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T1bor T. Derencseny1 and Theodore Vermeulen
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Chemical Engineering Department
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ABSTRACT

Transition-metal carbonyls have been investiﬁated as potential
co—cata]ysts for use in non-pyrolytic coal liquefaction process
employing massive amohnts bf molten zinc chloride as both an acidic
cracking catalyst and vehicle for the products. Upon substitution
with alkyl phosphine and‘other 1igands, transition-metal carbonyls
become more stab1e than'the parent compound and are viable homogeneous
catalyst for‘hydfogenating aromatic mode1 tompounds of coal such as
anthracene and quinoline.

Hohogeneous catalytic hydrogenation of anthracene by an(CO)s(PBu3)2
and cyclohexene by RhC](PPh3)3 wefe studied, and mechanisms for
both reactions are presented. The manganese operates by two competing
steps, the formation of a 'trihydride and an anthracene—manganese com- |
plex reacting to produce 9 10-dihydroanthracene, whereas the rhodium
forms a d1hydr1de~o]ef1ne—rhod1um complex whose decomposition is the
rate determining step.

Substitution of the phoéphine ligands on Mn, (CO)g(PBuS),
show that the rate of anthracene hydfogenation is‘dependent on the



Tii

nature of the ligand. The rate did not correlate with the basicity of
the phosphine,‘but‘additivity effeéts;wefe hoted whiéh led to an | |
excellent correlation of the rate with S1p NMR shift of the phos-
phine oxide. This correlation hés”been shown to be a novel linear
free-energy relationship that may be extended to otherxmeta] complexes
for the purpoges of qescribihg catalytfc activity and the mechanistic
detai]s of reactjons such as oxidative additionvof-hydrogen, cis-trans

equilibrium, and ligand exchange.
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I. INTRODUCTION

A. Transition-Metal Carbonyls as Hydrogenation Catalysis

Even by 1920 the knowledge that transition-metal surfaces catalyze

hydrogenation of unsaturated compounds had led to important commercial

~ applications (T1). Fifteen years further work brought forth the

discovery that transition metals in the form of liquid-soluble ligand-
complexes can also catalyze hydrogenation (Cl). The advent of homo-
geneous hydrogenatjdn made possible new synthesis routes, and improve&
the selectivities for a variety of'reaétions on the.1aboratory_1eve1.
The most active cata1yst$ afe nob]e;meta] complexes such as
RhC1(Ph P)3 (Wilkinson's catalyst) and Ir(CO)C1(Ph .

3 372
activity is not limited to this group. Efficient catalysts are also

P),, but

Co(Ph.,P

formed from the other transition metals, notably H 3 )3,

-3
5 COZ(CO)8 5

A type of hoMogeneous hydrogenation catalyst that may prove useful

3

Co(CN) -and Fe(CO)

in coal liquefaction was developed through research on the Fischer-

Tropsch synthesis, involving reactions of both CO and H2. Certain '

Fischer-Tropsch catalysts possess'the ability to add H and CHO across

an olefinic bond, so as to produce aldehydes and subsequently
alcohols. This reaction, ca]]ed-hydroformy]ation from its two reac-

tive groups, has been commercialized as he "Oxo" process. The

‘catalyst originally used for hydroformylation was metallic cobalt on a

porous—pellet support (Bl). The true nature of the catalytic process

was discovered by Otto Roelen (R1) to be homogeneous, not



heterogeneous, with the so]io sérving only as a source for cobalt.
The cobalt reécté in situ with carbon monoxide to form a liquid or °
gaseous cobalt carBdny]; which behaves as a true homogeneous.
catalyst. Since Roe]en'53WOrk,bother transition metal carbonyls have
_a]so.been found to catalyze hydroformylation. In additidn to hydro-
formylation, transition metal carbonyls cata]yze simple hydrogenation
as a competitive step.

Homogeneous hydrogenat1on catalysts also afford the possibility of
hydrogenating 1nso1ub1e substrates, which are not amenable to hetero—
geneous cata]ysis. Unlike solid catalysts which can only make po1nt
contact with a solid substrate, a soluble catalyst can wet the solid
and involve its accessible components in chemical reaction. For: the
catalyst to be most effective; the reacted (hydrogenated) form of the
substrate_shou]d be soluble, so that it can diffuse out and expose
more unreacted sobstrate to the catalyst.

As a sparingly soluble solid hydrocarbon, coal potentially can be

hydrogenated by homogeneous (i.e., liquid) catalysts. The solid state

_of Coalvis gradually converted to liquid or extractable fragments'
through the combined actioo of hydrogen and cata1ysts. To date
heterogeneous hydrogenation catalysts of metal-ligand form havevbeen
ineffective in producing such fragments. "Nevertheless, other homo--
geneous catolygts (notably metal halide melts such as zinc chloride)
have shoWn useful results, and metal-ligand complexes may become

important as additives.

.




1. Hydroformylation with Metal Carbonyls

Transition metal caréony]s are. a fami]y of volatile compounds in
which a metal atom (Fe, Ni, Co, Mn . . .) is surrounded by a cértain
numbér of carbon monoxide moieties. Nickel carbonyl was the first
such compound to be discoveréd.(Ml). Soon after the report that
metallic nicke1 combines'with carbon monoxide, the cafbony]s of iron
and cobalt were identified (M2). Only fhese three mefa]s react
directly with carbon monoxide. |

Some time Tlater, alternate routes to other frans%tion metal
carbonylé were devised. In particd]ar, carbonyls can be prepared by
reduction of suitable salts or complexes of.the metallic element in
the presence of COL A1l of the metals in groups VI, VII, and VIII of
the Périodic Tab]é are now knowh to form carbonyfs (C7).

The carbonyls are valued for their uti]ity as precursors or
catalysts in synthesis routes. Metal carbonyls catalyze reactions in
the areas of hydrogenation; hydrogenolysis, hydroformylation, hydro-
si]ation,,isomerization, carboxy]afion, carbonylation, and polymeriza-
tion. Only the first three'areas,'which are the most significant for
coal 11quefact1§n,'wi]] be reviewed here. Among these, hydro-
formylation is of the least direct interest, but it is accompanied by
unwanted hydrogenation and hydrogenolysis. Hence the Titerature on
the Oxo procéss provides a valuable data base.

The Oxo reaction usually employs temperatures of 100—1200C and
pressures of 200 to 300 atmospheres of "synthesis gas" (a 1:1 to 1:1.3

mixture'of H2 and CO) in the presence of a catalyst. Hydrogen and



carbon monoxide add to an olefin, in the liquid phase, to produce

aldehydes: .
, . CHO _
RCH = CH2 + H2,+ CO ——=RCH - CH3 10%
B HCH - CH2 90%
| |

H CHO

In his studieé 6f this reéction Otto Roelen (R1l) suggested that
the active catalytic spe;ie;, forming from the solid, was homogeneous
HCo(CO)Q. This guggestionVWas verified when HCo(CO)4 was prepared
and tested. Further work has yielded considerable kinetic data,vand
mechanisms for the reaction have been proposed.,_HCo(CO)4 haé been

successfully modified to give other cobalt carbonyl structures with

greater activity and better selectivity. Based on earlier studies by

Natta (N1,N2), the definitive kinetic experiments on hydroformy]atioh
have been ca}ried out with dicobalt octacarbonyl as the sourﬁe of
cobalt (W2). Batch autoclave éxberiments showed that the
hydroformylation rate is; o
(a) doubled for a temperature rise of>7—80C
(b) independent of preséure between 100 and 400 atm
(c) first-order with réspect to olefin concentration
(d) approximately pokporfiona} to amount of cobalt present'v
V(e)vinéreases with increasing'hydrogen pressure at constant CO
pressure | '

(f)‘decreases with increasing CO pressure at constant H2 pressure
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Because the last condition excludes the direct addition of carbon
monoxide to the olefin, the reaction must surely proceed through an
intermediate complex. Dicobalt octacarbonyl activates mo]ecular_

hydkogen to form the true catalyst (cobalt hydrotetracarbonyl) by the

reaction:

v

, COZ(C0)8 + H2 =2 HCO(CO)4

The best mechaniém to expiain the kinetic data has been summarized

by Orchin and Rupilius (03). In a somewhat modified form, the

mechanism becomes:

(a) First-order dissociation accompanied by olefinic complex formation

(pi-bonded complex).

RCH = CH2 + HCo(CO)4 :,RCH j CH2 + CO

HCo(CO)3

(b) Addition of H to the double bond

L
%

= RCo(CO). with R = R'CHZCH2

HCH = CH
S 2 3

l\v
* HCo(C0) 5



(c) CO-addition, alkyl migration, then further CO addition

o +C0 -
RCO(C0) 5 = RCo(C0), = RCOCO(CO)5 = RCOCO(CO),

1

(d) Product release with catalyst recovery

_ Hy :
RCOCo(CO)4 = RCHO + RCo(CO)4

Although the alkyl intermediates have not been identified, they are
analogous to compounds made from other trans1t1on meta] carbony]s

2. Hydrogenat1on with Metal Carbonyls

The ability of dicobalt octacarbonyl to act1vate hydrogen bonds

suggests that 1t could be used as a hydrogenat1on cata1yst The
hydrogenat1on of an olefin is thermodynamically favored over its
hydroformy]étion. For example, with ethylene, the standard-state frée

energy change at 250C-f0r the two reactions (W2) differs by 8 kcal:

-22,608 cal/g-mole

CCH,CHy* Hy > CHyCHy a6

2

CHZCH2

2

¥ C0 + H, > CH.CH.CHO 4G

2 3772

714,460 cal/g-mole

Saturated hydrocarbons have been produced occasionally during the
Oxo reaction. For example, C8 and higher o1ef1ns, treated in'acetic
acid solution at 250 Oc at 700 atm of 1 H2 :1 Co, y1e1ded as much as
30% saturated hydrocarbon. The hydrogenat1on reaction is espec1a11y

favored when the olefin s branched, conjugated, or has e]ectroegat1ve
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substituents (J1). Nevertheless, at low temperatures (119—1400C)
simple blefins treated with dicobalt octacérbony] yield virtually
no saturated hydrocarbons.

As mentioned earlier, hydrogenation of aldehydes to alcohols

- occurs in the Oxo reaction at the upper end of its effective tempera-

ture range (170—200°C), for prolonged contact times. Butyraldehyde
has been hydrogenated in good yield to butanol at 180°C. Kinetic

studies show that hydrogenation is fastest at low CO pressures down to

' the point of catalyst decomposition (PCO = 32 atm), the rate

“equation being (L1):

k(RCHO) P,
d(ROH) "2
at - Y.
co

Although introduction of two formyl groups by hydroformylation of

a diolefin would yield monomeric reactions for manufacturing new

polymers, unfortunately one bond is hydroformylated while the other is

hydrogenated. Extensive éxperiments have supported the generalization
that the more the double bond is involved in coangation, as in an

aromatic ring, the larger is the tendency toward hydrogenation rather
than hydroformylation (W2). This result led to efforts to hydrogehate

polynuclear aromatics 1like the isomeric C compounds

1410
phenantrene and anthracene. in such.tests Friedman and co-workers at
the U. S. Bureau of Mines (Fl) found that anthracene is quantitatively
reduced to 9,10-dihydroanthracene at 1359C, but phenanthrene was

only slightly reduced. Amplification of this work has indicated that

several po1ycyc11c hydrocarbons can be pah%ja]]y hydrogenated with



- 8
high se]éctivity, but tﬁat isolated benzene rings éﬁd phenanthfbidj
syétems are'genera11y'resistant to reduction (see Table 1). .The
" thiophene ring system is also reduced under these conditions with less
susceptibility of £he cata1yst to sulfur poisoning than with hetero—
‘genepus cafalyst (LZ).VFNitrogen compounds such as indoles (S1) and
pyridine (P1) may also be reduced;

Wender and co-workers (W3) fjrst reported that\hydroformation of
aicOho]é to giye the next higher alcohol yielded some hydrogeno]ysis'
.products particu]ar]y fof aromatic tompdunds{ An example of the
 reaction is formation of toluene and water from benyzl a]cpho] and
hydrogen. The yield was‘espeCially high %6r‘bara or meta electron
donors, substituted into the —CHZOH grdup. An exampTejof the;i
reaction is the -formation of toluene and 2-phenylethanol (2:1) from
benzyl a]cpho]lk The rates were especially high for benzyl alcohol
'substjputed wifh para or meta electron donors p—OCH3i>> p—CH3 >
m-CHy, p-, t-butyl > H > p-Cl > m-0CH; > m-CF5. The rate trend
~above is expected for a cérbonium jon intermediate. For example a
p-methoxy group would siabi]ize the bénzy] carbonium ion produced by

the acid HCo(CO)4

‘CH30@ CH,, CH3O ==CH2

Most research on hydroformy]ation has been cqnductéd with
COZ(CO)S as catalyst,.a1though many other carbonyls catalyze the
rea;tjon at lower rates. Rhodium carbonyl has recently replaced

cobalt in several plants (Z1). For saturating fattyvacids, iron




Table 1. Aromatic compounds hyarogenated by Cop(C0)g (Ref. L1).

Substrate Products
Naphthalenes Tetralins
Anthracene 9,10501hydroanthracene
Phenanthrene _9,{PfDihydrophehanthrene
Acenaphthene 2a,3,4,5—Tetrahydroacehaphthene
F]uoranthene.‘ 1,2,3,10b—TetrahydrofluOranthene
Pyrene 4,5§Dihygr0pyrene’
Naphthacene 5,12—Dih}drohaphthacene
Chrysene ) 5,6—Dihydrochrysene
Perylene 1,2,3,10;11,12—hexahydropery1ene
Thiophene(s)', Thiolane(s)
Pyridine

N-Formy 1-and N—methy]piperidineg
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carbonyl is perferred. _Reactién Qith Fe(CO)5 ié,s]éwéf than with
co (60)8, but cobalt stops at the monoene stage, whereas iron
cont1nues to fuli saturat1on

“The faster rate of hydrogenatlon by coba1t has been attr1buted to
its d1fferent mechanism of hydride format1on, cleaving the weak Co-Co
bondvin COZ(CO)8 to.g1ve a homojyt1c split of molecular hydrogen.
‘For nickel and iron, hydride formation must follow an initial CO

dissociation, a much s]ower process (B1).

The hydrogenat1on of po]ynuc]ear aromatics by Friedman et al. (Fl)

is the study most pert1nent to coa] liquefaction due to the h1gh
aromaticity of coal. Unfortunate1y,.the apparent applicability Qf

metal carbonyls as catalysts for liquefaction ijs limited by their

tendency to decompose to the insoluble parent metal if insufficient CO -

préssure is presenf.v Friedman's work utilized a 1:1 ratio of Hévto

CO at 5300 psi totalvpreséure to preveht pkecipitation-at 200°C..
These pressures aée prohibitive for a fu]]-sca&e coal liquefaction,
process. Consequently fér a meta]lcarbony1 to be a viable cétal&st in
a commercial process, it must somehow be.stabilized to require lower
Co pfessures. The method to achieve this goa]vis reported in

Chapter III.

B. The Mechanism of Metal-Carbonyl Catalysis
Extensive research has been conducted on hydrogenation by metal
carbonyls much of which resulted from jinvestigations of

hydroformylation. Complete reviews are given in several books and

s

=é
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articles (Jl,Bl,Kl,03,C2). The present discussion foéuses on the
general characteristics of metal compiexes that seem to be required
for catalytic activity. This section considers the reaétions thqt a
metal atom must go through to hydrogenate a substrate, néme]y hydrogen
activation and substrate activation, and then describes the effect of
the surrounding chemical groups or ligands which facilitate the
hydride-activation and subsfrate activafion steps.

1. Hydrogen Activation by Metal Carbonyle

The primary function of all hydrogenating catalysts, either
Heterogeneous or homogeneous, is the ability to comp]éx molecular
hydrogen, split the hydrogen-hydrogen bond, and supply a hydride ion
tovreact with the substrate. This function is termed hydrogen activa-
tion. The best known and most important activators are solids,
especially transition metals or their oxides. This is exemplified by
the apparent activation energy of 50 kcal/mole for the hydrogenation
of ethylene in the gas phase but only 10 kcal/mole on a nickel or
palladium surface where monatomic hydrogen appears to be geﬁerated as
the molecular hydrogen is ébsorbed onto the metal (Hl).

Numerous metal jons and complexes have been found to activate
hydrogen in solution (H1,K1). The first discovered was hydrogen
reduction of either cupric acetate (to cuprous acetate) or
benzoquinone (to hydroquinone) using as cata]yst cuprous acetate in
guinoline solution at 100°C (Cl). Since this discovery, it has been

found that ions of copper, mercury, the silver can activate hydrogen
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in aqueous solutions (H2-H6). Metalg known to be complexed as
coordination compounds (RRCT(PhsP)s, Co(CN)3™, or

'C02(C0)8 and other metal carbonyls) activate hydrogen by drawing.
the hydrogen molecule into the coordination sphere as a 1igand. ’

The solid metals which are éood hetefogeneous catalysts—
ruthenium, cobalt, nickel, palladium, and p]atinum——haVe the same
number of electrons ih their valence shell as the cgta1;;ica11y active
metal ions—palladium(I1), copper(II), copper(I), silver(l), and
mercury(Il), respectively. Both heterogeneous ahd homogeneous hydro-
genation activation seem to arise from particular d-electron
‘ configuratibns.

