ArCr(CO)3 systems.

‘ Following their suggestion the measured intensity ratio from
high resolution spectra of the complexes of PhSiClB, PhSiMeClz,

were found to be 1.16, 1.30, 1.61 and 1.62

PhSiMe,Cl, and PhSiMe

2 3

respectively. Thus Ph81013 with the most electronegative side group

was predicted to be the best m-acceptor. This suggests that the more
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electron density whicﬁ is withdrawn from ;he riné by'a gside-group,
the greater iz the ability of the phenyl ring to accept additional
density from the Cr(CO)3 group. The same trend is observed in theA
v(CO) frequencies and is well correlated with group electronegativities,
i.e., as the group electronegativity of the side chain increased, the
stretching of the C-0 bond shifted to higher frequencies (Figures 11
and 12). This shift is frequently explained in terms of decreased
(d»p) m~bonding between chromium and the CO group. Thus, it would
seem that as backbonding between chromium and CO groups decreased,
backbonding from chromium to the arylsilane increased.

e. The Reaction of Benzyi Halides with Arene Chromium

‘Tricarbonyls. When PhCCl, was reacted with either Cr(CO)6 or

3
PhCHBCr(CO)3 the main product was a polybenzoyl.type polymer, however,
(PhCClZ)2 was also .a reaction product. Although Bamford and céworkers
have shown that Mo(CO)6 reacts with organic halides via a free-radical
mechanism,193 Tarona and White38 use.the polymerization of benzyl
chloride, catalyzed by A.rMo(CO)3 compounds, as evidence that carbonium
ions and not radicals were involved. In a later paper37 they used
the fact that ArQr(CO)3 compounds are catalysts in Friedel-Crafts
reactions to further support the carbonium ion theory. They suggested
A.rCr(CO)3 had strong affinity for halide ions since this type of
compound reacts with R4NX. As noted in Chapter I, other workef392’57’194
havg found thatrArCr(CO)3 can- be oxidized by halogeﬁ containing compounds.
This oxidation seems reasonable since these complexes are closely

related to the bis—arene chromium complexes and their electrochemical

oxidation
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0 41 -
(C6H6)2Cr - (c6H6)ZCr + e (65)
has been shown by polarographic techniques28 to be a reversible, one
step process.

However, the fact that (PhCCl was found in the final reaction

2)2
mixture, suggests that a radical mechanism could still be involved.
One such radical mechanism could involve the reversible oxidation-

reduction transition as follows:
ArCr(CO)3 + RX ~» [ArCr(CO)B]X + R° (66)
R* + R » R-R (67)

There appears to be no evidence to exclude the possibility of
a carbene formed by a-elimination of another chlorine atom. The carbene

could then insert in the C-Cl bond of PhCCl, to produce the observed

3
dimer. The problem is compounded by the data on the reaction of PhCF3
with Cr(CO)6. Using conditions similar to those in the reaction of

PhCCl

PhCF, was found to give PhCFBCr(CO)3 as the major product.

3 3
Tréces of a polymeric material were observed but the yields were very
low. White and Farome37 reported that Arbr(CQ)3 prométed 100% polymeriza-
tion of benzyl fluoride to polybenzyl. . |
Thus the exact mechanism of the reaction of A.rCr(CO)3 of Cr(CO)6

with alkyl halides does not appear to be firmly established.

B. Reaction of.Cr(CO)6 with HC1
After the reactions of the arene chromium tricarbonyl complexes

"~ with anhydrous HCl at high pressure, a non-volatile violet solid which
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turned green in air was observed in the final reaction mixture. FExamina-

tion of the solid by powder x-ray diffraction procedures showed it to
133-135

»

be a mixture of anhydrous CrCl3 and CrClz.

a more detailed study of the high pressure reaction of HCl with

This data suggested

chromium in the zero oxidation state.

Chromium hexacarbonyl is a compound which meets-the zero
oxidation state requirement. The hexacarbonyl was also chosen because
of its general similarities to the chromium tricarbonyl ‘complexes and
its possible presence in the reaction mixture. In section F.2.f., Cr(CO)6
was shown to be one of the decomposition products of the arene chromiuﬁ
tricarbonyl complexes.

Thermodynamic calculations (see Appendix K) indicate that the
reaction of Cr(CO)6 with anhydrous HCL at 25° is feasible and CrCl3

.rather than CrCl ‘as the thermodynamically expected product.

2

2Cr(Cco), + 6HC1 + 2CrxCl, + 3H, + 12CO (68)
6 3 2

Cr(CO)6 + 2HC1 »> CrCl2 + H2 + 6CO (69)

At 300° both reactions have large negative values for AG, but do not

58’195 state that

occur at low pressures. In fact, several authors
Cr(CO)6 does not react with HCl. 1If the thermbdynamic calculafions
are cbrreét, then the froblem seems to be kinetic.
The reaction of Cr(CO)6 with HCi may be sterically hiﬁdéréd
| by the six carboﬁ monoxide molecules which are arranged around the
central metal atom in such a way as to efféctively block the attack

of the acid on the chromium. It has previously been shown that the

* .
value of AV is more negative in sterically hindered reactions than
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in analogous reactions which are not s£erica11y hindered.155—157’174
This means that an increase in rate may be the result of an increase
in pressure.

_But an increase in pressure would be expected to adversely
affect the equilibrium of either reaction 68 or 69 since carbon monoxide,
a gas, is a product in both. Thus it is possible to find{a maximum
in the amount of reaction in a set time.

An increase in pressure did produce a reaction, and the percent

yields of CrC13, CrCl, and total reaction for the reaction of Cr(CO)6

2
with HC1 are shown in Table IX. Several interesting trends can be
observed from the graphs in Figures 21 through 27. These graphs are
not intended to be used for exact calculations but are intended to
merely demonstra;e the general trends.

If temperature and yields are plotted at constant pressure as
in Figures 2l.and 22, the reactions are observed tB occur only at
temperatures above approximatelyl125°, irregardless of the pressure.
The decomposition temperature of Cr(CO)6 at one atmosphere is reported

64,195
to be 130°,

and, therefore, it appears that decomposition of
Cr(CO)6 is necessary for reaction and suggests that either the metal
or Cr(CO)x, X = 1-5, may be the actual reactant. As stated in Chapter
I, the decomposition of Cr(CO)6 at 200°/1 atm is complete in less than
15 miﬁutes but in this research, yields of chromium chloride néar 100%
are observed only at 20 atmospheres pressure. At 4000 atm the yields
increase with temperature until complete reaction is obtained above

approximately 300°.

At low pressure CrCl2 is the major product and its yield is
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TABLE IX

Reaction of HCl With Cr(CO)6

Temperature Pressure Reactants (mmol) Yields? 7
(°c) (Atms) Cr(CO)6 HC1 CrClab CrClzb Total®
500 4082 0.138  2.70 100 0 100
350 4082 0.309  4.69 100 0 100
300 4082 0.280 5.17 77 23 100
300 2041 0.540  7.20 40 58 100
300 612 0.347  4.86 17 83 100
300 340 0.262° 1.13 19 81 90
300 20 0.262  6.09 6 " 88 95
250 4082 ©1.300 7.82 14 16 31
250 1050 0.478  3.41 <1 45 45
250 408 0.476  2.63 4 .40 50
200 4082 0.367 6.77 16 0 11
200 612 0.415 5.60 11 4 15
200 340 0.303 1.79 12 4 17
200 20 0.989  7.32 0. 79 79
150 4082 0.311 1.04 <1 0 <1
150 20 0.776  7.20 0 <1 <l
125 4082 0.370 6.12 0 0 0

a. Yields were determined after 16 hours.
b. % yield based on initial Cr(CO)6.

c. Z reaction based on Cr(CO)6 recovered.
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increased by an iﬁcrease in temperature (see Figure 21). The yield of
CrCl3 also appears to increase as the temperature is increased and if

the yield of CrCl, approaches 100% then the yield of CrCl, must decrease

2 3
to zero. (The reaction of HCl with Cr°® at 650°/1 atm yields only'Cr012.)
However, thermodynamic calculations at one atmosphere support

the other possibility; the yield of CrCl, should increase with tempera-

3

ture and the yield of CrCl2 first increase and then decrease with an
increase in temperature,

Only above approximately 650°K is

ZCrC13 + H2 2CrCl2 + 2HC1 (70)

equation 70, as written, the favored reaction (Figure 27). A plot of
AG versus temperaturé for equations 68 and 69 shows that CrCl2 should
.become the more stable product above 600° (Figure 26). The tensile
strength of the glass ampules above 300°, however, prevented con-
firmation of this behavior of the system.

At 4000 atmospheres CrCl3 is the major product and becomes the
only detectible chloride at 350°. As the temperature is increased the

yield of CrCl, first increases, goes through a maximum and then decreases

2
as suggested in the previous discussion.

The dramatic change that an increase in pressure produces in
the course of a reaction can be seen in Figures 23, 24 and 25, which
are plots of yields versus pressure at constant temperature.

At 200° an increase in pressure decreases the amount of total

reaction and the yield of CrCl2 but increases the yield of CrCl3. The

graph at 250° (Figure 24) shows the same trend but the magnitude of
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change per unit increase in pressure is smaller. At 300° an increase
in pressure does not seem to alter the total yield but does increase

the yleld of CrCl_, and decreases the yield of CrClz.

3

Thus, it appears that the reaction to produce Cr(II) species
is favored at low pressures and high temperatures while the Cr(III)
state is favored at high pressures and low temperatures.

In this reaction the fact that the reaction occurs at low
pressure if the temperature is above 125° suggests that a prior
dissociation of HCl is not required as suggested for arene chromium
tricafbonyl complexes because at these conditions there is no liquid
or dense fluid phase. .

At high pressures and temperatures in excess of 300°, traces
of CO, were observed in the reaction of Cr(CO)6 with HCl. The amount

2

of CO2 increased until at 500°, it represented 100% yield according

to reaction 71. The production of CO, can be accounted for by the

2
following equilibrium:

C + 002 2C0 (71)

At 810° and 46.6 atmospheres, when pure CO was allowed to
attain equilibrium, it represented only 30.5% by volume of the. final
mixture.l96 It was also reported that the concentration of CO decreased

as the pressure was increased to 46 atmospheres.