Only ions with d5 to d10

electronic configurations have been
fo&nd to activate hydrogen, but many such ions including
manganese(II), cobalt(II), nickel(II), and_iron(III) fail to dd’so.
The interation of molgcular Hydrogen with a metal may occur by
three types of reactions—heterolytic splitting, homolytic splitting,

and oxidative addition.

2 2+

<+
> Hg,

 Heterolytic splitting (as in the examples of Cu

or RuC]g_) can be represented by the steps:

o
o
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Where S is the substrate, M is a metal atom, and X is a ligand.

Homolytic splitting, characterized best by Hg , is believed to occur

. as follows:
N 4+ +
Hy + 2 Ag (orAg2 ) » 2 AgH

2AgH++S—>SH2+2Ag+

Oxidative additfon, the conversion of both atoms of a hydrogen
molecule. into hydride ions, fs most direct]y ré1ated to metal-carbonyl
catalysis. Oxidative additibn has been reported for four- or five-
codrdinate.ds'comp1exes of cobalt(I), rhodium(I), iridium(I),
ruthénium(l), and osmium(0) (K1). In such cases cis-dihydro metal

complexes are formed with concurrent oxidation of.the metal ion by two

units, e.g.,

cl L oL
N\ U/ 1117
/Rh + H2 = C1 - Rh - H
L/ L L L
P The tendency. for oxidative addition to d8 complexes increases

with atomic weight in a .group, and from left to right in a triad,
b

0s(0) > Ru(0) > Fe(0) or Fe(0) > CO(I) > Ni(II) (C3). Po]arizab]e
\

ligands which form only o-bonds with the metal, called soft o-donors,

tend to favor oxidative addition. For IrX(CO)(Ph,P)., the

3 )3



propensity ‘for hydrogen activation decreases in the order I >

sy

BF;TSEET_ﬁaugﬂto the decreasing e]ectron_density on the metal

(C4). n—acidvor.n—aceptor 1igand§,.such_as €O or Phga,bind,to(a metal
by donéting electrons to form arc—bond,. and concurrently they aéept
metal d—electrons into an appropriate empty orbital to form a =-bond.

' Stronger m-acceptor properties diminish the ease of dihydride formation;

replacing CO by Ph3P increases dihydride formation. Ligand effects are

discussed more fully in a later section.

P P N

?¥“6¥y5t51’fﬁe]d theory (07)vhas been found useful for describing the
stabﬁiﬁ%& of méta}—comp]ex hydrides in terms of energy-level spacing.
A metal Mmijfhat requires the electrons of six }igands to attain the
next 'riobTe=gas configuration has a coordination number of six, and

" UétiaTly pdssesses an octahedral configuration as shown in Fig. 1. The
1igands,'viewed as point charges, cause a splitting of energy levels
of the five equivalent d-orbitals of the free metal ion.

An electron added to the d‘shell.of the metal is unlikely to
occupy one of the two orbitals that are spacia]]y’coincident with the
original negatively charged ligands, due to electronic repulsion. It
would-instead dtcupy'one of the last three orbitals in Fig. 2, which
are siiﬂéféd‘bétween the perpendicular bonding directions:of the
1igaﬁégiﬂ'Thé*honequi@a]ence of the orbitals can be represenfed by an

»ehé;ﬁ§iﬁé9eiidiagram as in Fig. 3, in which the energy—]evél splitting

caused by theﬁﬁctahedral set of ligands is denoted by By
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Fig. 1.
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Sketch éhowing six negative charges arranged
octahedrally around a central M® fon with a set of
Cartesian axes for reference (C7).
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Fig. 2. Sketches showing the distribution of electron density in the
five d orbitals with respect to a set of a six octahedrally
arranged negative charges (C7).
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Fig. 3. Energy-level diagrams showihg the splitting of a set of d
orbitals by octahedral and tetrahedral electrostatic crystal
fields (C7).
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A metal that requires four ngands to attain the inert gas
configuration is 1ike1y to take on a. tetrahedra] configuration.‘ From
Fig. 4 it can bee seen that the spac1a1 or1entat10ns of the f1rst two,
orbitals of Fig. 2 fall between the 11gano—meta1 bond1ng d1rect1ons in
.a tetrahedra] compliex. The nonequivalénce of the d- orb1ta1 energy |
levels, denoted by_At in Fig 3, is related to ‘the octahedra] energy
splitting by Ay = 4/9 A, The actua] magn1tude of the energy-
level sp11tt1ng caused by 11gand addition to form the metal comp]ex
can be deduceo from v1s1b1e7u1trav1o]et spectroscopy. The ser1es for
common ligands ih order of increased splitting is I~ < Br~ <!C1—
< FT < OH < NH, < bipyridine < CN .

| Hydride stabi]izat{on in coordination compounds has been exp]ained
by Chatt and Shaw (C5,C6) to be a consequence of 11gand —field stab111—
.kzat1on energies (a) of both the original cata1yst and the hydr1de
complex formed after hydrogen scission.

According to Chatt and Shaw, the energy separat1on between the
highest occupied bonding or non—bohding levels and the lowest vacant
antibonding levels must be greater than some crifica] value 1h order
for the hydride to be stable. VAs an example, for octahedra] aqueous
transition-metal ions, especially in the first series, the separation
(a) between levels t29 and eg(o*) islnot enough to achieve : .
stab111ty (see Fig. 5) ‘The hydrogen atom dissociates because the | -
bonding e]ectrons in the H-M o-bond are easily promoted through the |

t2g level to the vacant antibonding eg(o ).




Fig. 4.
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Sketch showing the tetrahedral arrangement of four

negative charges around a cation, Mm+, with respect
to coordinate axes that may be used in identifying

the d orbitals (C7).
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Certain w-bonding ligands such as tertiary phosphines ‘and carbon
monoxide have back—bondingbinteraétion of metal t29 orbitals with
the ligand = and =* orbitals, resuiting in the lower of the t2

level to yield a greater separation (o) (see Fig. 6). The separation’

~of energy—leve1 splitting A also increases with atomic number of the

meta}. Consequently OSmium forms a more stable complex than iron,
measured by both decomposition temperature and H;M»bond strength, as
shown in Table 2. |

From the preceding analysis, hydrogen comp]exés ofithe 3d
transition metals (V,vCr, Mn, etc.) are apparently unstable if they

contain only ligands with 1ow field-splitting energies (i.e., HZO’

" QH7, C17). Hydrogen complexes with high field-splitting ligands

(CO, CN", etc.) do exist; their structures have beén unequivoca11y
characterized, but they are oxygen and moisture sensitive.
The hydrido-metal carbonyls are only slightly soluble in water,

but they behave as acids (C7) and will ionize to give carbonylate

ions. The relative acid strength is listed after the hydrido forma-

tion reaction. Strong acidity of carbonyl hydrides 1ndicates a labile
hydrogen atom, and consequently a less stable but more reactive
species. |

The formation of hydrido carbonyls may occur by two mechanisms.

The dinuclear carbonyls probably split homolytically:

COZ(CO)B + H2 = 2 HCO(CO)4 pK ~ 2.5
MnZ(CO)10 + H2 =7 HMn(CO)6 pK ~ 7
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Table 2. Metal-hydrogen stretch frequencies and decomposition points
of iron-group hydrido complexes (C5).

o Decomp Pt - Melting Pt .
Met al cm-1 '. ¢ - oc |

Fe 1849 ' 155 _ 155

Ru 1938 310 | 175

Os 2039 315 - 171
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Homolytic splitting is less likely for the heavier transition metals,
since the d-bonding to d-antibonding orbitals energy separation is
greater there. The mononuclear or heavier carbonyls M(CO)X may fdrm :

hyd}idés by an initial CO dissociation step (Bl). For iron,

= Fe(c0)4‘+ co

Fe(C0)

H, + Fe(CO), = H, Fe(CO) pK ~ 4
4 _ 4

2 2

Evidence for this mechanism comes from the apparent energy of
activation of 60_k¢a1/mo]e for hydrogen acfivation, which is large
vcompared with 14 kcal/g-mole and 20-24 kcal/g-mole respectively for |
" homolytic and heterq]ytic"sp]itting by metal ions (K1).

The hydrogen atom may even be anionic, especially 1n‘comp1exes'
coﬁtaining tertiary phosphines such és PtHBr(Et3P);. Here again
the hydrogen ion occupies a full coordination site in a sqﬁare~p1anar
arrangement. |

Hydrogen anion (hydride) in fyansition metal complexes has a véry
large ]1gand;fie1d Qtrengfh (A).'{Thus, hydrogen complexes are much
paler than_thelcorresponding dichloro complexes because the d-to-d
electron trnasitions are shifted to the ultraviolet region. The shift
with hydrogen may be as strong as that with cyanide, which has the
greatest field strength of all the‘commén ligands.

Hydrogen anion also has one of the highest trans-effects; that is,

it destabilizes the ligand trans to itself. The rate of substitution




@
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of the trans ligand may be increased a million-fold. ~The trans effect
is also reflected back to the hydrogen and makes it very gensitive to
substitution of its opposing ligand. Ligands with high trans-effects
weaken the H-M bond as evidenced by going along the trans-effect
spectrum from a weak NO3 to strong CN (C5).

2. Substrate Activation by Metal Carbonyls

Substrate activation by metal complexes has been reviewed with

' emphasis on reaction types (K1) and similarities with heterogeneous

systems (C12). Deuterium-exchange reactions for aromatics with both

homogeneous and heterogeneous cata1ystS'have been reviewed (G3), as

well as the activation of C-H bonds on aromatics (P2).

| The directionality of d—Qrbita]s is of fundamental imbortance in
hydrogenatian catalysis. The central metal ion can assemble the
reactants (hydrogen and substrate) sequentia]]y, and bring them into
the spacial oriehtation that will easily produce a transition state.

Interaction of a transftion metal and a substrate (say, a]kene)

usually occurs through formation of~necohp1exes. - According tokthe
Dewar-Chatt-Duncanson theory (D1,C8) an alkene is bound to a.d8
metal ion with the longitudinal axis of the o]efinic carbons per-
pendicular td’the metal-alkene bond;‘as in Fig;'7a. Bondﬁng is
mechanistically 1]1usfrated in Fig /b. A o-bond 1s formed by
donation of a pair of electrons from the bonding =-orbital of the
alkene to a suitable hybrid orbital (such as.dspz) of the d8 metal
ion. Concurrently the metal donates e1ectrons from its filled pd

orbitals to empty antibonding =* orbitals on the alkene. The

resultant =n-bonding in many instances overshadows the weaker o- bond
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The molecular-orbital energy level diagram in Fig. 8 also applies
to the metal olefin complex under discussion. The ordering of the d

. 2 :
electronic levels becomes dZ > dx,z > dxz—yz > dxy > dyz
(H5). Just as for hydride complexes, the stability of the olefin

complexes is determined by a, the energy diffefence between the
highest filled and lowest empty ﬁo1ecu]ar orbitals. This separation
increases in the order Ni(II) < Pd(II) < pt(II) for d8 square-planar
comp1exes; that is, the heaviest element in a group forms the most
stable complex (C6). For PtC1S™ and PAC13™, 4 has been

measured as 23,450 cm_l and 19,150 cm_1 respectively (G4). Such

determinations have not been made for olefin complexes because charge-

transfer contributions combine with d-d transitions and complicate

absorption band assignments.

Octahedra] complexes, having a coordination number of 6, are less
able to form stable metal alkene complexes. The high oxidation states
of the metal limit the effective back-donation of electrons to the *
orbital of the alkene, thus forming a weéker n-bond between the metal
and olefin. This weakening is especially pronounced in metal ions
having‘few electrons in the tZg 1eve1§’(d—orbita1s positioned
between the x, y, or z axes of Figs..l and 2) that are potentially
able to overlap with the olefin «* orbitals. Hénce Ti(III), V(III),
V(II), and Cr(III) form labile olefin complexes which participate
vquiqk]y in subsequent catalytic reactions such as Ziegler-Natta

polymerizations.
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Iron carbonyls provide numerbus'examp]eé of w-bonded-complex

intermediates, starting especially from Fe(CO), Fe(CO), and
Fe(CO)S. In all cases one carbonyl group is displaced from iron (or
other meta])lfor each r-bond formed with an alkene. Manuel (M3) has
reported the isomerization of a series of mono-olefins by iron
pentacarbonyl, which yielded an equilibrium distribution of prbducts
among the geometric isomers, with the trans form predominating. The
order of reactivity of the various olefins is terminal (a-) olefin >
cis-internal olefin > trans-internal olefin > trisubstututed olefin.
Polar substances if present increase the rate of isomerization,
apparently because they enhanee disporportionation of iron carbonyl to
hydrido complexes. The hydrido-iron n—cemp1ex'rearranges.to an iron
alkyl complex which can rotate to establish an equilibrium mixture of
isomers. An alternate mechanism for rearrangement involves the
transfer of a hydrogen form the olefin complex to form an allylic
compound in which the original double bond loses its identity. The
replaeement of the hydrogen to form olefin can produce the equilibrium
mixture. the major difference between the two mechanisms 1is the
source'o% the hydrogen ion to form hydrido-carbonyl. The hydrogen in
the m-compliex comes from the.polar co-catalysts, whereas in the alkyl
complex it comes from the olefin. For the purposes of hydrogenation
the former mechanism would have to operate. The latter mechanism is
supported by Sfernberg’s work'(SZ) on isomerization of 1-hexene with

‘ ].2_' 3

[H2Fe Co)

2( 8
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"For cobalt carbdny] insight intq substrate activation is given
mainly by work on hydroformylat1on (H2,K2, Jé) O1ef1n'act1vation
: 1ead1ng to hydrogenation occurs through =- comp]exat1on with HCo(CO)
to form'RCo(C0)4, an alkyl carbqny] (MS). Loss of a CO gives a
species RCo(CO)3, which quickly takes up H, to yield RH and
HCo(CO)3 The hydrogenolysis to RH may be accomplished with
HCO'(CO)4 for styrene, heptene, and congugated d1ene Pydrogenat1ons
(31). - . | I

Aetivation,of aromatics is simi]arvto that 6f>01efins; The
m-electrons of the carbon ring donate chargebtqythe metal to form a
'n—compiex. THe aromatic méy complex ai] of its double bonds with a
metal, ff open coordination S%tes are available as fn the case of
isandwich compounds™ Tike ferroeeee.

For the purpeées.of hydrogenation, aromatics are activated by
metal complexation due‘to'the disruption of the n—e1ectroﬁs in the
aromatic rjng. This lowering of tﬁe resonance energy opeﬁs a pathway
for reduction of the double bonds as shown by the reversible reduction
of benzene—maaganese tricarbony]l(WS)

1—+ o n

[~ ' R | H
U EAIOS
_ : -— H
Mn -H Mn
RN -/ I\
. CO CO COJ Jcococo

- In summary, substrate activation viewed in the quantitative terms

of crystal field or mo]ecdiar-orbita1 theory becomes manageable with
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the application of speétroscopicAmethodsu' The activity of transition
metal complexes 1slgovefned mainiy'by the metals"e1ectfon1¢_¢dnfigur—
ation. The knowledge of how the two are related provides fhe tool for
designing metal comp]exes'for'cata1yt1c requfrements.

3. The Effect of Varying Ligands

Ligands of a catalytically active transitioﬁ metal complex may be
changed to enhance certain aspecfs of the_feaction; The activity of
transition metal complexes is governed, mainly by the metal's elec-
tronic configuration. It is expected that if one metal in a triad
catalyzes a certain reaction, the others will also be effective but at
different rates. The metal determines the possibility of a reaction,
but 1t§ environment mayvbe adjusted to promote or diminish that

'posSibi1ity. the environment of the metal center is primarily
‘dictated by the surrounding Tigands. The'most important parameters
usually considered in varying 1igands a;é reaction rate and selec- .
tivity. often these two results are in conflict, and the optimum
condition§ indicate a s]owef rate in order to increase thé yield.

The simplest ligands encouhtered in transition metal complexes are
mohatomic units bound to the metal by'having donated a pair of
electrons to form a o-bond. These ligands are bodnd in the
"classical" sense; the metal has a well-defined oxidation number,
there being no electron back-donation (w»-bond) to the ligand.