C. Reaction of Chromium Metal with HC1
Since both chromium hexacarbonyl and arene chromium tricarbonyls
are known to decompose to the metal and carbon monoxide at high

t:emperatures,58m63 a series of reactions of 120 mesh powder chromium
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with anhydroué hydrogen chloride were conducted. In section F.s.4.,
chromium metal was.shown to be one of the decomposition products of
arene chromium tricarbonyl complexes and thus small amounts may be
present during reactions of these compounds at elevated temperatures.
In the previous section, it was shown that Cr°® could be the actual
reacting species in the reaction of Cr(CO)6 and HC1.

Calculations also indicate that the reaction of chromium
with anhydrous hydrogen chloride at 25° is thermodynamically possible
(Appendix L).

Again CrCl, would be the more thermodynamically stable product

3
as compared to CrCl2 when considering the'following equations:

2Cr® + 6HCL - ZCrCl3 + 3H2 (72)
or

Cr® + 2HC1 - CrCl, + H

2 THy (73)

These comparative stabilities reverse at temperatures above
approximately 300° (as shown in Figure 27) but both reactions still
possess negative values for the AG of reactionm.

The reactions conducted during this study (Table X, Figure
28) show that there is little or no reaction of chromium with an-
hydrous HCl at pressures below 10 atmospheres and temperatures less

61,62 have shown

than 400°. Previous experiments by other workers
that chromium does react with wet HCl or hydrochloric acid at 25°
and 1 atmosphere. Reactions performed at pressures in excess of

10 atmospheres did produce reactions which consumed up to 36% of the

initial metal. In each case a microscopic examination of the product
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TABLE X

Reaction of Chromium with HCl

Temperature Pressure Reactants (mmol) % Reaction*
°c (Atms) Cr® HC1
600° 4082 0.714 5.944 36.4
500° 4082 0.865 4.577 32.4
300° 4082 0.827 1.614 29.1
120° 4082 0.754 5.563 16.3
75 4082  0.860 5.718 11.2
24 4080 1.585 6.296 11.0
300° 340 0.325 4.848  © 24,5
200° 340 2.258 6.865 10.5
100° 340 1.898 6.625 10.8
22° 340 2,314 4.972 8.6
400° 10 6.743 12.672 0.2
300° 10 5.898 26.32 0.8
100° 10 2.462 7.613 0

25° 10 1.975 6.221 0

*
Based on recovered chromium after 16 hours.
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mixture revealed that the reaction was confined to the outer layers
of the metal and thus the lack of diffusion of HCl through the reaction
products to the inter metal area was proposed as one reason for the
limited yields. The graph of the amount of reaction versus tempera~
ture (Figure 28) showed a nearly linear relationship between 1007 and -
600°. |

The relative amounts of CrCl3 and CrClZ, calculated from the
amount of chromium and chlorine consumed, seemed to closely follow the
results found in the analogous reaction of Cr(CO)6. The determination
of the exact amounts of CrCl, and CrCl

3 2
ments was prevented by the inability to separate these two products

by direct individual measure-

from the unreacted metal without changing them.

The procedure used to measure the amount of unreacted chromium
was to dissolve the two chlorides in distilled water. The water was
removed and the metal dried under vacuum before weighing. CrCl2 is
known to be water soluble while CrCl, is soluble if in the presence

3
of trace amounts of Cr+2 ions.

The major effect of pressure is seen to affect the kinetics
of the reaction. Only partial or indirect answers to questions about
the primary interaction can be given because the reactions are very
slow at low pressure. Additionally, they may be more complex than
imagined at first glance. And the true reactants or reactive inter-
mediates have not been directly observed. Since chromium does react

with HC1 which is partially ionized in H,O and pressure is known to

2

increase the amount of ionization, the effect of pressure may speed

the reaction by increasing the activity of an lonic reactant.
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Anothér interesting feature of this series of reactions was

an extremely reactive product observed in'some of the reactions con-
ducted at 4000 atmospheres and temperatures above 500°. This product
was not always reproducable but seemed to be present in the final
mixture most often if the microreactor was rapidly cooled to ambient
conditions. The product was identified as a chromium hydride since it
was tentatively unstable and no trace was observed after about 30
minutes. The product would react with distilled and degassed HZO
under a nitrogen atmosphere to produce a gas that bubbled out of the
water. The amount of gas produced was too small to be identified but

was assumed to be H2. When 0.1 ml of spectrograde CCl4 was added to

.the final reaction mixture, a peak could be cbserved in a nmr spectrum

which corresponded to HCCL Such a reaction with CCl, is typical of

3 4
metal hydrides.

There was a color change to a dark gray or black in samples
which gave the above reaction. .And, finally, in several samples the
calculated ratio of chromium consumed to chlorine consumed was only
slightly greater than one. Such would be the situation when a water
soluble product which contained chromium but no chlorine was formed.

The formation of a chromium hydride would, indeed, be consistent with

all the above observations.



Appendix A. Mass Spectrum of PhSiCl3Cr(CO)3a

m/e 1 T Assignment

. 400 1.49 .40 ArCr2(00)3'+

398 1.00 .27 "

370 0.74 .20 AxCr,(C0),"

346 2.35 .64 | PhSiCl3Cr(C0)3+
342 0.44 .12 AxCr,CO"

335 0.07 .02 PhS1CL,Cr, (CO),
318 0.13 .04 PhSiCi3Cr(CO)2
314 0.34 09 arcr,t

311 0.97 .26 PhSiClzcr(C0)3+
290 0.45 .12 | PhSiCLCr(cO)”
266 1.56 .42 PhSiC13Cr+

265 2.27 .62 "

264 12.96 3.51 "

263 3.04 .82 "

262 10.05 2.72 "

255 T .05 PhSCL,Cr(C0) ™
227 .33 .09 PhSICL,Cr'

210 .45 .12 PhSICL,"

177 2.07 .56 PhsiCl, "

175 3.23 .87 ' "

166
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Appendix A (continued)

n/e 1 T Assignment
140 77 .21 phsicl”
133 . 1.06 .29 31c13+
115 .69 .19 cesicl’ or crcoyart
+
106 1.38 .37 CgH 51
105 3.71 1.01 c6n531+
o+
103 2.40 .65 CgHSi
101 1.12 .30 c6H51+
89 3.59 .97 crc1t
88 1.96 .53 o
87 8.38 2.27 "
[
80 6.58  1.78 cx(co)’, ¢, 51", crsi
+
79 4.04 1.09 C,H,51
+
78 1.62 4k Gl
+
77 13.16 3.56 CH,
+
76 1.38 .37 C.H,
65 12.92 3.50 sic1t
66 2.11 .57 "
63 35.23 °  9.54 "
54 9.90 2.68 crt
53 41.62  11.27 "
52 100.00  27.08 o
' +
51 9.64 2.61 | C, 1,
50 17.89 . 4.85 cr’
39 1.58 .43 cut

33
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Appendix A (continued)

m/e I T Assignment

36 2.76 .75 ncrt

a. I is the % intensity of the largest peak. T is the 7 intensity of the
total ion current. Only peaks with I greater than 1.00 are reported

unless they provide significant fragmentation information.



Appendix B. Mass Spectrum of PhSib'Ie(:120r(CO)3a

n/e I T Assignment

328 2.14 b PhSiMeCL,Cr (C0),"
326 3.18 .65 "

311 .16 .03 PhSic12Cr(co)3'+
291 1.11 .23 PhSiMec1Cr(00)3'+
283 .30 .06 PhS1CL,Cr (CO),'
270 .78 .16 PhSiMeC1,CrCO"
246 3.66 .75 PhSC1 MeCr "
245 4.64 .95 "

244 19.22 3.94 ..

243 7.19 1.47 "

242 29.95 6.14 u

240 1.73 .35 "

235 .26 .05 PhSiMeC1CrCO"
207 .64 .13 PhSiMeClCr”

200 2.92 .60 PhSiMecr(co)*
190 . .58 12 PhSiMeCL,"

177 1.31 .27 Phsicl,”

175 2.21 .45 . "

157 5.10 1.05 PhsiMecl’

156 1.90 .39 n

169
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Appendix B (continued)

n/e I T Assignment
155 12.03 2.47 PhsiMec1’
122 - 1.70 .35 PhSiMbClzcr+2
121 2.86 .59 "
120 6.20 1.27 c7n8s1+
119 5.73 1.17 c7u731+
+
117 1.56 .32 orC,H,
115 1.25 .26 siMecL,* + Crsicl”
113 .80 .16 siMecl,”
: +
106 2.49 .51 Gl 51
105 20.47 4.20 "
+
103 4.38 .00 Cel,S1
i
93 5.41 1.11 Gl Si
, +
92 1.21 .25 C4H, St
o+ + +
91 13.75 2.82 CoH S, CH,", CrC,H,
90 1.04 .21 CxC,H,
89 1.61 .33 crc1”
87 4.30 .88 crer”
81 1.03 .21 G, HeSi
+ +
80 5.78 1.19 cxco®, c,H,si
79 7.42 1.52
78 3.39 .69 simect™
+
77 6.83 1.40 | Gl
+ +
67 3.03 .62 CrMe or C3H381
66 1.40 .29 " ocnsit ’

372
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Appendix B (continued)

m/e 1 T Assignment
65 7.50 1.54 sic1t
64 1.57 232 "
63 17.30 3.55 sicrt
+
55 1.04 .21 i
54 8.16 1.67 crt
53 36.46 7.47 "
52 100.00 20.50 " c4H4+
+
51 6.33 1.30 C,H,
50 13.94 2.86 crt
43 8.19 1.68 siMe’
+
40 2.49 .51 C,H,
+
. 39 2.67 .55 G4l
38 8.12 1.66 nert
36 . 27.24  5.58 | na’

a, I is the 7 intensity of the largest peak. T is the 7 intensity of
the total ion current. Only peaks with I greater than 1.00 are reported

unless they provide significant fragmentation information.



Appendix C. Mass Spectrum of PhSiMe, C1Cr(CO) Ba

2
m/e I T Assignment

358 .43 .07 ArCr, (c0),"

330 .22 .04 Arcr, (c0),*

308 1.67 .28 PhSiMe,C1Cr (CO) 3+
307 6.56 1.21 | "

306 12.90 2.20 "

291 .38 .06 PhSiMeC1Cr (CO) "
287 .81 .14 PhSiMeClCr, ()™
274 .22 .04 PhSiMe,ClCr,"
272 2.58 Y : PhSiMeZCr(CO)3+
271 8.55 1.46 | "

267 .48 .08 PhSiMe,CrCO"

250 1.88 .32 PhSile,C10rCO"
226 2.69 46 PhSiMe,C1Cr"

225 7.96 1.36 "

224 31.72 5.41 "