Not only halogens, but also water and ammonia, are among thé mosf
1mportaht classical ligands. A metal usually complexes with as many
ligands as are required for it to attain the electronic structure of

the next inert gas.
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Purely classical complexes are usua]1y inactive cata]yt1ca11y, due
to an 1nsuff1c1ent energy separat1on A that fails to stab111ze o]efwn

andvhydr1de intermediates. The c]ass1ca] Tigands can_a]ter cata]ys1s

of aetive species,  due usually to a inductive effect transmitted along

the o-bond. Although RhX(PhsP); is not strictly a c1assicai
complex, due to a-interaction between the metal and tri-
pheny]phosph1ne, it c]ear]y shows the effect of 11gand (X = C] Br,
or 1) on the rate of reaction (01). The rate of hydrogenation of
cyclohexene correlates invérse]y with the electronegativity of the
ligand, indicating_electfonic effects upon the rate lihiting
~transition state (see Fig. 9). ‘ |
Ligand effects for,nonc]aesica1 1igands,.bofh o- and w-bonding,

are rarely correlated by simble e1ectf0nic effects such as electro-.
hegativity or linear free-energy re]ationships. Simple examples of
ligand effects with nonc]assica] 60mp1exes are the observed
hydrogenatidn—rate 1nerease$ for substitdted butadiene-iron carbonyl
compTexes, CH3CH;CH_f,CH=CHR-Fe(C0)3. The'activjty of R varies |
~ COOCH3 > CH OH >~

with order COCHy ~ CHO > CONH > CH

2 3 2
COOH, where electron-withdrawing substituents produce higher’activity
(F2), mainly by weakening then-bond with the diene. The same effect
on rate has beeh observed for methyl sorbate hydrogenation to methyl
3—Hexenoate with arenefchromium carbonyl complexes. The arene ligands

(benzene, toluene, ethylbenzene) increase the rate as their

-electron-withdrawing ability increases (C9).
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Hydride formation by tranéition:meta1s in low-valence states is
known to be stabilized by m-acceptors, such as carbon monoxide and.
phosphines. Dihydride formation jé favored by even more basic
phosphine ligands. This may be'viewed as an interaction of a
Lewis-base meta1 center with a LeWis-acid-hydrOgen molecule. Increas-
ing m-acceptor property in-Tigands decreases the ease of dihydride
formation. In monohydrlde systems, 1ntroduct1on of ligands that are
stronger o- donors and weaker m—acceptors reduces the acidity of the
metal hydride, and g1ves increased hydrogenat1on activity for certa1n
carbony] phosph1ne systems (s3).

Hydrogen and olefin complexed to a metal have s1m11ar 11gand
properties, and this can lead to speculation about the formation of a
hydrogenation reaction transition state. Both hydride and organo-
ligands cause high ligand-field sp]itting much Tike CN~, CO and
R3P.' Not only does, say, trialkylphosphine stabilize the M-C or
M—H; bond but the introduction of H or C groups strengthens the M-P’
bond, and an overall tightening of the cqmplex is observed. The

.excessive stab11ization.of either hydride or olefin complex can hinderb
the subsequent addition of the second reactant, and few hydfide-o]ef1n<
cemplexes are known. Hence, for catalysis in genehal, the energy-
needs to bring olefin and hydrogen'into the c]ose.proxihity required
for reaction must be provided by complex tightening:that results from
the presence of these two 1%gands of high field strength.'

In summary, the ligands surrounding a metal have a large influence

on hydrogen- and olefin-complex stability. The stability of both
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types of complexes is increased by m-bonding Tigands which cause large
energy séparations (due to high field strength) between orbitals. To
pfomote catalytic activity of the Tighter transition metals,, where
the d energy levels are closely spaced, ligands of high field strength
shou]d be used. Aquo-complexes of cobalt are inactive whereas
dicobalt octacarbenyl and pentacyano-cobalt are good'hydrogenafion
catalysts. For the heavier metals, with larger energy separations, a
Tigand with moderate field strength is sufficient. Too high én energy
spacihg reduces the reactivity of the intermediates by making them too
stable and ‘may thus hinders catalytic activity. Proper choiée of
ligands may make preVioOs]y-inactive metals active or enhance the

activity of a ineffective catalyst.



II. STATEMENT OF THE PROBLEM

. v

A. Adapting Homogeneous Hydrogenation Catalysts to Coal Liquefaction

The present project is part Qf_anvextensive study aimed at
deve]oping basic {nformation abqut Tow-temperature low-pressure
conditions for liquefying coal. The study focuses on using massive
s amounﬁs of the Lewis acid, zinc chToride,'as bdth a Cata]yét for
deﬁo]ymerizétion of coal and a vehicle for tranSportjng thé reactants
and the solid and 1iquid products. ’

- Although zinc chloride has good bond-breaking ability to achieve

reactive structures in coal, it appears unable to activate molecular . -

hydrogen adequately. Coal-derived reactive fragments thétlare'
activated but not hydrogenated may either incorporate a hydrbcarbon_
radical or repolymerize to a refraétoﬁy structure. - For treatment with
zinc chloride meTts, selective hydrogenation is a major concern.
Liquefaction consumes hydrogen but ecohomicé dictate usihg only the
minimum hydrogén to achieve fully the desired reactions——thatlis,-
~obtaining the most 11q&efaction from.the Teast input of hydrogen.

Insufficient hydrogenating abiliiy of zinc chloride may perhaps bé
enhanced by the use of ;o-cata]ySts. The liquid state of the melt i;
ideally suited for the addition of homogeneous hydrogenétioh
catalysts. Transition-metal carbényls can themselves form acid
hydrido complexes, and may prove to be stable in an acidic environment
such as'a zinc chloride melt. The stabf1ify of pure metal carbonyls
at higher temperatures requires a substantiél CO pressure, and for

practical pruposes a way must be found to prevent catalyst
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decomposition at 1owér co presSukes. Concur?ent]y the preseﬁcé of CO
may aid liquefaction by its incorporation into the coal. From an |
ecdnomic standpoint, liquefaction with a mixture of H, and 60 is
desirable because a hydrogen purification step can be eliminated.

1. Instability of Metal Carbonyls

A majof problem in regard to use of transition-metal complexes as
hydrogenation catalysts for coal has been their lack df stability at
temperatures. above 200°C. The metal comp]exés can decompose t0"
finely dispérsed metal which sometimes acts as a heterogeneous rather
" than homogeneous cafa]yst. Numerous proven homogeﬁeous catalysts were
tried by Holy et a1;_(H3) for hydrogéﬁating coal at temperatures below
17500; all were fnactive and also were incérporated into the coa].
Among these trial catalysts were rhodiﬁm, iridium, or palladium
cdmp1exes, none of them carbonyls.

2. Compatibility of Méta] Carbonyls in Zinc Ch]ofide Metals

A further-criterion for a homogeneous catalyst is its
compatibility in catalytic melts. Zinc chloride is. a strong Lewis
acid, having.a'high affinity forbe1ectrons under reaction conditions.
zinc ;h]oride requires two more electron péirs to complete its octet;
consequently it competes for any'ffee e]eétron—donating 1igands in the
melt. A hydrogenation co-catalyst that reacts by way of a ligand

dissociation step, such as RhC1(Ph,P will have its dissociated

3 )3’
ligand complexed by zinc chloride and unavailable for reassociation
for catalyst regeneration. Decomposition or dimerization of the

co-catalyst will occur, leading to a loss of hydrogenation activity.
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Use of metal carbonyl with a Lewis acid cata]yt1c me]t has the
advantage of being stabilized by_excess co. The ob3ect1ve is to ftnd
a form of complex which accommodates»hydrogenat1on, and readily
completes the cycle by dischargtng the hydrogenated product”

3. Hydrogenation of Mode] Compounds of Coal witn'Homogeneous'Catalysts

The chemical structure of coa] is 1ncomp1ete]y defined, due to its
comp lex b1o1og1ca] and geo]og1ca1 origin, amorphous structure, and
-solid state Furthermore, as a solid, It is not amenab]e to several

analytical techn1ques which might otherwise e]uc1date its chem1stry

with regard to liquefaction. Therefore mode] compounds wh1ch simulate

s

structures which are be]ieved present in coa],_are utilized to reduce
the comp]ex1ty of the test system | |

Polynuc]ear aromatic structures are be]1eved to be predominant in
: coa], and have been chosen as the pr1mary mode]s for test1ng hydro-
genation behavior. These structures tend to contain three or four
fused rings‘connected to similar structures by‘br1dg1ng carbons, ether
oxygens, or thioether sulfurs, to form a three—dimensiona] matrix.
Several po]y-nuc]ear aromatics containing heteroatoms were hydro-
genated to determine_if coal heteroatoms wou]d have aduerse effects on
metal-carbonyl cata]ysis. Cyc]ohexene.hydrogenation by RhC](Ph3P)3J'
was also studied to draw comparison between the hydrogenation
mechantsms for noble-metal catalysts and metal carbonyls.

No kinetic work on hydrogenation of polynuclear aromatics with
metal carbonyls is known to have been reported previous]y. Therefore,

to understand more fully the behavior of the catalysthubstrate

.

-
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system, a kinetic study was undektaken with é phosphinefsubstituted

. manganese carbdny] catalyst. The effects of'cata1yst compogition and
concentration, hydrogen, carbon moﬁoxide pressureé, and subétrate
concentration were determined.

4. The Effect of Zinc Chloride and Metal Carbonyls on Coal

| The final phase of this.study integrated the various tasks by
determining the hydrogenation acfivity_of:the metal carbonyls 1h con-
junction_with the depolymerization ability of the zinc chloride. A °
Tow-sulfur western subbituminous coa]_(wyodak) was used for the

study. The conversion of coal to preasphaltenes was measured.



40

III. SUBSTITUTION OF METAL CARBONYLS WITH n-ELECTRON DONOR LIGANDS

A. Basic Considerations

Transition- metal. carbony]s are. cata]yt1ca11y act1ve for hydro-
formy1at1on at 175°C and 1000- 3000 psi. Among them, coba]t carbony1
has been found to catalyze hydrogenat1on of po]ynuc]ear aromatics such
as those found in coal liquids. Conditions of 135 to 200 C and
about 5000 psf pressure with equimolar hydrogen and carbon monoxide.
werevused by Friedman and:eo—workers (F1), who'suggested that'. h
C02(C0)8 addsfhydrogensto coal. Subsequent efforts to hydrogenate -
coal with proven homogeneous transition metal catalysts have failed
(H3) the cata1ysts decomposing and not being recovered. If any
catalytic activity was noted, it presumably came from the resu1t of
‘decomposition of the complex-to a cata]ytical]y active heterogeneous
form. ) |

Thus the foremost task in adapting a homogeneous.hydrogenation ,
catalysts to coal Tiquefaction is to stabilize the complex to with-
stand the reaction environment. Their conditions of successful use’
without coal to approach the range (206~250°C and 100 psi) of a
~non-pyrolytic coal- 11quefact1on process Since the carbony] cata]ysts
require substant1a1 pressures of CO to rema1n homogeneous, th1s
drawback 1is the f1rst factor to cons1der here

It is poss1b1e in principle to alter-the ligand compos1t1on of a -
coordinated complex so as to alter its react1v1ty for some reactions
and not for others. Th1s principle has been applied successfully in

masking reactions (J7) and isomer synthesis (B6).

247
.
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Because pure transition metal Carbony]s are highly symmetrical
(usually octahedral or tetrahedral), several equivalent orientations
of the moledule will be preseht which will perform‘the same catalytic

function. ConsequentTy, one part of a molecule may be altered by

ligand substitution while the rest retains a catalytically active -

" configuration. A judicious choice of the replacement ligand could

well provide enhanced stability without adversely affecting the
cataTytic activity. The e]ectrohic influence of the substftuting

ligand should cause the remaining CO moiteies to be more tightly bound

thus requiring a smaller CO pressure to prevent decomposition; To

insure stability, the substituting ligand must be bound even more
tightly, since, in contrast to CO, a reserve supply of that 1igahd'
species will not be present during use of the complex. ”

Slaugh and Mullineaux (S3) have provided evidence for the.
practicality of substitution in cobalt carbonyl, finding improved
selectivity in hydroformylation when phosphine ligands are sub-
stituted. Tucci (T3,T4) studied this system further, and showed fhat
selectivity is a function of the basicity of the substituted ligand.
A paftia] pressure of 200 to 300 psi of carbon monoxide was adequate
to prevenﬂ catalyst decomposition.

In regard to.ligand bonding, certain theoretical consideration
will now be reviewed in order to emphasize»the effect of substitution

on complex stability. This review is a consolidation of Tligand

bonding theory presented by Cotton and Wilkinson (C7) and Basolo and

Pearson (B5). The bonding of carbon monoxide to a transition metal .
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has been exbiéined convtncing]y in tetmé of molecular orbital theory.
Bondingvof CO to a metal corresponds to interaction between the meta]
d electrons and catbonhc electrons. Since the d electrons have
speciftc orientations, thepattached.carbon monoxides are 1bca1jzedv
about the metal tn»a_specific geometry. | |

The bonding occurs ih two simultaneous steps, i1tustrated by
Fig. 11. The carbon dohates 1ts,{one.péir of electrons to form a
6fbond with the metal. Concurrently the metal donates e]ectrons in
its dn-orbitals to the carbon's empty pw-antibonding orbital, to
establish a n-bond. This mechanism allows concurtent o- and w-bond
formation to. mutually re1nforce each other. _ A]though the bond1ng
mechanism of CO to a metal forms' a double bond the bond strength is
not high enough to prevent d]ssoc1at10n, and u]t1mate1y decomposition
occurs. Other 1ﬁgands generally dispTay stronger.o—bonding and weaker
n-bonding than CO. In systems containing other 1ligands, the more
negat1ve meta] will form stronger n—bonds with the rema1n1ng Co
- molecules (F1g. 12), so as to render the substituted metal carbony]
more stable.

Based on extensive spectroscopicldata~for substituted metal
carbohy1s, force-constant calculations indicate that the order of
decreasing m-bonding tending (or m-acidity) of some common ligands

(c7) is




&
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XBL 794-9341

Representation of M-C bonding in metal carbonyls by
molecular orbital theory. Shaded orbitals contain
electron; open orbitals are empty. The o-bonding is
represented by (a),. ™-bonding by (b).
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CO ~ PF, >..Pc13_~ AsCls ~ SbCly >.PC12(0R) > PCT,R
> PC1(0R), > PCIR, ~ P(OR)5 > PRy ~ AsRy ~ SbRy
' ~_SR2 > RCN > NR4 ~v0R2 ~ RCH > H,NOR

a ranking of mixed ligands of the types PX'X"X"".has been reported by
Tolman (T2). The best n-bonding ligands are PF3; €0, and NO,

whereas- amines which cannot =-bond are at the end of the series.

A good prospect of sujtab]ezligahds would be among the phosphines; .

although they possess-ljmited'ﬁ—bthing ability, they can fokmfstrong
o—bdhds with the metal due to én available lone pair of electrons.

In selecting a Tigand, some consideration_a]sovmust be given.to'
its size and shape. For highly substituted metal Stoms, such as
Ni(PX)4, steric effect; are supefimposed on the electronic effects,
in contro]]ing:the rates of ligand dissociation and exchanée, and‘
catalytic actiyjty. Tolmanb(T2)fhas-correTated ster{c effécts with
the cone one angle of the 1igahd,‘thé conic surface having its apex at
the metal atom and lying tangént to vén de Waals surface'of the entire
ligand group aéohs. The smai]érlthe cone aﬁg]e is, the less the
steric hindrénée. PPhé has one of the largest cone angles (1840)

while P(OCH has one of the smallest (1070).

303 _
The size of the ligand is not of concern in stability considera-
tions, but may Timit a catalyst's activity by restricting its access

to the pore structure of coal, or to reactive sites in the exposed

surfaces.
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The work on hydraformylation, cited earlier, reinforces
theoretical arguments that é substituted meta]vcarbonyl may provide
sustained catalytic activity with improved stability. Until now, no
similar study.has been available for.hydrogenation, thus justifying
the presentiinvestigation 6n the effectsvof 1igand.substituti6n 6n'
hydrogenatioh activity énd compiex stability.

B. Experiments

The metal carbonyls, C02(C0)8, Ni(C0)4. V(CO)¢, W(CO)(,

4°

Mo(C0) ., Fe(CO) FeZ(CO) MnZ(CO)IO’ and CH3C H4Mn(C0)3

6’ 52 9 5
were purchased from Alfa Inorganics, Inc. and used without further
pﬁrification. :

Phosphines and phospﬁites used for ligand substitutioh reactions
were obtained from Aldrich Chemical Co., with the exceptioh ofl
tri—p4t0y1 phosphite, diethylphenyl phosphiﬁes,‘and tri—isopropyi
phosphfne which were purchased from Pfalz and Bauer, Inc. ‘Phenyl
methy]vsu1fide and dibutyl sulfide were purchased from Eastmaﬁ
Chemicals. |

The solvent for most experiménts was tgchnica} grade 95+% normal
decane, nonane, or octane purchased from Phii]ips Petroleum. Decalin
(95+%) and anthracene (95%) were obtained from Eastman Chemicals, and
9,10-dimethylanthracene (95+%) from Aldrich.