223 22.10 3.77 .o

222 100.00  17.04 "

221 2.42 .41 n

220 4.46 .76 "

215 .65 11 | PhSiMe, CrCO"

172



173

Appendix C (continued)

m/e 1 T Assignment
207 .59 .10 PhSiMeClCr’
187 .65 1 PhSiMe,Cr"
185 .86 .15 PhSiCrco "
170 .97 16 | PhSiMeZCI+
157 4.09 .70 PhsiMecl’
155 10.65 1.81 PhsiMec1’
137 3.44 .59 PhSilte,"
136 12.90 2.20 "
135 83.00  14.15 "
125 .97 .16 PhS1Me,C1CrCO"
120 1.34 .23 PhsiMet
119 4.62 .79 | c7u731'+
117 1.94 .33 C7HSSi+, CrC,H,
115 1.9 .33 crsicl” or crcico”
12 1.13 .19 PhSiMe,C1Cr >
111 2.10 .36 "
107 5.86 1.00 c6n751+
106 1.40 .24 c6u6s1*
105 10.27 1.75 c6H551+
103 2.04 .35 Celi St
93 . 3.55 .60 Sie,C1" plus C/HSi"
91 . 6.40 1.09 CgH,51, C7H7+
89 2.31 2.39 " plus crcl’

87 2.81 .48 crc1t
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Appendix C (contiﬁued)
n/e 1 T Assignment
83 3.33 .57 c4n7s1'+
81 2.10 .36 c4u53i+
80 3.4 .59 crco’ plus C4H4Si+
79 2.37 .40 | C H s
78 1.77 .30 Celi”
77 3.76 .64 CeHs
69 1.72 .29 C,Hg51"
67 2.04 .35 03H381+
66 1.18 .20 c3u2s1+
65 2.85 .49 sic1 plus c5H5+
63 6.77 1.15 sica’
. 59 1.94 .33 CyH, 8"
58 1.88 .32 C,HSi"
57 215 .37 C,H,S1"
55 1.94 .33 ¢ H 1"
54 3.57 .61 crt
53 12.97 2.21 "
52 84.62  14.42 "
51 2.04 35 G Hy"
50 6.38 1.09 crt
44 1.74 .30 o, si*
43 4.84 .82 cu351+

a. I is the % intensity of the largest peak. T is the % intensity of
the total ion current. Only peaks with I greater than 1.00 are reported
unless they provide significant fragmentation information.

TR 11



Appendix D. Mass Spectrum of PhSiMe3Cr(CO) 3a

m/e I T Assignment

338 .24 .07 ArCrZ(CO)3+

310 .26 .07 AxCr, (€0),"

288 1.53 42 PhSiMe Cr (CO),"
287 4.06 1.10 "

286 12.66 3.5 n

284 .97 .26 n

271 .88 .24 PhSiMe,Cr (CO) "
243 37 . .10 PhSiMe,Cr (CO)
231 2.07 .57 PhSiMe3CrCO+
230 b.47 1.22 | "

215 .89 .24 PhSiMe, Crco"
204 7.41 2.02 PhSiMe,Cr'

203 21.49 5.85 "

202 78.58  21.39 n

201 2.03 .55 o

200 4.03 1.13 "

187 1.73 47 PhSiMe,Cr'

137 1.23 .33 PhSile,

136 1.84 .50 "

135 22.35 6.08 n

175
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Appendix D (continued)

n/e I T Assignment
+
129 1.12 .30 CgllgS1
) +
123 .95 .26 C,H, 51
121 1.01 .27 c7u931+
119 1.47 .50 c.u.sit
777
115 1.08 .29
+
107 2.27 .62 Cel,S1
105 4.10 1.11 c.u.sit
65
101 1.12 .30
et +
95 1.36 .37 CrSiMe or Cr(CO)Me
94 2.05 .56
K
93 2.10 .57 C H,Si
+ +
91 1.49 .41 CoH ST, C M
+
81 1.04 .28 C, 81
+ +
80 2.16 .59 CrCO ', C4H481
| +
77 1.36 .37 Cells
73 . 1.43 .39 Me33i+
+
67 1.49 41 C 81
+
66 1.01 .27 C,H,S1
.+
59 1.34 .36 G, H.8i
+
57 1.30 .35 C,H,S1
+ +
55 1.14 .31 c,H,51", ¢ H,
54 3.13 .85 et

53 12.76 3.47 "
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Appendix D (continued)

m/e I T
52 100.00 27.21
50 5.85 1;59
45 2.01 .55
43 6.11 1.66

Assignment

Ct+

cu531+

cu3s{+

a, I is the % intensity of the largest peak. T is the 7 intensity of

the total ion current. Only peaks with I greater than 1.00 are reported

unless they provide significant fragmentation informatiom.



m/e
214
212
211
210
179
178
177
176
175
174
137
136

135

134
133
127
125
123
115
114

Appendix E.