The nifrogen and hydrogen (99.999%) used in the experiments were

supplied by Lawrence Berkeley Laboratories and contained less than

1.5 ppm water or oxygen. The hydrogen was passed through a Matheson
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catalytic deoxygenator before use. Carbon monoxide was obtained as
“Matheson purity" 99.999% mih. NO was also supplied by Matheson és
"Chemically Pure" 99.0+%. S

Substitution reactions and hydroééhatiohs‘were conducted in a
‘600 ml autoclave purchased from Parr’Instfumeﬁts, Co; The adtoé]avem'
~internals consistéd of a stirrer, cooling loop, thermocouple well, B
sample tube, and a glass liner. The‘bomb was fitted forﬂgés ih]et and
sampling, liquid sampling, -and Tiquid injection (Fig. 13). Reactor
temperature was automatically controlled by alternately enefgizing the
Eeating mantle, or a solenoid valve whﬁch admits cboiing~water to. the
coo]ihg loop. Reaction temperature was recorded on a 10 mV‘sfrip
chart recorder attached to the thermoéoub]e, and showed that the
reéctiohvtemperaturé varied #1°C duriﬁg a run. Reactor heat—up to -
200°C was tjpica]]y accomplished in 15 min. Pressure was 1ndicated"
by a gauée reading either O to 1000 bsi'or 0 to 2000 psi, calibrated
to 10 psf. The autoclave was;broteéted by an Inconel fUpfure disc,
rated at 2000 psi at 72°C. ' | | |

Substitution reactions-were normé]]y followed by screehiné’the
resulting tompound for hydfogenatibn activify. In fhe‘typica1 pro-
cédures; 10 mi111moles anthracéne and 1 mi]]i%o]elmeta1'carbonyl,
baséd on metal, were weiéhed.out and placed invthe glass liner. One
hundred ﬁi]]i]iter decane was added, and 1 millimole substituting
ligand was eitber wéighed in or added by pipétte; The glass linear
" was placed in fhe reactor and the réaétof sea]ed. The'appropriate
supbort lines were‘conhected, and a vacuum line was attached to the

gas outlet.
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The reactor‘was purged by a1terhate1y drawing'a vacuum and
pressurizing the reactor to 300 pei with either hydrogen, carbon
 monoxide, or a 1:1 mixture of the two. The reactor was then pressur-
jzed to the initial condition, and heating commenced; reaction was
conducted for the heat-up time plus 1 hr. During the run liquid
samp]es were taken for later analysis by gas chromatography

The stability of the complex cou]d be determined visually by :
inspecting for clarity and color. Decomposjt1on ‘and hence loss of
" catalytic activity could easily be seen in all cases. Upon deoom— '

posttion{ the meta1 precipttates and clouds the solution. Also the.
characteristic brilliant color of the so1Ution vanishes. The
stabi]ity measuremehts were started'with an initial pressure of
300 ps1 “of synthes1s gas, that is, an equimolar mixture of hydrogen
and carbon monoxide. After heat- -up, the pressure was 495 ps1 at which
more synthesis gas was added to 600 psi. A sample was taken after an
hour. After samp1ing the temperaturé was raised in increments of
ZSOC. At each new temperature the pressure was noted, and another
sample taken The temperature and pressure recorded before the
conditions at which the comp]ex decomposed- are given in the Resu]ts

_sections.

‘Hydrogenation activity was screened in these reactions to

determine which‘compounds warranted further study. The samples. taken

“after 1 hr of reaction time were analyzed by gas chromatography.’
The chromatography used in this study was a_Varian.Aerograph,

model A-90-P, with a 1/8. 1in. X 1Q'ft column containihg-4% Dexsil
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300 GC on Chromasorb H. P. (100 to 120 mesh) operated isothermally at
200°c. Injector, detector, and collector temperatures were 2800,
2950, and 290°¢C respéctive]y. These condipions can separate

decane, dihydroanthracene, and anthracene sharp]y; eluted in that
order. Increasing the column temperature.by 15°¢ separates pyrene
and'dihydropyrene on the same time scale. Anthracene is not com-
pletely soluble at room temperatures in decgne at‘fhese'leve1s.
Dihydfoénthracéne was referenced to the solvent, decane, which was
used an an internal standard forvcdncentration ca]cuTatidns. Since
only one hydrogenated produce 9;10—d1hydroanthracaﬁe is produced, the
am@unt of anthracene can be calculated by difference.

C. Results and Discussion

1. Substitution Reactions

The results of the stability studies of substituted metal
carbonyls are given in Table 3. Notably all the metal carbonyls can
be stabilized by ligand substitution. The initial conditions, 200°C
and 600 psi synthesis gas are severe enough to decompose all the
unsubstituted carbonyls listed. Most sensitive is cobalt cérbony],
which decomposes at 1500'be1ow 410 psi CO. After substitution it is
only mode?ately stabilized to 210°C and 730 psi synthesis gas. The
other carbonyls are more stable, preserving the 1ntegrity.bf the
complex at 300 to.3500C under only slightly higher total pressures,
part of which is the partial pressure of the solvent, decahe. Decane
has a 20 psi vapor pressure'at the initial tempergturé'of ZOOOC.

the initial stability of the metal carbonyl seems unrelated to the
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Table 3. Stability of substituted metal carbonyls.

Decomposition
Temperature  Total Pressure (psi)

Carbony Ligand o¢ (H,/C0=1/1)
Co2(C0)g5 - (Bu)sP 210 730
~ (Et)3P 200 720
(Ph)3P 200 720
diphos* 375 900
bipy* 325 840

en* , 5200 decomposed

Mn5 (CO) 10 (Bu)3P 300 800
' (Et)3P 300" © 800
~ (Ph)3P ©350 700
PhoC1P 300 800
(BuO)3P 350 800
(CTCH20) 3P 300 720
(EtoPhP) 300 720
Fep(CO)g (Bu)3P 300 720
Fe(C0)s5 (Bu)sP 300 800
PhoC1P 350 800
(PhMe)S 250 650
V(CO)g (Bu)3P 300 800
Cr(C0)g (Bu)3P 350 700
Mo(CO) g (Bu)3P 300 800
W(CO)g (Bu)3P 300 800

Ni(C0)q (Bu) 4P 300 . 1200%*

*Bidentate ligands (éee Fig. 14).

**Higher initial pressure.
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stability of the substituted compound; while dicobalt octacarbony1 is
re]ativé]y stable in air, substitution does not impart as much

| stability to it as to vanadium hexacarbonyl. Vanadium hexacarbonyl is
SO réactivé that it may-f1ash when exposed to air; but Upon
substitution it iéAstab1e to 3OOOC. 4

The electronic nature of the ligand g%eat]y affects stability. As
mentioned ear]ier,vthe a- Vs n-bonding ability has a pronounced
effect, typically by the behavior of phosphines vs sulfides. The
sulfide is less m-acidic so it should stabilize the carbonyls more
than phosphine; however, the o-bond between sulfur and metal is
weaker, and allows dissociation to take place through the substituted
1igand. Decomposition of the complex is the result.

Substitution of metal carbonyls with polydentate ligands was also
investigated, It can be seen from Table 3 that the polydenate ligands
greatly improve stability, through their chelating action (see also
FiQ. 14).  As an example thy]enediamine (eﬁ) complexes with nickel in

i

solution (C10).

o+ N ) o4
N1(aq) + 6 NHB(aq)‘— [N1(NH3)6](aq

) logK = 8.61
+ = [N 2% logk = 18.28
3 en(aq) v~[N1(en)3](aq) ogK = 18.
The system [Nien3]2f'conta1ns three chelate rings and is

1010 times more stable than thé case where no ring is formed. This

can be understood from thermodynamic relationships:
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Q—@ - " H,NH,C=CH,NH

N . 22 22
\ ¥ S
2,2 bipyridine = . ethylenediamine
(bipy) (en)

H, H,
C-—C

(C6H5) p< >P(c

. 1,2-bis (diphenylphosphino)ethane)
 {diphos)

¢

Figure 14. Po1ydentate'1igands.
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A6 = aH® = TaS® = _RT 1n K

From thermodynamic data it can be shown that stabi]ity'due_toi
chelation arises entirely from an entropy effect (to make aG° more -
negative). Bonding three en molecules is easier than bonding six
NH3; that is once one side of the en molecule is bound,'the nearness
of the other end gives a high pfobab11ity of its being bound also.

This reasoning also explains the decrease in chelation with

increasing ring size. In reviewing Table 3, both diphos and

bipyridine stabilize cobalt carbonyl, since they are planar with their

donor atoms in close proximity. On the other hand, ethylenediamine is

a longer chain, and should have less of a chelation effect (as is the

~case). A1l chelation.vanishes if the molecule bridges two carbonyls

which is possible with ethylenediamine but Tess so with the other two

~ligands. The stability of the diphos is greater, as expected, since

phosphorous compoﬁnds have grgater metal n—bonding'ab11ity than
nitrogen. the bipyridine co%p]ex riva]svit, due to an extensive
n-structure in the aromatic rings to which the metal may doﬁate aAhigh
degree of electron density. The delocalization of electrons in the
aromatic ;—structure'facilitates more than usual donation of the

nitrogen to form a strong.o-bond resulting in a very stable complex.

2. Activity of Substituted Carbonyl Complexes

An important part of this study of metal carbonyl substitution was
the measurement of the resulting catalytic activities as revealed by

the results in Tables 4, 5 and 6.
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The sqbstifutéd cobalt carbonyls, Table 4, showed the highest
hydfogenation activity of the metal qarbony]s studied. The most
active compound tested was triethylphosphine substituted coba]t'
carbonyl which completely hydrogenated aﬁthracené to dihydroanthracene
in less ﬁhan 1 hr at 175°C. The other phosphines had satisfactbry |
activfty with the exception of'£ripheny1phbsphine whfch failed to
catalyze hydrogenation probably due to its bulkiness. Thé polydentate’
.liganq§.that are‘required to stabilize ;obalt carbony] to higher |
tempgratures b& chelation also showed good actiVity fof hydrogenation
with tHe exception of ethy]enediamine. Thé ironvcarbonyl comp]e*es in
Table 5 were not as actiye as the cobalt carbony]s;v Interestingly .
methy]pheny]éu]fide gave the best activipy at.200°C showing that
su]fu% is not a potential tatalyst poison. . ‘

Several runs were made with PPh2C1 to'further,study this
catalyst but the activiiy is irreproducible ranging from C,td 21
conversion. Unless this variability can be avoided the potgntiai-
advantages of the iron carbonyls cannot be fully utilized.

Thevhexacarbony1s of Cr, Mo,. W and V-éhdwed little hydrogenation
activity as shown in Table 6. Only manganese carbonyl has sufficient
activity for further study. A]though_it ié not effedti?e for hydro;
genating phenanthrene it is notvpoisoned by nitrogen heterbcyc]ics
such as quinoline and has activity greater than iron and approacﬁing

the more unstable cobalt carbonyls.
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Table 4. Hydrogenation with Cop(CO)g.

Substituting Temp. Press. Time - Solvent Product
Ligand oC Bars min Substrate . n-Cy Percent

Etsp 175% 35 1:15 A 8 92
Et3P 175 30 - 0:58 A 10 . 9.
Ph3P 250¢% 5] 2:45 A 9 none
BusP+Ph3P 175 29 0:49 A 10 93
(Et0)3P 200 39 11:02 A 9 73
BusP 200 38 1:40 P 8 none
Et3P 200 36 2:20 p 10 6
-Ph3P 200 43 0:55 P 10 none
Ph3P+Bu3P 175 30 0:30 P 10 1
Bu3P 175 34 0:55 N 9 1.
bipy 200 41 0:45 A 10 54

en 200 41 1:00 A 10 none

: : (decomp.)

diphos 200 a1 1:00 A 10 40
diphos 200 41 1:00 Py 10 <l
bipy C 250 68 1:00 Py 10 <1
Key to Substrates:
A = anthracene
P = phenanthrene
N = naphthalene -
Py = pyrene
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A

Table 5. Hydrogenation with Fe(C0)s. .

~ ,Total,"

 Substituting Temp. Press  Time: e - Proddct
Ligand oC Bars Min.  Substrate* Solvents* Percent
BugP a5 % 2530 A 10 4
Bup 200 N 1:3 A 4 none
Bt 250 % 4:00 A 10 3
 Phgp 200 39 2:10 A 10, none
(Et0)3P - 200 38 4:05 A 10 ~ none
PhoC1P 300 51 2:00 A 10 2
NO 200 43 1:45 ° A 10 none
MePhs 200 3 1:00 A 9_‘ | 15
CBuzs 200 43 4:30 A 9 2
Bu3P 205 43 2:46 P 10 1

*Key to solvents: 2, dioxane;4, deca]in; 6, benzene; 8, n-octane;
- 9, n-nonane; 10, n-decane. ' ' o
Key to substrates: A, Anthracene; P, phenanthrene.
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Three additional polynuclear aromatic Hydrocarbons were studied
for their re]at1ve suscept1b111t1es to hydrogenat1on. The reactions
w1th phenanthrene pyrene, and naphtha]ene were very slow compared: to
anthracene. This has been attributed (F5) to their inability to

stabilize free radical intermed{ates of the form:

H
) . S L /'_\\‘ .
HCo(CO), + ;/’/\w/ ‘/’“\‘ :L_/H */C)é + +Co(C0),
\\/,,,A \x-t‘ et . N

In summary, thé dinuclear meté] carbonylé CoZ(C0)85“
Fe2(CO)9, and Mn2(CO)lo are more active hydrogehation |
catalysts than the monbnuc]ea? carbonyis. This may be due to the ease
of metal-metal bond E]eavage to form hydrides. The_mononuc]éar
carbony]s must'first'dissociate CO to become’coordihate]y unsaturate
pr1or to. hydrogen act1vat1on. “This requires more energy than
homo]ytlc or hetero]yt1c sp]1tt1ng

The practical cons1derat1ons pertaining io catalysts for coal
liquefaction Serve to determine which type of catalyst shou]d be
1nvest1gated further and point to a compromise between the opposing
factors of stab1]1ty and act1v1ty The experiments made suggest that
manganese carbonyl derivatives are thé catalysts with greatest
potential. Based on the success'of these substitution studies which
have drawn upon the fundameﬁta] properties 6f transition metal bond- -
ing, a étudy waslconducted of'the mechanism of homogeneous hydro-
genation at elevated temperatures and pressures, to be described in

Chapter 1IV. - ~
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3. Additives to Improve Catalytic Activity of Substituted

Metal Carbonyls

The substitution reactions of metal carbonyls ére accelerated in
two-phase systems such as benzeqe/50% aqueous sodium hydroxide in the
presénce of phase—tranéfer catalysts, quaternary ammonium salts such
as‘tetra—n—buty]eammonium jodide (H9). Reaction procéeds slowly, or
not ét-a]], in the absence of the phase-transfer catalyst. The
phase-transfer catalyst function is to shuttle hydroxyl groups from
. the aqueous to the organic phase. The presence of hydroxyl groups are
known to promote water-gas shift wfth iron carbonyl (W2). Since both
Tigand substitution to form hydrides and water-gas shift are adven-
tageous to metal carbonyl catalyzed hydrogenations,'three cdmmercia]ly
used phase-transfer catalysts were investigated in conjunction with
5° L
Table 7 lists the additives tried with Fe(C0),BusP. the

4773
presence of sodium hydroxide impfoves the hydrogenation ability of the

Fe(CO)

catalyst; this may result by forming the hydride NaHFe(C0)3Bu3P

(C7) or promoting;water—gas shift (W2). Dramatic improvement in
hydrogenation rate is noted when the reaction is conducted in ethanol
instead of decane. Only trace amounts of the anthracene remained
unreacted. It appears that ethanol provides a liquid phase to
dissolve the NaOH. The phase transfer'catalyst, trimethyl-
benzylammonium chloride increases the effectiveness of the basic
medium to accelerate a substitution step of the metal carbohy]—

probably by hydride formation.



62 -

Table 7. “Phase transfer catalysts added to Fe(CO)4Bu3P
catalyzed hydrogenation of anthracene.

Temp. = 2000C; 1mM Fe(C0)4 BU3P 100 m1 solvent;
P = 55 bars; Hg/CO 1.0

» _ Ariount - » Conversion
'Additive'-A : gm | §o]vent . Percent

None ' ' - ;‘CIO 4
.NaOH, Ho O 0.36,5 Ci0 9
NaOH,Hzo;Triton B*  0.36,1,0.4 C10 12
NaOH ,Hy0,TBAC* | 0.5,10,1 - EtOH - 99+
NaOH ,H 0, TBAC 1.26,1,0.2  Cgo . O
HZO,TEA : 10,1 E4O0H (decomp;)zo

Triton B = 40 percent benzy]tr1methy1ammon1um hydroxide
. in MeOH.

TBAC = trimethylbenzylammonium chloride.

TEA = triethylamine. .

i

f
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IV. CATALYTIC KINETICS OF ANTHRACENE HYDROGENATION WITH
SUBSTITUTED DIMANGANESE DECACARBONYL : T

The exploratory studies, just described, for thermal stability and
homogeneous catalytic activity for a group of_substituted metal
carbonyls have shown that dimanéanese decacarbonyl is a promising
stérting material for further investigation of hydrogenation catalysis
in nonpyro]ytic coal liquefactior. Anthracene was chosen as a model
feactqnt because of its preVa]ence in coal derivatives, its ease of
'hydrogenation to 9,10-dihydroanthrapene, and the absénce 6f resulting
by—products..'Kinetic experiments have been carried out to determine
the mechanism by which manganese complexes catalyze the hydrogenation
of anthracené. KA substantial number of 1igaﬁds were used to sub-
'stitute one or two of the carbonyls on dimanganese decacarbonyl,
1eading to néw conclusions about ligand basicity and substituent
effects.

Although manganese complexes have been found to be homogeneous
catalysts for hydrogenation, previous work at elevated temperature and
pressures iS'extremely limited.fvao unpublished studies have been
cited by James (J3). 1-Octene has been hydrogenated by Mn2(C0)10
at 80 to 150°C under 200 bars of hydrogen; also’ﬁnsaturated fatty
esters have been saturated, the conditions hot being specified. A
“later study confirmed the hydrogenation of octenes and also of
‘cyclohexene. At higher temperatures (200—2350C) h}droformy]ation

products were observed (W6).  In none of the cases were kinétics

reported.
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The most relevant study to manganese carbony] hydrogenation of
aromatics is a report of the exisfence of aromatfc complex cations of
the type ArMn(CO)3, Ar be1ng benzene methyl subst1tuted benzenes -
and naphthalene (WS) The' presence of hydride from, say, sod1um

borohydride promotes the react1on,

. LT ,
ArMn(C0)3 = (ArH) Mn(CO)3

-H
to form a part1a11y hydrogenated comp]ex which is stab]e at 160° for
Ar = benzene. The hydride- aromatrc complex is very react1ve and
attacks carbon tetrach]or1de to produce chloroform and thevor1g1na1
cat1on |

~Some ana]og1es for manganese carbonyl catalysis can ne drawn from

other metal carbonyl systems, espec1a11y hydroformy1at1on cata1yzed by
coba]t carbony] wh1ch forms aldehydes from olefins. This react1on is
accompanied by compet1t1ve hydrogenat1on of the o]ef1n to paraffln and
of the product aldehyde to alcohol, both unwanted in the case of
hydroformj]ation,

» fn studies of the_hydrogenation of 1,3-cyclooctadiene with
.phosphine substituted cobalt carbonyl, Ogata and Misono (02) reported
 vtha§ HCo(CO)3 R3 (with R = butyl) appears to be the prue cataiyst
whicn can complex with the substrate R'.to give (R'H) COZC0)3PR3;

this intermediate may fhen react with another hydride or with

molecular hydrogen to form cyclooctene.
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(R'H) Co(C0)3Bu3P + HCo(CO)3Bu3P
> R'H, +_[Co(c0)3Bu3P]2

Under hydrogen atmosphere_the fina1 hydrogenolysis step could involve

(R'H)‘Co(C0)3Bu3P + H, > R'H, + HCo(CO) 4Bu4P

The cbmp1ete mechanism with hydrogen inyo]ves an allylic(I) and a

dihydride(II) form

_CH=CH=CH=CH- + HML >

C
| -L H /= ~\H
—'CHZ"CF—CH:CH— = —-CHZ_C l *C
+L
ML : MLn_1

n )

—

: /CH=CH— g
(1) +'H2 > éCQ\a —CHZ—CH=CH— + HM}_n_1

M(HZ)LnQI
(1)

Several features of this sysfem'will be found analogous to catalysis
with manganese comp]exés.
| A. .Experiments
Apparatus and procedures for the hydrogenation reactions has been
described in the previous section, so only the particular modification

pertaining to each group of experiments will be discussed here.
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1. Substrate Dependence

The autoe]ave liner was charged with substrate, solvent, and
cata]&st. After sea]ing,'the reacfor was purged, pressurized with co, ,
and heated to a reaction temperafure of 200°C. The pressure'was
noted and hydrogenpwas added to start the reaction. Samp]es were
taken for analysis at various'times

2. Catalyst Concentration Dependence

Rate stud1es at various catalyst were carr1ed out the amount of
. cata]yst being varied over a 60-fold range. The carbon monox1de
pressure was kept constant at 20 bars, two hydrogen pressures were
used, 20 and 52 bars. Samp]es were analyzed after 1 hr of react1on _
time except for casesvwhere large amoun@s of catalysts were used andv
shorter reaction times were dictated.

3. Carbon Monoxide Dependence

The effect of carbon monoxide on rate was established by initially
-\ . N . . -

charging'thevreactor with a 1:1 mixture of hydrogen and carbon -
monoxide to 21 bars, heating the reactortto reactfon.temperature, and
then admitting CO to maintaih the desired partial pressure. The
initial CO pressure was required td prevent catalyst decomposition
during heat-up. Samples were withdrawn after 1 hr and analyzed.

4, Hydrogen Dependence

" The .reactor was charged with substrate, catalyst, and solvent,
then purged and pressurized to 14 bars with CO. After heat-up, the
pressure was 34 bars at 200°C. At 200°C the solvent n-decane

contributes 1.3 bars to the total pressure. Hydrogen was added to the
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desired pressure (ﬁp to 74 bars) and Samp]es were taken after 1 hr.
In all kinetic experiments thg hydrogen consumed was less than 3% of
the initial charge of hydrogen, so that the hydrogen concentration
could be assumed to be constant. |

5. Ligand Effects.

" The influence of ligand type and quantity on the rate of reaction
was studied. Dimanganese decacarbonyl was substituted with phosphines
and phosphites. Ligand quantity was varied only for tri-n- v
buty]phosphihe. In all studies with other ligands, a 1:1 ratio of
metal atom to phoéphorus was maintained.

6. Temperatufe'Effects

To measufe accurately the effect temperature, both heatup and
total pressure had to be s;andafdizéd; The reactdr_yas charged_with
sdbstrate, catalyst, and so1vent; after purgihg, synthesis gas (1:1,
HZ:CO) was used to pressure the reactor to 21 bars. After heatup to
2000, synthesis gas was added to increase the pressure from 34 to 41
bars. The reactor was then cooled or heated to the desired tempera-
.ture, in less than 2 min. After 1 hr, samples were taken.

Reéction was conducted above the normal boiling point (1750C) of
the solvent (n-decane) and different amouhts of solvenf would flash
during sampling at different temperafures.v Because decane was used-as
an internal standard in the gas—chromatégraphic analysis, it was
imperative that a uniform amount of solvent be withdrawn with the
sample. This was achieQed by pressurizihg the sample from the reactor

into an evacuated 70 mT stainless-steel sampling bomb, which was

quenched and depfessurized before analysis.
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7. Product Analysis by Infrared Spectroscopy

For measurements at ambient conditions, samples withdhawn from the
- reactor wefe a]]oﬁed to cool and injected into 0.1 m1 NéC] 1nfréred
cells. vSpectra were recorded on a‘Perkin—Elmer 137 spectrophotométer
or a Digilab FTS-10 qurier transform spectraphotdmeter; Spectra were
.recorded with n-decane in ﬁ matched reference te]].-vPo1ystyrene was
used for ;é]ibration of the spectra. | ~

For méaSukements at reaction conditions, solutions were mgaSured
in a thefmdstatted, high-pressure infrared cell at Zoooc;idesigned"
by Tinker and Morr%s (T5). _The windows were made of calcium fluoride
with a‘pathv1ength of 1.0 mm. |

The cell was connected‘to the reactor sample outlet with‘a heated
line. during the course of the reaction, éambies'could be admitted to
the cell ahd spectré recorded‘on a FTS-10 spectropﬁotometer.‘ Normally.
the cell was flushed betweeg scans with excess sample. The spectra‘ 
were referenced to n-decane under abgut 7 bars CO pre§sure and

calibrated with polystyrene film.

- B. Results and Discussion

1. Effect of Anthracene Concentration on Rate

For MnZ(CO) substituted with tri-n-butyliphosphine at

10
constant partial pressures of H2 and CO and constant temperature
plots of the ]ogarithm of the normalized concentratidn on a linear
_-time scale yie]ds a stréightv1ine (e.g., Figsf 15 and 16) indicating

first-order dependence on anthracene.v'9,10—dihydroanthracene was the

sole product; no by-products such as tetrahydro-or
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Fig. 15. Hydrogenation of anthracene with'an(CO)g(Bu3P)2.
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Fig. 16. Hydrogenatio_n of anthracene with an(CO)s(Bu3P)2.
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octahydro-anthracene were detected by gas'chromatogfaphy and sub—
sequent mass spectrometry. The hydrogenation of anthracene proceeds
to completion (>99.5% by G. C.) and has been treated as an
irreversible reaction. |

One experimeht was conducted -with dicoba1t'octacarbony1. The same
first order dependence was borne out but the reaction rate is 13.3
times faster for the same catalyst Eoncéntration (Fig. 17).

2. Rate'Depéndence'on Catalyst Concentration

The knowledge that the rate of reaction is a function of the
anthracene concentration to the first power yields the integratedvform

of the generalized rate equation.

_dc
A _ n
—t- = KCpG
C
n —ACQ - k¢t
A 0

where CAO is the initial concentration of anthracene, CA the
concentration of anthracene at time, t’ande0 the concentration of
catalyst charged to the reactor. The exponent of C,s N> may be

determined by taking the logrithm of both sides of the equation.

' CA0 ]
In In CX_ = In kt + nlnCo

A Tlog-log plot of In(CA,/Cy) vs C  has the slope n. such plots

appear in Figs. 18 and 19.
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Fig. 17. .Hydrogeﬂation of anthracene witn Coz(CO)B.‘



73

10 T T T TTTT T T T T 7T

T T TIT

|

Slope 1.03

Calculated from

52 bOl'»S' Ho

proposed mechanism

Lot

L1

]

- .17 bars CO .
IOOmM Anthracene -
[ hour 200°C ]
._ Solvent n—C,O :
0.0I | i |I|a||| ! ] |~I||||| l 1
1.0 10 o 100

Cotalyst c6nc-.

Mn; (CO)g (BugP), (%M—)

XBL794-3352

Fig. 18, Rate dependence on catalyst concentration.
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Fig. 19. Rate dependence on catalyst concentration.
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Thé value for n at a hydrogen‘pressure of 17 bars indicates close
to a 1.5-order catalyst dependence while at higher hydrogen pressure
of 52 bars the order drops to nearly 1.0. The inverse dependence of
catalyst order on hydrogen pressure(suggests a tfansition from a rate
determining step that involves two molecules of catalyst to a step
containing only one molecule of catalyst.

3. Effect of Hydrogen Pressure on Rate

By again applying the method used in the previous section, the

order of hydrogen pressure was determined.

CA

n In -2 = Inkt + mInP

C H

x>

2

“where m is the order of the dependénce of the rate on hydrogen
pressure}pHZ. 1

From Fig. 20 it is evident that the rate of hydrogenation goes
from a first-order dependence at low preésure to a region where the
rate is independent of hydrogen préssure. As the hydrogen pressure
increases, the re]atiVe increase in rate falls off, so that the rate
tends to become independent of hydrogen; a further increase in
hydrogen may even decrease the rate. The reduction in reaction order
with increasing pressure suggests retardation by adsorbtion which
-wouidvbe represented by a hydrogen term in the demoninatof of the rate
equation.

4, Rate Dependence on Carbon Monoxide Pressure

Figure 21 demonstfates the effect of increasing the partial

I'e

pressure of carbon monoxide on the rate of anthracene hydrogenation.
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Fig. 20. Rate dependence ‘on hydrogen pressure.



77

IO—T—7—7 | T | T T m——
i I0mM Mn,(CO)g (BuzP)p ]
B I0OmM Anthracene _
— Solvent n-Cio : : | o .
| 27bars Hz ]

200°C ‘| hour
Caoy| ) . i
(20 .

0. Lo | L A I T B A

! ' 10 100

Carbon monoxide initial (cold) pressure (bars)
XBL794-3364

Fig. 21. Rate dependence on carben monoxide pressure.
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\

At pressures less than aBout'17 bars catalyst decomposition occurs
bver ;he course'of the reaction. Above 17 bars initial CO preséure
the rate of'hydrogéﬁation is almost independent of CO pressuré; The
weak dependente of rate on presspré rules out a CO dissociative _'.
mechanism in the rété:détermining step. Thié is'ana1ogous to
anthracehe‘hydrogenat{on‘by COZ(CO)S’ but in contrasf’to the
observed inverse CO dependence in hydroformy]ation; |

‘Figure 21 also he]ps.explain another factor'in the»irrepro—
ducibi1jty of the hydrogen dependence data. The data for the hydrogen |
dependence}was taken at 14 bars initi§1 CO_pressurevwhich is between
the decomposition and the stable regime of the catalyst% vSmall'errors
in the inifia1,¢harge of CO may havé led to the erratic behavior of
the system. An arbitrary curvé‘has been drawn between the two regions
in Fig. 21 but the curve may be much steeper and tﬁe‘decomposition

effect more pronounced.

5. Temperature Effect on Rate

The effect of temperature on the rate of anthracene hydrogenatibn
is shown as an Arrhenius plot of Fig. 22. The straightness of the
lihe suggest fhat the mechanish of hydrogenation is not changing in
the rate of 175 to 230°C. From the slope of the line on apparent
' activafion energy of 24.0 kcal/mole may be calculated. This activa-
tion energy is in acéord with the value 22.9 kcal/mole reported by
Osborn et al. (010) for the hydrogenation of cyclohexene with | |

tristriphenylphosphine rhodium chloride.



79

O.l | _ | |
0020 002 0022

/T (°K)

XBL794=3358

'Fig. 22. Arrhenius plot of anthracene hydrogenation.
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6. Proposed Mechanism for'Hydrogenation of Anthracene with

Tri-n- Buty]phosph1ne Subst1tutedD1manganse Decacarbony]

Homogeneous hydrogenatlon by manganese carbonyl has been 11m1ted
to the two systems previously mentioned and no reports on k1net1cs or
‘mechan1sms have been found in the literature. The k1net1c 1nformat1on
: gained on - anthracene hydrogenat1on has been conso]1dated by a
' mechanism that predicts quantitatively all the trends observed. Due
to- the comp]ex1ty of the prob]em a computer program was written to
corre]ate the data and ascertain the validity of severa1 proposed
_ meohan1sms. | _

The general‘procedure for‘arriving at the proposed mechanism was
-composed of three stages.e First a mechanism was chosen that seemed to
reflect the desired trends, first order dependence on anthracene and a

decrease in order of catalyst and hydrogen dependenoe on inoreasing
hydrogenvpressure._ Then a rate equation was formulated from the trial
‘mechanism. Normally the rate equation contained several unknown»d
.constants, and was more complex than could be determined graphically.
The second stage of the analysis was the‘Computer determination’ of the .
constants to provide for ‘the lowest standard deviation fit of the
data. Finally, the computer generated output was compared graphically
towthe exper1mental data. This strategy prov1ded a means to converge
on the true mechanism. General trends seen from 1ncorrect guesses,
indicated how the mechanism failed and where corrections should be
'made. This method afforded the opportunity of systemizing somewhat

the elucidation of the mechanism, often a new intuitive process.
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a. Proposed Mechanism for Anthracene Hydrogenatioh by

Mn2(CO) Bu P)2. The fo]loWing mechanism has been found to

8( 3 ‘
most accurately describe the mechanism of anthracene hydrogenation by

tri-n-butylphosphine substituted dimanganese decacarbonyl.

‘K]

Mn,(C0)1g + 2L = Mn,(CO)gl, + 2 CO . (1)
K2 -
Hy +Mn,y(CO) gL, = 2 HMn(CO),L (2)
, K3 | _
,»an,(c:(v))sL2 = 2 Mn(CO),L | (3)
Kg : | | )
HMN(CO) ,L + H, = HaMn(CO)5L + CO | o | (4)
Ks
Mn(CO)4L + A = Mn(CO),A + L - (5)
. Kg
Mn(CO),L + H, = H,Mn(CO)5L + CO | - (6)
K o o
H, + Mn(CO) A :* HMn(CO) ,AH | | (7)
7' .
| kg | : |
HaMn(CO) 5L + HMN(CO),AH > H,A + HoMn(CO)4L + HiMn(CO), (8)

L is tri-n-butylphosphine, A anthracene,»and.HZA 9,10-dihydroanthracene.
Steps 1 through 6 are assumed to be in equilibrium. The combin-
ation of steps 7 and.8 as competing rate determining steps require

that R7 = R8 SO:
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K, (Mn(CO) ,LA) (H,) —'k;(HMn(C0)4AH) =

; _
v | ke(H3Mn(c0)3L)(HMn(C0)4AH)

which gives

ko (Mn(C0) ,A) (H
(HMn (CO) 4AH) = 7(Mn(C0)4A) (Hy)

+ .
| .k7 + k8(H3Mn(C0)3L)

The overall rate of reaction is given by

| 295%1 - k8(H3Mn(c0)3L)(HMn(c0)4AH)
_ kokg(Hon(C0) 3L) (H,) (Mn(CO) 4A)
k; + kg(Hghn(CO) 5L

The manganese carbonyl chargedito the reactohas'Mhz(CO)lo is
distributed into various substituted sbecies and very little of it is
left as Mhz(CO)ld. The mass balance for the initial manganese .
carbonyl charged, Cd, is a summation of all the formé of the

Cata]yst, :

CQ = HMn(CO)AL +.H3Mn(CO)3L + Mﬁ(CO)4A +.Mn2(C0)-10

+ HM(CO) L + HMn(CO)4AH'+ Mn,(CO) Ly

+ Mn(C0)4L
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The assumption that these species ére at equilibrium allows the
overall rate equation to be solved as a>quadrati¢,functionAof Co.
The equation is unweildy but can be simplified if only monomeric
species of manganese are used in the mass balance. Only the first
three species contribute significant]y to amount of the cata]ysf

present at reaction conditions so the mass balance Can be further

simplified:
C, = HMn(CO) 4L + HaMn(CO) L + Mn(CO) 4A
C0=(HMn(CO)4L)(1 + Ky (H,)/(CO)

+ k3 2Kk AL (M 1 () 1)

Cp = (HMh(CO)4L)(D)

The overa]f rate expression as a function of MnZ(CQ)lo-charged

to the reactor becomes:

_d(A) k7k8K51/2K4K5(C0) (1) 2 (n)

9T 020500/ (Hy) + gy (Cy) /D)

R =

The computer program, included in Appendix I was able to iterate
on only four constants. Th1s required some constants in the rate

expression to be combined. The combinations are given for the

simplified rate equation consistent with the computer program.
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: TSV s
R 0K, (Co)™ (Hy)

TR 7 (o) 1(Hy) + Okg(C,) V)V

]

V= 1% DEL,(Hy)/(CO) + DEL3(A)(L)/(H2)1/2 1
Thus
_ 1/2,1/2 |
0K, = kgkzKgkskp ' K32 = 0.085
0K, = kK, JK: = 1.9
3 = Kgglky = 1.
DEL, = K, = 0.35
12
DL = Kgk3'? = 0.16

By substitution and from the results of the computer program:

K, = 0.35

Kglky = 5.4

‘K5K§/2/k%/2 _ 016 mM~2 psil/z
ky = 0.028 I T e

The computer progfam correlation with the avuve constants fits the

data with a standard deviation of 10.9%. The fit of the data is shown

graphically in Figs. 18 through 21 as the calculated curves. It can
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be seen thét the mechanism predicts quite well all the trends
indicated by the experimental points.