1.34
4.75
0.96
4.56
1.20
1.20
7.29
2.16

13.86
1.10

10.31
2.88

31.41
2.01

33.19
1.20
3.12
3.60
1.34
2.78

T
0.19
0.66
0.13
0.63
0.17
0.17
1.01
0.30
1.92
0.15
1.43
0.40
4.35
0.28
4.59
0.17
0.43
0.50
0.19
0.38

Mass Spectrum of PhSiCl
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phsicy,t

[\

3

Assignment

PhSiC13+

2

"
R
C6H481Cl2

+
SiCl3

4
CZSiHZCI

S1HCL,, C,SiH a1t

¢ 951l

2

-
CZSiHCI2

+
C6HSCl
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Appendix E (continuéd)

n/e I T Assignment
113 2.01 0.28 c6u5c1+
112 3.84 0.53 "
103 1.44 0.20 sic1,"
102 1.53 0.21 "
101 3.17 0.44 "
100 10.02 1.39 "
99 1.92 0.27 L
98 12.95 1.79 . "
79 1.97 0.27 C6H50+C4SiH3+
78 2.21 0.31 c6n5+
77 41.97 5.81 Cels"
76 13.14 1.82 CGH4+
75 10.79 1.49 06H3+
74 12.85 1.78 | c6H2+
73 3.88 0.54 c6H+
66 2.35 0.33 c6u6+ C3SiH2+
65 33.57 4.65 c6ug+, sicit
64 3.84 0.53 c534+
63 66.19 9.16 c,i," sic1t
62 2.93 0.40 c5n2+
53 11.99 1.66 C i
52 6.95 0.96 c,, cuert
51 100.00  13.84 C,H,

+ +
50 73.09 10.11 04H2 CH3C1



180

Appendix E (continued)

n/e I T Assignment
49 4.56 0.63 ¢, 5"
39 . 15.44 2.14 c 1,
38 10.07 1.39 neit
37 26.46 3.38 at
36 21.73 3.01 HCL
35 72.23  10.00 at

a. I is the % intensity of the largest peak. T is the 7% intensity
of the total ion current. Only peaks with I greater than 1.00 are

reported unless small peaks provide significant information.



n/e
194
193
192
191
190
180
179
178
177
176
175
157
155
149
140
139
125
123
115
114

Appendix F.

I T
4,00 0.81
2.56 0.52

19.66 3.97

.3.97 0.80

26.46  5.34
1.33 0.27

12.95 2.61
8.10 1.63

77.44 15.62
14.00 - 2.82

100.00 20.17

1.54 0.31
4.92 0.99
1.44 0.29
0.94 0.19
1.86 0.37
1.44 0.29
1.33 0.27
6.26 1.26
1.54 0.31

Mass Spectrum of PhSiMe012
Assignment

PhSiMeClz+

1>hs1c12+

"

"

"

"

"
PhSiMeC1+

"
Unassigned
Phsic1’

+
C 6H 48101

SiMeClz+

phert

181

0
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Appendix F (cdntinued)

n/e I T Assignment
113 7.95 1.60 51Mec12+
112 1.33 0.27 phe1’
105 1.87 0.38 Phsi’
103 1.33 0.27 c6n381'+
95 1.03 0.21 PhSiMeClz+, c5H7Si*
+ :
9% 1.74 0.35 CH,Si
.+
92 1.69 0.34 CJH, 51
91 21.64 4.36 cut, cousit
. . 7H7 s Cst3
89 1.85 0.37 Ph51c12+2
88 1/2 2.10 0.42 "
87 1/2 3,28 0.66 n
K
9 1.49 0.30 CH,Si
78 5.28 1.07 CH3SiC1+
+
77 20.92 4.22 | CgHls
+
76. 429  0.86 CeH,
+
75 1.54 0.31 CH,
+
7% 1.69 0.34 CeH,
+
66 1.13 0.23 CgH,
65 11.56 2.33 sic1™
+
64 1.54 0.31 CH,
63 26.05 5.25 sicit
| +
53 3.74 0.76 CH,
+ +
52 2.36 0.48 c,H,", c,Cl

+
51 18.00 3.63 C4H3
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Appendix F (continued)

m/e 1 T Assignment
50 7.95 1.63 o c1”
4 . 118 0.2 C "
40 2.53  0.51 o,nt
39 4.51 0.91 C,H,
38 5.59 1.13 rer”
36 13.79 2.78 rert
35 1.13 0.23 ct

a. I is the % intensity of the largest peak. T is the Z intensity of
the total ion current. Only peaks with I greater than 1.00 are

reported unless small peaks provide significant information.



Appendix G. Mass Spectrum of PhSiMe,Cl

2
m/e I T Assignment
172 4.05 0.70 PhSiMe,C1"
1 1.77 - 0.30 "

170 12.42 2.13 "

159 1.09 0.19 PhSiMec1’
158 4.89  0.84 "

157 49.69 8.53 "

156 12.84 2.20 "
155 100.00  17.17 "

154 1.40 0.24 "

140 0.9 0.16 phsicit
139 6.96 1.20 CgH, sict’
136 1.46 0.25 PhSile, "
135 10.29 1.77 "

129 1.06  0.18 CyH 8101,
127 0.73 0.12 "

120 1.77 0.30 PhSiMe
119 5.72 0.98 c7H7Si+
117 1.51 0.26 c7u551+
108 1.14 0.20 CeHgst"
107 1.92 0.33 c6n7sf+