- Several features of the above mechanism should be discussed. The
first six steps of the probosed.mechanism consist of reactions which

proceed faster than the rate determining steps and are considered to

be in equilibrium. The substitution of Mné(CO)i‘O with BugP

forms Mn2(C0)8(Bu3P)2 and the reported kinetics indicate the

reaction is‘comp]eted:in less than 15 min., which is the heatup time
forlthé reactorbused in these studies (w4).1 Substitution may also
proceed via an initial HMn(CO)5 formation by thermal homolytic Mn-Mn
bond rupture.with coordinative addition of hydrogen.’ the -hydride
formed reacts quickiy with phosphine evén at room temperatufe to give

HMn(C0)4L. The reaction is complete in less than 5 min (B2).

Probably the ligand substitution and’hydride formation are competing

~ pathways. In any event equilibrium is aésured and most of the

original MnZ(CO)10 charged to the reactor converts to HMn(C0)4L
For L = Bu3P essent1a11y all the manganese is in the form
HMn(CO)4Bu3P (B2).

~ The mechanism for hydrogenation of anthracene poSfu]ates a free
radical intermediate, Mn(C0)48u3P The long metal-metal bond
length in conjunction wfth a measurement of 19 kcal/mole for the bond
stfength in MnZ(CO)ld has led to the hypothesis that many
reactions Qf‘Mn (CO)10 occurl@hrough initja] homo]ytic fission
(H6). Hdmo]yt1c f1ss1oﬁ produces Mn(CO)s.radicals which can

participate in recombination, decomposition, or substitution (F4).
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The concept'of homolytic fission hae been’shown to be valid for othef
dinuc']egr carbonyls. (Tez(CO)lo; ReZ(CO)iO’ and,MnRe(C0)105 (QS).
Direct proof of the existence of substituted manganese carbonyl
radica\s has ‘been previded by electron spin resonance (KS); 'Extended
photolysis of Mn (CO) (Bu P)2 in the presence of Bu3P in
heptane resulted in the formation of a paramagnetic spec1es The '
; speeies;had an esr signa1 consistent with Mn(CO)3(Bu3P)2‘hav1ng |
.2 square pyramid strgcture with mutua]]y'trahs:Bg3P groups'in basal
positions. The radicals are mdderately stable since,recomﬁinetiqn is
impeded by steric repulsion causedvby the'phosphines; " The sub-
stituting phosphine has a large effect,on homolytic fission 1ead§ng to
radical stabilization. CO dissociation studies indicate for‘the
16-electron, 5- coord1nate M(CO) L, the ligands wh1ch are weak
n—acceptors or poor o-donors tend to occupy basal pos1t1ons (A4).

Extended to 17-electron species, L = Bu3P would tend to occupy besal..

positions more than L (Et0)3P and indeed the Mn(C0)3L2 radica1 i

is more stable when L

_Bu3P. Since the phosphinevin Mn(CO)4L
occupies a basal position, a:rearrangement fo axial pbsitionsrmust
~ take place before two radicals can recombine to form M"Z(CO)B 9° |
As a consequence phosphine substituted manganese.cerbony1s are more
stable than Mn(CO). | .

The postulated free radical intermediate, Mn(CO)4Bu3P was not
isolated but is a plausible compound in view ofifhe detection of jts

homologue Mn(CO)3(Bu3b)2. Ten other less we]llcharacterized
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manganese carbonyl free redicals have been'reported (K5) inc]uding

Mn(CO) ,(Et,P) and Mn(C0)4(Ph P) which were formed thermally at |

4(_ 3 3
120°C in xylene. It should be noted that manganese carbonyl

radicals will quﬁck]y abstract hydrogen from éo]vents to form hydrides

50 Mn(C0)4Bu3P is not expected to be in appreciable concentrations

in the catalyst mass balance (M12).

The actiVation of the aromatic substrate, enfhracene, may occur..
through a fnee radica] mechanism initiated by homolytic fission;‘ the
subst1tuted manganese carbony] radical complexes with anthracene to
form a stab]e 1ntermed1ate "The interaction is ana]ogous to the
react1on of CH3 or CC]3 with aromatics; in that aromatics can
greatly stabilize free radicals (S6). Free radical mechanisms have
been suggested for arometic.hydrogenation with'Coz(CO)8 under Oxo
cdnditions (F5). The evidence—nhich supports é free radicé] mechanism
is the linear function of the 1og of the relative react1v1ty of the
aromat1c with the localization energy for the formation of the result-
ing free radical. The Co (CO) catalyzed hydrogenat1on rate of an

aromatic is a direct consequence of its ability to stab1112e arom-

atics. The hydrogenation_of aromatic compound by Mn2(C0)8(Bu3P)2

has the same trend; that is, the ease of hydrogenation is given by
anthracene > phenanthrene ~ naphthalene > benzene (Chapter III).

The sharp inhibitibn of the reaction by hydrogen pressure wes only

~evident in tria]Arate equations which contained both e trihydride and

a hydrogen deficient species in the catalyst mass balance. Dihydride
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compliexes do not‘have adequate hydrogen dependence to match the
hydrogen inhibition cdrve Four hydrogen‘deficient monomeric
manganese intermediates can be postulated Mn(CO)S, Mn(CO)4Bu3P
Mn(CO) A, and Mn(CO) (Bu3P)A.. The high react1v1ty toward
hydrogen substract1on by the free'radicals Mn(CO)5 and Mn(C0)4Bu3P
warrants the1r exc]us1on from the mass ba]ance leaving Mn(CO)4A and
VMn(C0)3(Bu3P)A as the principle hydrogen def1c1ent spec1es :
Whether phosph1ne or CO d1ssoc1ates upon anthracene comp]exat1on
with Mn(CO)4 3P (step 5 1n the mechanism) can be determ1ned from
the rate dependence on excess phosph1ne and CO pressure (F1gs 29 and
12) The near 1ndependence of rate on CO pressure rules out the Co
: d1ssoc1at1on react1on, whereas the high inhibiting effect of excess -
phosphine suggests the phosphine dissociation step to be operat1ng.
The conputerifit of the case of co diseociation gare a poor fit of the
data (20%_standard deviation). Alternatively the phosohine dissocia;
tion step gave essentia]]} the eame fit of the data (10;9%) as when no
excess phosph1ne rate data was 1nc]uded (10'7%) This reinforces the
hypothes1s that ]1gand dissociation is 1nh1b1ted at h1gh phosph1ne
concentrat1ons and not the appearance of an inactive di- or tri-
phosph1ne comp]ex. The good fit of the data shows it is necessary to‘
~include only’Mn(C0)4A as the hydrogen deficient species in the mass
ba]ance; This anthracene complex is analogous to the naphthalene-
manganeselcricarbony1 comb]ek discovered by Winkhaus, Praft and

Wilkinson (W5) at atmospheric CO pressure; the higher coordination of

.
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the anthracene complex is due to the greater CO partial pressure
(>20 bars).

The final step of the-mechanism_proteeds via a partially
hydrogenated form of the anthraqene—hanganesefcomp]ex HMn(C0)4AH.
This is a six-coordinate complex simi]ér'to naphtalene-manganese
tricarbonyl Mn(C0)3ArH treatéd with a hydride donor (W5). The high
hydrogen and CO pressure account for therhigher coordination of the
anthracene COmpound{ The monohydride Mn(CO)dAH is also a plausible
intermediate but does not give good fif of the experimental data (22
standard deviation)'asidoes the dihydridé_HMn(CO)4AH (10.7 ). The
high reactivity of HMn(CO)4AH with H3Mn(CO)3Bu3P precludes it
from being at signifiéant concentrations to Bé included in the mass
balance or detection by spectroscopy. |

7. - Infrared Spectroscopy

. Infrared spectroscopy was used to verify the existénce of a higher
hydride fdrm of manganese carbony]l postU]éted in the reaction scheme.
"The first phase of the spectroscOpy work entailed assigning carbonyl
'stretching frequencies to manganese carbonyls known‘to be present.
Once these frequencies are known: they can be subtracted from more
complicated spectra of mixtures and the remaining peaks can.thén be
assigned to the intermediate specieé;

MnZ(CO) dissolved in normal decane gave three absorbtion

10
peaks in the range, of CO stretch from 1700 to 2200 cm_l, Fig. 23.
The values of Table 8 agree with the literature (F3). Slight

~ discrepancies are due to solvent effects.
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An equimo]arbso1ution'(based on metal atom) of M'né(CQ)lo and
'Bu3P_he§ted to ZOOOC under 41 bars CO pressure gives the spectrum
in Fig. 24 which is probably a mixture of Mn,(C0) ;. Mn2(CO)gBu-3P, |
Mn, (CO) gBu P and HMn(CO) zBu P (L3,W4). The large number of |
peaks is reduced to a simplified spectkum'if hydrogen is present
~ during the }eaction and a small exceés (530%) Bu3P is added. The
new spectrum Fig. 25a was postulated to be ihaﬁ of HMn(CO)4Bu3P
"_but no reference spectrum could be found in the_]iteraturé‘to confirm
thfs. A theoretica] recourse for estéb]ishing the.structure-of a
_ substituted metal hexacarbonylﬁfrom'its ir spectra is provided by
Cotton and Kraihanzel (ClB); | ~

The method of Cotton and Kraihanzel (CK) Qées éymmetry arguments
to pkedict tHe relative iﬁtehsity and number of infrared and.Raman
Vibrationél modes of substituted hexécéfbony]s‘of tfansition metals.
Exper{menta] daﬁa)are fitted to the equations under guide]ines pro-
vided by the CK method and supplemented by Qrgel (O4).’vPropef-fit gf
the_eddations giQes-good assurance of the strUcture of the compound' 
and yields force .constants for fhe'carbony1'sfretching fréqqencies. 
The experimental spectrum listed in Table 8 has four absorbtion
frequencies for HMn(C0)4Bu3P indicatjng a cis‘étructure to be
correct. Three of the frequencies (2057 asrA,‘1979-a$ B1> 1969 as
82) were used to solve the secular equations. The fourth_frequencyv
Was.then'calcu1ated to see if a good_fit was obtained. The ca]culatedv

value of 1947 1is a close enough match to the experimental value of
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Fig. 24. Infrared spectrum of 1 mM Mn_(CO)._  and
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Fig. 25. Infrared spectra of HMn(CO),Bu.P in n-C. ' (a) under low
~ hydrogen pressure (b) under high hydrogen pressure.
- Path length of 0.1 mm. ‘
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1950 to give assurance that the'épectrum is indeed caused by -

cis—HMn(C0)4Bu3P.  The force constants calculated are in CK

' terminology. These are .comparable

.15.79 millidynes/A

[N
il

16.35

0.27

~
1]

to values calculated for bthef Substitﬁfed hexécafbony]s of Mo, Cr,
and Mn (C13,F3,C14).

| The effect of hydrogeh pressure;on subsfituted manganese carbonyl
was jnvestigatéd. MnZ(CO)lofis completely substituted. to
MnZ(CO)8(8u3P)2.dur1ng the heat—up time of the reactor.

Monohydride formation of the resu]ting substituted complex occurs
readily in the presence of molecular hydrogen?or_a hydrogen Honating

Bu.,P-

solvent such as ethanol. Indeed from the spectra of HMn(CO)4 3

no unreacted MnZ(CO) or Mn2(C0)8(Bq3P)2 could be

10
detected.

Upon increase of hydrogen bressure, the absorbance of the
cis—HMn(CO)4Bu3P spectrum increases slightly at thfee frequencies
(1950, 1979, and 2057 cm'l) while at the fourth (1960) it increases
inordinately (see Fig. 25b). After relieving the h&drogen pressure to
vacuum; the compouhd feverts‘to the monohydride form in Fig. 26. The
appearance of the increased absorbqnce’at 19§O cm—l‘indicates that

another species is present at increased hydrogen pressures.
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Evidence that this is a hydride form can be obtained from H-M
stretching ffequencies. Figure 27 shows the full useful spectra

obtained in n-CiO. 'Cotton, Down, and Wilkinson (Cl15) have reported
. A i

..the hydrogen stretch fkequenéy for HMh(CO)5 is 1783 cm = which

upon deuteration shifts to 1290 cm-l; the ratio of frequencies being

1.38 as expected. The spectra for HMn(C0)4Bu3P shows a peak at

1653 cm"l, upon increasing hydrogen pressure a Second peak appears
3Mn(CO)3Bu3P
in these sets of runs because the CaF2 windows cracked frpm thermal

at 1636 cm"l, Good spectra could not be obtained for H

shock when cool solvent was inadvertently admitted to the cell. The

cell did not leak liquid but gas integrity was not“éésured and the

effective hydrogen pressure was not sufficient to stabilize large

amounts of the trihydride.

The same experiment was carried out with deuterium instead of
hydrogen. The spectrum in the carbonyl stretching range, 1900 to
2200 cm—l, was unchanged but the peaks at 1636 and 1653 were
absent. Upoh addition of hydrogen to the reactor both peaks
appeared. The D-M stretch frequency could not be determined since
n-C10 absorbs strongly»in that range. Neverthe]eés the appearénce
of a second hydride peak with increased hydrogen requires only small
distortions in the octahedral arrangement to accommoaate seven
ligands. Four possible geometries of seven coordinate complexes are
possible Dgps Coys C3y and C but only the latter, tetragonal
base-trigonal base has beén proven rigorously for metal complexes

(M10). This structure ié most favorable for molecules of the formula
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MX4Y3 particu1ar]? if X and Y differ greatly in steric or e]ectronic
properties. Thia%is~especia11y true in H3Mn(C0)3Bu3P, where the
hhydrogen 1igands:are much smalter and have different configureations

~ from mutua]lvaimilar CO and PBu3 Figure 28 shows that this structure
has a certain degree of symmetry that may give only one CO absorbance
that co1nc1dent1a11y occurs at the maJor absorbance of cis-HMn(CO) Bu3P.

8. Hydrogen of 9 1O—D1methy1anthracene

9,10- d1methy1anthracene was hydrogenated under the same cond1t1ons
as used forvthe catalyst screening program. The amount of conversion
to hydrogenated:oroduct was less (21,.8%) than with anthracene as the
substrate (33%)- Both cis and trans 9,10-dihydro-dimethyl-anthracene
\were present at a ratio of 1. 35 _

The presence of both isomers of 9,10- dwhydro dimethylanthracene at
about equal rat1os indicates that hydrogenatlon is not tak1ng place on
just one manganese atom which would give exc]us1ve1y the cis form.

- Isomerization of cis to trans has not been found for COZ(CO)S
hydrogenation ofrc1s, 9, 10—d1hydrod1methy1anthracene under 0Oxo con-
d1t1ons but the oobalt catalyzed reaction favors the trans product
slightly (T7) ‘C1s 1somer would be favored for the H3Mn(CO)3L
acting as an attack1ng group on metal on a partially hydrogenated
c1s—HMn(COl4LAH yhere the fu]]y hydrogenated H2A is the leaving
group. .The_tran% isomer is formed if H3Mn(C0)3L attacks the M-C
bond in the.comoiex;

9. Conclusions E

The mechan1sm for hydrogenation of anthracene by an(C0)8(BU3P)2
is governed by two competing rate determining steps; the formation of
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Fig. 28. CS—3:2:2 model for seven-coordinate co@plexes as
idealized in a "points on a sphere model” (M12).
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a mangahese—anthracene complex and the reaction of this complex with a
trihydride manganese complex. The raté eqﬁétion derived from this |
mechanism gccounts for all the data4and is‘éonsistent4with observa-
tions made about-similar reactions involving dicobalt octacarbonyl..
The trihydride intermediate, detected by {nfrared spectroscopy; is
also indicated by the hydrogenation of dimethyianthratene.giving both
¢is and trans isomers§ ;teric effects Caused by the metﬁy] groups on
anthracene do not hinder the reaction gréat]y further indicating that

two manganese complexes are involved.
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V. EFFECTS OF THE SUBSTITUTING LIGAND ON REACTION RATES

A. Effect of the Degree of Substitution'dn Activity

The degree of substitution, that s the number of sites on avmefal
carbonyl that are replaced by substituting ligands affecfs\the
catalytic éctiv%ty; This_fs demonstrated in Fig. 29. For the
~ standard conditions given a metal to phosphine-ratio of 1.0bis the
most effective for hydrogenating anthracene. At ratios'of less. than

one,»cata]yst’decomposition has a deleterious effect on rate. At

ratios greater than ohe the higher degree of substitution retards the

rate presumably because higher substituted compoudds are less active
‘than the monosubstituted ones. This may be due to redubed ability to
form hydrogen or olefin complexes. Such tendencies have been noted

for hydroformylation by substituted CQZ(CO) (T3) in that

8
selectivity to normal from branched products reaches a maximum at

ligand to metal ratio of 1.

' B. The Effect of the Substituting Ligand on Rate
Table 9 lists the ligands that were used as substitdting.agents on
dimanganese decacarb&ny] and the resulting éffects‘dn the reaction
rate. The highest rates were achieved with PthEt and diphos while
PPhé and PPh201 gave pbor resdlts. Steric effects seem to be
unimportant since PCy3 the ligand with the ]afgest cone aﬁg]e (T2)
and diphos a po]ydentate ligand both had good activity.

1. Reaction Rate Dependence on Ligand Acidity

The effect of ligand acidity in alterihg the hydroformylation

reaction has clearly been shown (T4). When hydroformylating with

v

wl
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Tab1e.9. Effect of varying 11gand on rate of anthracene»hydrogenat1on
" with an(CO)gLZ :

- . cdne angle
Ligand S (mM hr-1) (degrees)_
PBu3. ~ © 0.39 - 130
PEty 027 B Y
| PPhEtg o 0.38 - 136
PPhoEL. o oss o
PPh3 - o008 145
“PPhC1  0.02 - | 138
PCys 0.14 R 179
P(n-Cg)3 o 032 ) N 1130
PPy 0.13 160
diphos - 0.47 | 121
P(OMe)3 = o2l ST,
P(OEt); . 0.25 o 109
P(OEt)3 : 0.5 110
P(OPh)3v | ,3 0.13- | 121
P(Oo-to1)3 I 0.15 - - 128 -

P(OP})3 | 0.23 - 130
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phosphine-substituted Coz(CO)B, an increase in 1igahd acidity is
accompanied by a increase in the reaction rate constant. This linear
relationship was interpreted as a function of ofdonor effects of the
ligand which effected the equi]{brium |

HCo(CO).L = HCO(CO)3 + L

3
The acidic ligands, L, increase‘the dissoéiatioﬁ to form more
HCo(CO) ; which is a faster reacting species than HCo(C0)3L;'
Concurrent to hydroformylation, unwanted olefin hydrogenation occurs.
Studies of the effect of the ligand on the unwanted reaction revealed
that.fhe rate of hydrogénatfon is insensitive to the ligand. This
1ndicates'tha£ hydrogenation occurs by a different mechanism than .
hydroformylation, that is,‘thevrate determininglstep probably does not
contain a ligand dissociation of the type given in the previous
equation. This applies fo an(CO)B(BUBP)2 catalyzed

anthracené hydrogenation since no correlation between rate'and 1igand'
acidity (H4) was found.

2. Linear'Free—Enérgy Correlations

Kabachnik (K3,K4) has measured the jonization constants (pK and

pK2) of organic phosphorous acids of the general formula

Z
1} .
R'- R - OH
' .
R 1] . .
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where R', R" can be alkyl, aryl, a]kO'or H. 2 is su]fur or oxygen.
The Hammett formu]a was found to be app11cab1e to 1on1zat1on ‘constants
of phosphorous acids. By a551gn1ng numeric va]ues ( ) to each R, the
equation pK pK - pZo gives a straight line. The o,va1ues tabu-
lated by Kabachnik are a measure of the e]ettronic effect of the
organic group (R',R") on'the_dissociation of H+. This is in effect‘
S a measore'of the acidity of each indivtdua] R' or R" attached to-a.
phosphorous. Since the Hammett relation hoids;,the sum of the s's .
(Zo) is an indication of the total acidity of the tertiary substituted
phosphorousv

‘Figure 30 1s a 11near free—energy plot of the rate of |
-hydrogenat1on of anthracene with respect to Kabachn1k S parameter
Two parallel lines may be drawn through the data represehtlng_the
-~ families of phosphines and phosphites. If the 1inear free energy
relationship were valid the 1ines would be co1nc1denta1 and the
scatter would be much 1ess‘thah whatvls observed. The poor fit of thev
‘data shows that the hydrogenation_activity.of subst1tuted’o1manganese
'decacarbony1 is influehced by more than simple inductive electronic
effects transm1tted through o-bonds.

C. 31P NMR Corre]at1ons of Ligand Effects

The failure of the linear free_energy relations and the
Hammett-type parameters in correlating the effect of ligand on rate
shows that the mechanism of hydrogenation is influenced by more than

“inductive electronic effects along intermolecular axes. It may be
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‘ePPh,Et ]

eoPPhEt,

| —
| )| | , 1 I
-3 2 0 I
Fig. 30. Linear free—energy relationéhip of"an(CO)8(Bu3P)2

catalyzed hydrogenation of anthracene.
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surmized that when both o- and s-bonding are present, as in the case
‘of substituted meta] complexes, a simple electronic‘effect along on1y
the o-bond will not adequately describe the system. |

The synergistic effects of w-back-donation on bond'strength was,
in the past, an area of controversy. 31P NMR provided much of the
evidence to prove that w-bonding in metal complexes exists and further
indicated that proposed linear corre]atlons w111 show curvature un]ess
s-bonding is taken into account (Cll) | '

The literature revealed that severa] 1nvest1gators have had
‘limited success in correlating NMR shift with metal-Tigand comp]ex-
ation'data (Gl,GZ,M6,M7,M8). The‘best correlations have been made
relating the chemical shift of the free tigand with the eharge due to -
complexation—(M7). Gnim"(Gl) obtained a linear fit for data on
chemical shift of (PPh,R)M(CO)

2
obtained three paraliel lines for Mo, V and W although the trend does

5 by vary1ng R as alky] groups He

not hold for a wide var1ety of ligands such as PR3

| Correlations attempted between a free ligand and a comp]exed one
cannot be expected to be as s1mple as a Taft or Hammett relat1on due .
to the structure differences between the comp]exed and uncomplexed P
atom. A crucial difference becomes evident when the nature of the
uncomp lexed phosphine is rev1ewed. The free phosph1ne possesses a
lone-pair of electrons which are'donated to the metal to form the .
complex and become localized in the P-M bond. The free ligand, on the -
other hand, a]]ows‘the'1one—pa5rvto{adapt to molecular geometry

ranging from pure p3, uncomplexed, to sp3vhybrid where the
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unshared pair of e]eétrons acts és_a dative bond. The free ligand
easily rehybridizes to_re]ease sterically induced stresses and thereby
alters the magnetic‘envirohment of the phosphorus hucleus. Small
.deviations in bond angles (1-20) causes by steric repulsion give

rise to significant changes in chemical shift (C11). Complexed
ligands are less prone to this effect. .

On the basis that freé Tigands are too susceptible to sterically
induced chemical shifts compared to the complexed analogs, 1itt1é
correlations between phosphine chemical shifts and complexation
behavior §hou1d be expected. In fact no correlation was found between
free']igand chemical shift and rate of anthracene hydrogenétion;
Complex behavior would correlate better with the chemical shift of the
ligands whére the lone-pair is localized as, in another complex or a
chemical Bond. This accounts for the good fit of Grim's data (G1)
where group contribution effects were noted in complexed Tigands.

1. Correlation of Phosphorus Ligand Substituted MnZ(CO)]'0

Activity with Chemical Shift

The study of one complex to predict the Ehemistry oflanother can
certainly be useful but a more convenient method was sdught. If
localization of the phosphorous lone-pair is tHe key triterion,theﬁ
localization by bond formation should yield good correlations. The
class of compounds found which had the lone pair firmly bound and had
sufficient NMR data-avai]able where the phosphine oxides, OPR3, see
Table 10. Figure 32 shows that reaction rate constant of anthracene

hydrogenation is dependent on the chemical shift of the ligand oxide.
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Table 10. 3lp NMR chemical shifts of phosphine and phosphite oxides.

 Compound § of the Oxide

No. - PR3 : - (ppm) Refs. "
1 PMe3 48 M9
2 PEt3 .- 48 oo
-3 Pi-Pr3 : 55 F10
4 PBu3 | - 43 El
5 Pt-Bus - 41 - (11
6 P(cyclo—Cs5)3 .. 68 | F10
7 PCys 50 11
8 PPh3 27 F10
9 P(n-Cg)3 Y, F10
10 PPhMe) - C 33 - AL
11 PPhoMe 29 All
12 " PPhEty 42 SR 2 §
13 PPhoEt ' - 33 _ - ALl
14 PHCYy, .- 46 - C11
15 PHpCy o 22 oo
16 PHBu : 29 - c1
17 —Cg 28 cl1
18- PH2 n- C8§2 o 10 ‘ Cil
19 PHPh> . .26 F9
20 P(CHpCHoCN)3 - 37 5 cll
21 PPh,(t-Bu) 39 ALl
22 Pl3 273 - Kb
23 PBY3. -103 - Cl1
24 .~ PC13 A 2 - o
25 PF3 ‘ -36" £1,C11
26 ~ PPh,CI a3 | c1l
27 - PPhClo 35 - C1l1
28 - P(m-CgHgF) | 21 D3
29 P(p-C H4c1§3 22 . D3
300 ©  P(OMe)3 , 2 | - M9,El
31 P(0OEt)3 ‘ -1 El
- 32 P(0i-Pr)3 " -6 . F10
33 P(0Bu)3 1 F10
34 P(0t-Bu); v -14 El
35 P(0On-Cg)3 - -4 - F10
36 P(OPh)3 - -18 F10,E1
37 P (Op-tol) , -16 - cll
38 PPh(OMe)s .19 M9
39- - PPhy(oMe) | 33 M9
40 P(0C)3CCH3 8 vl
41 PPho(iPr) o 36 ' All
%BU)z 45 ~ F10

42 PPh
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Table 10. Continued.

Compound § of the Oxide

No. PR3 _ (ppm) : ~ Refs.
43 ~ P(NMep)3 - o 23 : F10,E1
44 PPho(OEt) 3 _ M9

45 - P(p-CgHaF )3 2 . D3
46 diphos 36 . - M9

47 P(Oo-tol) -17 C1l1

48 P(OCHoCC13)3 , -9 Cl1

49 PPh(OEt)2 17 : Cl1

50 ~ PPh(0Ph)» ' 12 - Cl1

51 P(p-tol)3 o 33 : *

- Key to abbreviations: Ph, phenyl; Cy, cyclohexyl; tb],»to1y1; diphos,
bis 1,2-diphenylphosphino ethane. ’

*Estimated from carbonyl stretch frequency of Ni(CO)3(P-tol)3
-~ using Fig. 35. ,
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The 31P chemica]bshiftﬁ feflect'severaT interdépeﬁdentzﬁhemica1
phenomena called asymmétﬁiC‘loading (C11); a summation of (1) the
total occupation of the_d1 orbitals -of P (2) the unba]anéevof the
s-bonds as determined by the difference in electronegativities of the
various substituents on P as well as the "bond" naturénbf the unshared
pair, and (3) the deviations from'geometric symmetry. Sincé'devia-
t1ons from geometr1c symmetry are minimized in the tetrahedra]
:structure of OPR3, the two re]evant e]ectron1c effents are the
ligand ac1d1ty due to e]ectronegat1v1ty and the g to n-bonding
ratios. | Ligand acidity and n-bonding 1ncrease from the phosphines to-
the phosph1tes |

The maximum in the curve can thus be attributed to a mechanlsm of
anthracene hydrogenat1on that hasvtwo rate determining steps one
favored by'high ligand acidity and the other by low acidity; a
tompfomise is met at the maximum. Another possibi]ity may-be the
formétjon of anvintermediate complex that isimost favored with Tigands

of intermediate o and n-bonded ligands.

2. Reiationship Between Ligand Acidity:and Chemical Shift
| Checks of the.va1idity of using the chemical shifts of Tigand
oxides as an indicator of e]ectrbnic effects is requfred to ascertain
if the plot of Fig. 31 is'justified.
The pKa of alkyl and'aryl phosphiﬁes R3P, reported by Henderson
and Streuli (H4) can be correlated with & of OPR5 as shown in
?59. 32. The & cbrre]ation greétly improves the fit-of the data

compared to the»Taft'o* parameter originally proposed. Deviations
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Fig. 31. Rate of anthracene hydrogenation by Mn,(CO)_(Bu_.P)

2

in decane at 200°C with 41.3 bars H2/CO (l:?). 3
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Fig. 32. Relatioﬁship 5etween phosphine basicity and the 31P NMR

chemical shift of the corresponding oxide.
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from the correlation are in the same direction as observed by
Hende}son and Streuli, in that phény1 phosphines seem to fall below
the line. They conc]ude-thaf this is probably due to the steric
éffect 6f soivation of the product bhosphonium ion (H4).

The effect of structure on the reactivity of phosphines was
described by Henderson and Buckler (H11). The nuc1edphi1icity of |

phosphines by SNZ attack of alkyl halides in the reaction,

. —~ + - ' '
R1R2R3P + CZHSI = R1R2R3C2H5P + 1 , “ (1)

gave a linear ffee—energy relationship with the Taft o* pérameter that
was adequate for the tertiary phosphines. Inclusion of primary and

secondary phosphines gave appreciable scatter since their basicities

were not well des;ribed by o* probébiy because o* waé derived for
carbon not for phosphOrous, Figure 33 demonstrates a linear
free-energy re]ationship'between the nucleophilicity of the phosphine
and the chemical shift of the corresponding oxide. The fit of

Henderson and Buckler's data is greatly improved. Cﬁemica1 shift data

‘was not available for all the compounds, nontheless, all the types of

phosphines are represented. The fit of the data reinforces the
premise that once deviations from geometric symmetry are minimized

inductive effects can be predicted by chemical shift. The major

‘advantage of using chemical shift over o is the availability and ease

of compiling chemical shift data.
The previous correlations are valid not only for phosphines but

may be extended to phosphites since they have also been correlated
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with o parameters (K3,K4). A stuoy by Streu]f_(SlO) that gives a
measure of relative proton basicities of both phosphines and
phoéphftes was performed by determining their half neutralization
potentia]slAHNP relative to N, N'—diphenyl quanidine as a standard for
‘titrations with perchloric acid -in nitromethane. Figure 34 is a plot
of the half neutralization potential vs OPR, chemical shift. The
nonlinearity of aHNP réf]ects the po1arizab111ty of the compound (B6,
p. 573) in addition to its nucleophelicity. '

3. Correlation of Carbonyl Stretch FréqUency of Metal Complexes

with Chemical Shift

The infrared spectra of metal carbonyl complexes correTatéd with
1i§and basicity and Hammett parameters have been cited as evidence for
inductivé effects and w-bonding (T2,E1,A10). The correlations are

'1inéar for aryl and alkyl phosphinés and phosphites but fail to
encompass the halogen substituted compounds, notably PF3 and PC]3
(T2,E1). The deviation of the halogen phosphines has been attributed
to m-bonding between the metal and phosphorous induced by the highly
e]ectronegatire halogens. ‘ ' '

The concept of the o phosphorous-metal bond predominating in alky]l

3lp NMR data

and aryl phosphine metal complexes is reinforced when
is viewed in copjunction wifh infrareo measurements of metal carbonyl
complexes containing phosphine 1igand§. Tolman reported the measure-
‘ ‘ment of the.A1 carbony] streﬁching frequency for Ni(C0)3L (T2).

| Data for 70 mopodentate phoephorous ligands could be correlated by

‘assigning each substituent a contribution effect Xi such that for

any Ni(C0)3PRiR2R3, the stretch frequency vqq in an ! s
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3
veo = 2056. 1+ }E X;
i=]

The substituent contrfbution parameter Xi is useful in showing that
inductive effects determine vq,. Comparison ofbxi with
Kabachnik's ¢ giveé a nonlinear relation showing that electronic
effects are indeéd transmitted through the P-M-C o-bond but the
nonlinearity §uggest$ that other factors, perhaps reduced o-donation
or enhanced n—-acceptor behavior are present in the comp]exes;

Tolman had no success in cofreTating the infrared data with the
31p \MR chemical shift of the ligand (T2). This may again be

attributed to the ease of rehybridizations of the phosphines; In
_ 31 _

Fig. 35, Tolman's data are corre]ated with the P NMR chemical

shift of the oxide of the substituting ligand. For aryl and alkyl
phosphines and phosph1tes slight deviations from the line are noted
for the bulkier ligands having a cone ang]e above 145° (T8). For’
the alkyl and aryl phosphines and phosphites the carbonyl stretch
frequency can be'predicted by |

veo = 2078.25 - 0.35(60PR3)

2

The major deviations from the correlation with v., depicted in

' Fig. 35 are due to phosphines having halogen substituents. These are

divided into two classes, easj]y po]érizab}e Br and I having
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d-orbitals or non-polarizable C1 and F. The fluorine and chlorine
compound are electro-negative enough compared to phosphorous to
shrink, the phosphorus 3d orbit to form a n—-bond with nickel. The
decfease in eiectron density in the metal d—orbité]s by back donation
to phosphorus leaves less of thébe1ectroh_density to be donated into
the M-C n—bond of the carbon trans to the phosphorus; Less metal-to-
carbon back donation gives a weaker M-C bond and a stronger C-0 and
with a correspondingly higher C-0 stretch frequency (C7, p. 685). The
| largé increase in veo js more than is expected from inductive
effects operating via a o-bond systems.