184
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Appendix G (continued)

m/e 1 T Assignment
106 1.46 0.25 CgH,S1
105 . 13.72 2.36 c6nssi+
104 1.14 0.20 CH 451"'
+
103 7.38 1.27 CgH,S1
95 10.91 1.87 51Me2c1+,csu7s1f
+ +
94 3.12 0.54 siMe,C1",C B 51
K
93 29.31 5.03 SiMe,C1,C H 54
A+
92 4.05 0.70 C4H,Si
91 47.51 8.15 'C,S$1H,C1
+
89 3.27 0.56 C4H,S1
+
84 4.16 0.71 c, Sl
+
81 2.08 0.36 ¢, S1H,
80 1.66 0.29 c,‘sm:,smacf+
79 10.55 1.81 PhsiMec1H2
78 1/2 2.29 0.39 PhsiMec1 2
78 46.78 8.03 PhSiMecl’Z, siMec™
77 1/2  10.24 1.76 PhSiMec1 2
+
77 13.10 2.25 CH,
A +
76 2.13 0.37 CeH,
+
75 1.56 0.27 CeH,
' . +
74 3.27 0.56 CeH,
73 3.74 0.64 c6H+
' +
67 4.00 0.69 C,S1H,
66 2.39 0.41° cut



Appendix G (continued)

n/e
65
64
63
53
52
51
50
43
39

a.

I
24.95
3.33
54.05
5:93
2.44
5.30
2.29
2.49
1.40

T
4,28
0.57
9.28
1.02
0.42
0.91
0.39
0.43
0.24

186

Assignment

SiCl+,C

+
CSH4

5ts

s1C1",CoH,"
CH

aa e1t,c 1"
¢y

+
CH3C].

+
S1CH,
C4ly

I is the % intensity of the largest peak. T is the 7 intensity

of the total ion current.

Only peaks with I greater than 1.00 are

reported unless small peaks provide significant information.



m/e
151
150
137
136
135
121
119
107
106
105

95

93

91
83
81
79
77
74
73
69

Appendix H.

I

2.37
15.41
4.36
9.77
100.00
1.78
3.11
3,13

1.18

7.46

1.07
2.79

3.16

1.45

1.25
2.16
2.09
1.53
3.66

1.23

T
1.04
6.79
1.92
4.31

44.08
0.78
1.37
1.38
0.52
3.29
0.47
1.23
1.39
0.64
0.55
0.95
0.92
0.67
1.61

0.54

Mass Spectrum of PhSiMe
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Assignment

PhSiMe3+

PhSiMe2+

PhSiMeli’
PhSiCH

-+
C6H781

.+
C6H651

+-
C6HSSi

K
CSH751

4
CSHSSi

CSH3Si

.+
C7H781

CAHSSi

R
CAHSSl

Cetls

SiMe +

SiMe

+
C3HSSi

3
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Appendix H (continued)

m/e I T Assignment
67 1/2 2.89 1.23 PhSiMe2+2
+
67 2.19 0.97 C,H,S1
66 1.20 0.53 cutcusit
. . 586 +C3Hy
+
65 1.50 0.66 CJH,
+
59 1.53 0.67 G H_S1
58 1.00 0.44 SiMe2+
T
57 1.49 0.66 C,H 51
+
55 2.63 1.16 C,H,S1
) +
53 5.86 2.58 C,Hs
+
51 2.57 1.13 C,H,
45 3.91 1.72 s1cn5'+
44 1.50 0.66 s1cn4+
43 9.29 4.09 SiMe’
+
39 1.38 0.61 CH,

a., I is the % intensity of the largest peak. T is the % intensity
of the total ion current. Only peaks with I greater than 1.00

are reported unless small peaks provide significant information.



Appendix I. The Calculation of AG for Reaction of PhSiCl, with HC1

The reaction of phenyltrichlorosilane at 202° can be written

as follows:

PhSiCl + HC1 + SiCl

3(g) @@ ~ %66 (g) 4(g)

Values for AH298 and 3298 were

-]

AH298 kecal/mol 3298 cal/mol
PhSiC13199’202 ~109.92 100.58
nc1198 ~22.05 bt 64

198
CgHe. 19.82 64.34
sic1, 19 ~151.8 79.00
The values of HC1, SiClA, CGHG 3

found by adding the correction terms:

- °
HT-H298 cal/mol ST 8298 cal/mol

199,202

PRS1CL, 10666 23.28

nc1290 1410 3.61
201

Cell 5360 13.41

81014200 4655 11.88

-

(74)

and PhSiCl, at 500°K/latm were

Using AG = AH - TAS, the free energy at 500°K/latm was cal-

culated

189
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AG... = -1.46 - 500 (~3.48) 10~>

500 (75)

AGSOO = 4+0.3 kcal/mol | (76)

Using AG = AH - TAS, the free energy at 298°K/latm was cal-

culated for the gaseous state

AG. . =0+ 6.1 TN

298

AG

908 = 6.1 kcal/mol (78)

If the calculations are made for

+ H +
PhSiClB(z) HCl(g) -> C6 6(2) SiCl4<2) (79)
at 298°K/latm using:
AH298 keal/mol 5298 cal/mol®
PhSiCl3 ~109.9 ' 75.22
HC1 ~22.05 44.64
C6H6 11.72 41.30
SiCl4 ~158.9 60.34
8G,gq = -15.23 - (298)(-18.22) 1072 (80)
AG, ., = -9.8 kcal/mol. ' (81)

298



Appendix J. The Calculation of Group Electronegativities

The electronegativities of the silyl groﬁps were calculated
by assuming variable electronegativity of the central silicon atom in
the group and equalization of electronegativity in all bonds as |
suggested by Huheey.166-170 The equation used to find the electro-

negativity for a

WX
group was

‘aw§@2+abbb+a?bb'+abbb+bbbb6

X XWY Z WXZ ZWXY WXY 2 WXYZ (82)
m bx_bew + bXbew + bbebZ + beZbW

where a = Z%é ' : (83)

b=I+A ' (84)

and I is the ionization potential, A is the electron affinity, and ¢
is the partial charge resulting from electron gain or loss. Sometimes
a is termed the inherent electronegativity and b termed the charge
coefficient. Values for a and b were obtained from Huheey's papers

and electronegativities are in Mulliken units. The values used were
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a b
si 7.30 9.04
Cl 9.38 11.30
Me 7.37 3.24

Ph 8.03 1.21

The following values were obtained from equation 82:

3 3
x N _ .
SiMeZCI = 7,58 + 1.22 6SiM9201 .(86)
Xsfmec1, 7.95 % 3.33 S5iect, (87)
XS161 = 8,77 + 2.66 GSiC1 .(88)
3 3
Equations'85, 86, 87, and 88 were each used in turn with equation
= 8.95 - 0.89 ¢ (89)
Xn Cr (€0) ,C,H,

which is the group electronegativity for the Cr(CO)3C6H5-group obtained
from the work of Gubin and Khandkarova.84 The formulas used for two

bonding groups were

a, +b,6, =a, +b,8 (90)

and

6§, +8, =0 (91) -



193

When bonded to a Cr(C0),.C_H_ group, the silyl groups have the following

365
electronegativities.
Xsive,c1 = 837 (93)
XsiMecl, " 8.74 (94)
Xsic1, = 8.91 (95)
When bonded to a C6H5 group the électronegativities are:
XsiMe. = 7.66 - (96)
3
Xsie,c1 = 750 (97)
XsiMec1, = 8.01 (98)
XgicL. = 8.26 (99)

3



Appendix K. The Calculation of AG for Reaction of Cr(CO)6 with HC1

When Cr(CO)6 reacts with anhydrous HCl, two different equations
can be written depending on which chloride is formed. The reaction to

produce CrCl3 will be considered first. (Initial data listed on next page.)

Cr(C0)6 + 3HC1 » Cr013‘+ 3/2 HZ + 6CO (100)
Using

AG = AH - TAS - (101)

AG,gq = 30.7 - (298) (143.6) 1073 (102)

AGZ98 = =12,1 keal/mol (103)
also

AG... = 32.8 — (500)(168.2) 107> - (104)

500

AG500 = =51,3 kecal/mol (105)
On the other hand, to produce CrClz,

Cr(C0)6 + 2HC1 =+ Cr012 + H2 + 6CO (106)
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: | -3
86,90 = 48.6 - (298)(170.0) 10
AG298 = =2,0 kcal/mole
and
- -3
8600 = 50.5 - (500) (196.4) 10
AGSOO = «47.,7 kcal/mol
bHygg Ms00 5998 8500
'cr(c0)6 -257.6 -245.4 83.18 86.58
HC1 -22.1 -20.6 31.21 34,81
H, 0 1.4 31.21 34.81
co -26.4 -24.4 47.30 52.35
CxCl, -134.6 -130.1 .  30.0 33.11
czcl, -94.6 -91,1 27.4 30.51

Values taken from ref. 198, 200, and Handbook qf Chemistry

(107)

.(108)

(109)

(110)

and Physics.



Appendix L. The Calculation of AG for Reaction of Cr° with HCl

When Cr° réacts with anhydrous HCl, two different equations
can be written depending on which chloride is found. The reaction
which yields chromium in the +3 oxidation state will be considered
first.

The reaction of Cr°® with HCl can be written:

Cr° + 3HC1 + cfc13 +3/2 H, (111)
‘The value of AG298 for the above reaction is -49.69 kcal/mol.198 Using
AG = AH - TAS (112)

and values for AH and AS obtained from reference 200. The following

values of AG for equation calculated for the listed temperatures.

Temperature AG AH AS (e.u.)
°K kcal/mol kcal/mol ‘
298° -49.69 -68.42 -62.7
500° -33.19 -67.27 -68.2
600° ~24.59 -66.64 —70.09.
800° -6.72 -65.30 -73.22

196
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Appendix L (contiﬁued)

Similar calculations can be performed for the equation:

Cr® + 2HC1 ~» CrCl2 + H2 (113)
obtaining the listed values:
Temperature AG AH AS (e.u.)
°K kecal/mol keal/mol

298° ~-39.61 =50.44 -36.31

500° -29.61 -49.58 -39.93

600° -230 87 "'48- 60 -43031

800° -13.47 -48.12 -43.31

The reactions of Cr° with HCl in this report were conducted
with an excess of HCl to promote the maximum amount of reaction under

pressure and thus the following reaction was of interest:

Cr012 + HCL -+ Crc13 +1/2 H2 (114)

Repeating the previous method the following values were obtained:

Temperature AG - AH AS (e.u.)
°K kcal/mol keal/mol
298° ~10.08 -17.98 ~26.42
500° -3.59 -17.70 -28.22
600° +0.78 -17.54 -28.87
700° +3.24 -17.36 -29.42

800° +6.75 ~17.18 -29.92
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