Empirical findings show édditivityrru1es.govern the chemical shift
of similar substituents. For instance OPEt3 (2) OPPhEt2 (12)
0PPh,Et (13), and OPPhy (8) in Fig. 35 fall on the same line. It
isvrecognized'that large deviationé in chemical shift can be observed
for mixed phosphoryl compounds OPRR'R" in which the R's have greatly
differiﬁg electronegativities (Cl1). |

Corre1ations of cﬁrbony] stretch frequency with chemical shift of
OPR3 for octahedra] cqmp]exes can be successful provided, of course
that stéric effects are not significant. As an example, the El mdde

of veo for W(CO)S(PR)3 is correlated by %0PR in Fig. 36.

Some scatter of data is evident since oo wag recorded in several
solvents (A9,F7,65,A10,M6,511-13). vA line has been drawn through the
data corresponding to the compounds that are not expected to n-bond,
that is, the phosphines and a]ky]phoSpHites. The compounds that

1-bond show deviation to the right of the curve increasing with

stronger n-bonding.



122

1990 I — T V] T ! | T -
1980
1970
EVCO |

(Cm-l) 1960

1950

1940 —
1930 1 | I R 1 | | |1
-120 -80. -40 0 - 40 : 80

§ OPR (ppm)
| - XBL 794-6117

Fig. 36. El mode carbonyl stretch frequency of W(CO)SPR3

correlated with chemical shift of OPR,.




123

4. Correlation of CafaTytic Activity with Chemical Shift

The correlation of the rates of Mn2(C0)8(Bu3P)2 catalyzed f
anthracene hydrogenation by & of OPR3 suggests that other reactions
may be amenable to such treatment.

An important step in homogeneous hydrogenatfon by metal complexés
is oiidative addition of hydrogen to square planar complexes tb form a

cis-dihydrogen octahedral complex.. This is exemp]ified by:

trans - IrI

X(CO)L, + H, > 1rf 1y, x(co)L, | (@

(X = ha]ogén, L = tertiary phosphine or phosphite). The rate depends

-on the 1igandS'X and L. Figure 37 shows the rate data of Strohmeier

~and Onodé (S14) as a function of the chemical shift of the ligand

oxide.‘ The three curves one for each halogen go through maximum as
was. observed for anthracene hydfogenation}

The revérse of oxidative addition of hydrogen, reductive
elimination is-also influenced by ligand ébustitution; Mays, Simpson, -
and Stefanini (M14) studied the reverse of reaction 2 by displacing
the hydrogén ligand by trimethylphosphite. Thevrate data in Fig. 38
can be correlated by Kabachniks o but a better fit is obtained if the
chemical shift of the ligand oxide 'is used. Whether the correlation
remains linear when extended td phosphites cannot be determined
without more data.

The Tigand dependence of oxidative additidn and reductive

elimination are clearly a function of the ligand bacisity. Correla-

tion with the chemical shift provides a method of determining the
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Fig. 37. Ligand influence on rate of oxidative addition of
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optimum ligand from a reaction‘rate Standpoint. The curvatUre,of the
corre]ation‘may be_indicativefof certain mechanistic aepects of the'
reaction. whereby the poseibilityvarises that oxidative addition
reactions show characterlstlc curvature not found with reductive | :
elimination. Such knowledge may be usefu] 1n 1dent1fy1ng rate
Timiting steps in comp1ex mechan1sms

Since chem1ca1 shift is d1rect1y related to ba51c1ty and in effect
' Kebachnik's o, a correlation of reaction rate with chem1ca1_sh1fts is
a linear free'energy reTetionship. The nonlinear natufe of rate with
chemical shift implies a change in mechanism. If this isiso the
'ox1date addition of hydrogen to Ir(CO)ZL may proceed by competing
mechan1sms each be1ng differently effected by ligand ba51c1ty This
cou]d concievably occur in the examp]e cited if solvent 1nteract1on
plays a s1gn1f1cant role in complexation.” Solvent effects can account
for large changes in a transition state ]eading to ndn—]inear free
energy re]at1onsh1ps (J2) Hydrdgenation-of anthracene byAMn(C0)~L
exh1b1ts a max1ma perhaps-because of the necess1ty of two inter-
mediates of manganese, one a hydride the other and aryl complex, to
comp]ete a second order react1on-—the stability of each be1ng
dependent to different extents on the basicity of the subst1tut1ng

11gands

~ The. bas1c1ty of 11gards as descr1bed by chemical sh1ft of the ’ < .

-oxide can be used to pred1ct other types of reactions. Hydroformyla- -
ticn by Hco(CO) (T3 T8) is linearly dependent on ligand bas1c1ty

and consequent]y on OPR3 chem1ca1 shift F1g 39. C1s trans

<
&
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Fig. 39. Rate of hydroformylation of l-hexene in benzene with

HCo(C0)4PR3 at 160°C and 1000 psi H2/CO(1.2/1).



128

isomerication equﬁlibria of octahedral compTeies behave in a
predictable manner for (carbene)Cr(C0)4L (F7), as shown in Fig. 40.
The effect of ligands on the cis-trans equtiibrium constant, K has
- been incorréct]y‘attributed to steric-effects (18). There is a‘ .
.relation between the bu]ktness of the 1igand and the chemical shift _ &
caused by the effect of bond ang]es on the magnet1c shielding of the P
‘nucleus. For quadrupa]ly connected phosphorus however, this effect is
“minimal owing to the near tetrahedral structure (C11) and deter—
mination of the. importance of. steric effects can only be deduced if a
large range of 11gand SlzeS and bas1c1t1es are studled |
| ‘Substitution react1ons where one phosphorus 11gand L'; was used
‘to d1sp1ace another on N1L4 to form N1L3L' g1ves ‘a semi-
quant1tat1ve measure of relative ligand binding. ab111ty (T2) The
data did not correlate with the carbony] strech frequency of the
related N1(C0)3L compounds and it was judged that ster1c effects
domlnate the electron1c effects for N1L 1lgand exchange.r Th1s is 2
not ent1re1y the case.' Figure 41 is a corre]at1on of the semi-
_quant1tat1ve binding ab111ty observed as a funct1on of OPR3 chem1ca1
shift. The electronic effects are evident and severe steric effects

are only noted for the bulkiest of 11gands such as P(t—Bu)3(5). -

The apparent lack of similarity. w1th N1(C0)3L were perhaps.:.due

ta

~to the d1fference between the high n—bond1ng ability of CO compared to -

/

phosphines and phosph1tes.
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A noteworthy aspect of F1g 41 is that the maxima does not occur'

' at the a1ky1 phosph1tes which have the smallest cone ang1e (i. e .

P(Me0) (30) 107 or P(Et0)3(31) 109°2) but at‘RPh(EtO)Z( 9)

3

- with a cone angle of 1160(17). The binding ability of ligands

" determined by ligand exchange in N1’L4 appears to be an electronic

effect‘if'unencubered by steric-hinderence§ the two being in close
competition for some 11gands A |

5. Corre]at1on of Sp1n Sp1n Coup11ng Constants w1th Chem1ca1 ‘Shift

Phosphorus-31 nuclear magnetic resonance stud1es of compounds

containing other magnetically active nuclei can yield information from

" mutual interactions in the form of spin—spin coup]ing constants. vThis

can be- especially. fru1tfu1 for metal- phosphorus 11gand comp]exes where
the meta1 is also act1ve, such as, Rh, w Pt etc. Gr1m et a] (GS)
found a rather unsat1sfactory corre]at1on between the carbony1 stretch'
frequency of w(CQ)SL;and the phosphorus—tungsten coupling constant,

Jy—p* Two crossing lines were drawn through the data one for

' phosphines the other for phosphites. The fit of the data is .somewhat

better 1f the stretch frequency is graphed as a funct1on of chemical
shift of the correspond1ng phosphory1 as was done in F1g 36. More
1mportant]y, it can be seen. from Fig. 42 that the chemical sh1ft of
3 is directly re]ated to the coup11ng constant ‘More recent data
has been included (F8,A9,Ml7). ‘ |
v  Coupling constants have been here related to Hammett oarameters'
here (515,86,M18) as haveschenical shifts for»c1ose1y related com-

pounds (i.e., PH2ArX,OPF2ArX) so the relationship between I _p
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A direct re]at1onsh1p between To]man s infrared measurements (T2)
and 13C NMR chemical sh1ft of N1(CO) PR3 was found by Bodner
(B6) and just as for veg @ 9group contr1but1on equation was formu-
lated to predict 13C NMR shift. He concluded that 13¢ shift is a
measure of ratio of electron donor-acceptor character of PR3. The

31

13C chemical shifts are correlated with ~°P chemical shifts of

OPR3 in Fig. 44. The major deviation is again from a halogen

13C correlation.

species, PC]3 which was in 11ne in the Voo T |
The different behavior of PCl (24) in the two systems is a result of
the inability of 13C NMR to differentiate between o and n—effects 1n
vthe M-P bond because they have~been "transmitted through the meta].

_l 31P NMR shifts of metal complexes such as Ni(CO)3PR3 (M8)

and M(C0)5Pr3 M_Mo W, Cr (G1) are only roughly coere1eted in the
chemical shift of the complexed and uncomp]éxed 1igand.

6. Conclusions Abdut'Chemicé] Shift Correlations

In summary, 31P chemical shift of phosphoryls, OPR3, is a good
measure of the basicity and reactivity of the parent phosphineé PR3
because the bond angle component of the chemical shift is minimized by

.1ocalizing the phosphine lone-pair electrons in the 0-P bond. The
remaining electronic component causing chemical shift are determined

by the electronegativity of the substituents,-R, attached to the
phosphorus. Correlations of reaction ratebconstants witthPR3

- chemical shift are, in a manner, like linear free energy re]etidnships

which at this time only lack of experienee limits their utility. With
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time, such correlations have the potential;to reliably predict

mechanistic aspects of metal-phosphorus Tigand complexes and in turn

homogeneous catalysis activity. ~
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© VI. HYDROGENATION OF CYCLOHEXENE WITH RhC](Ph3P)3

RhC](PhBP)3 is probably the most useful hydrogenation cata]yst |
that has resulted from stab1]1zat1on of a metal coordination comp]ex
by ligand substitutioh The replacemEnt of‘py}idiné by.ekcess;
triphenyl phosphine (Ph3P) in 1 2,6- thy3C13, formed a comp]ex
with much greater cata]ytxc act1on and versat111ty than shown by ‘the -
parent compound for hydrogenating doub]e and trlple bonds at room
temperature.and atmospher1c pressure.(Ol). -RhC](PPh3)3, known as

Wilkinson's catalyst rhas been used extensively for many differént

. react1ons (J6,M4,A5, M13 05, S7 S8).

Despite extensive study of RhC](Ph3 )3, several aspects of the
mechanism of hydrogenation by it are unclear, and mutua11y contra-. .
.~ dictory models have been proposed. Siége1 and Ohrt-havé’preseﬁfed.a
mechanism which supposes. a rhodium complex with both hydrdgen and
olefin, which‘provides a pathway for isomerization and deuterium
exchange as well as hydrogenation (SQ). They assumed the rate-
'detefmining step to be the,conversfon.bf the compiex to alkane and
RhC](PhBP)Z;'all other reactions being at equilibrium. However,

' the existence of this olefin hydrogen intermediate was not demon-
‘strated 1eavingvopen the queStion as’to whether'thé formation of the

complex or its rearrangement and decomposition is the rate-limiting

step. This aspect 6f the mechanism could not be Verified-becauge they'

~ were unable to determine numerical values for the equilibrium

;onstants KL’ KO’ KOL’ and KH in Fig. 47.

i(‘
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A modified version of Siegel aﬁd Ohrt's mechanism is .given in
Fig. 45. This mechanism shows that the rate determining transition
state will involve a rhbdium-o]efin;hydfogen complex if any one of
stebs 4-7 is controlling. If a significant amount of RhC](PhBP)Z(H)Z(O])»
is present in the reaction mixture, it becomes 1ikely that its decom-
position (step 6 or 7) controls. If not, it is likely that complex

formation is rate-]imiting (step 4 or 5).

The rate equation derived from Fig. 45 is
Rate = k(H,)(01)(Rh) (B)/D
where

D= (L) + KL(B) + KHKL(HQ) + KOKL(O]):+ KHL(H2)(L)

+ Ko (L) * Kg(H,)(01)

(01) = o]efin concentration (M)

(L) = free PPh3 concentration (M)
(Rh)0 = total Rh concentration (M)
(Hz) = hydrogen concentration (M)

(B) = benzene concentration (M)



140

(TO) “ITOUY ~&

€.

A
T

o ..mﬁmsmmkusm £q uorjrualoapiy wcwxmedu%u jo

sueyTe + géITOuN

L Ly a o

‘g (1&%Te) (H) S11ouY

e

(%m) (10) b110UN

OM . z
> g°TTOUN
0 o

A

(10) *1ToOUN

g+| T~

wsTuBYORR ‘G4 ‘814

(1) $11dun



141

0.34 I i

o "de Croons data (D2) |
0.301- e Colculotved | | : . -
0.26 Pu, = .32 0tm —
Rho= 1.0

mM -

, LaA=0
0.22 0

0.18

Raote (mM-secl!)

O.14

0.10

0.06 |

0.02 } I T
: 0 3 6 v S
Olefin concentration ,

XBL794-3392

Fig. 46, Effect of olefin concentration on hydrogenation rate.
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The concentration of free ligand is:

2 12
(L) = -b + (b 2; 4 ac)

where

a=1+K H

H(H2) * Koron)

b = KL(B) + KOH(HZ)(Ol) + KOK (01) + KHKL(HZ - a(L)O)-

(Rh)o + (L)OKL' + KHO(HZ)(O]) ."' KOKL’(O]) +KHKL(H2)

The apparent rate constant, k, is defined for the possible.

rate-limiting steps:

Step 4: (reaction of H complex)

Step 5: (reaction of 01 complex)

KOLKBkS = KLKOkS = k»
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Step 6: (rearrangement)

(KHLK2K4) ke = (KOLK3K5) kg -k
Step 7: (decomposition)
(K KoKq) K6k7 = (KOL Kg) Kgky = k

Because the mechanism for hydrogenation by RNC1(PhsP) 5
contains so many equilibrium constanté, it is virtually impossible to

determine a]] their values from k1net1c data alone. If one reaction

-,step is 1dent1f1ed as rate- determ1n1ng, the other reactions w111 be

_ faster and can be assumed to maintain equ111br1um w1th the reactants

Then the rate constant can be evaluated eas11y if the equ111br1um
constants are measured independently.

E1éctronjc spectroscopy in the visible range was used by Howell
'(H7)‘to measure equilibrium constants KL; KH’ KHL’ and also
KOH during the course of reactions. Unmeasured were K0 and KOL
which were examined at an insensitive wavelength. The'présent study

has been directed toward completing these measurements.

“A. Experimental

1. Reagents
RhC](PPh3)3-was purcnased from Aldrich Chemical Company. Its

elemental analysis indicated 99+ purity. The shelf life of a

once-opened bottle is limited to one or two weeks, due to
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decomposition of PPh3 to form OPPh3; Solutions made from old
.botF]és of RhC](PRh3)3 were turbid, probably from insufficient
ligand concentration which could allow insoluble dimer, [RhC](Ph3P)2]2,
to forﬁ; Care was taken to use only fresh RhC](PhiP)3 for this
study. Eastman reagent grade PPh3 was'recrysta]]izedAtwice frdm 1:1
benzene-ethanol solution. Masg_spectrometfy showed»Tess than 0.1
OPPh3 in the recrysta]]ized Batch. |
 Matheson-Coleman-Baker spectroquality benzene was distilled with

sodium‘meta]—benzophenone complex under a positive pressure of |
nitrogen. Reagent-grade cyc1ohexene,:frdm the same'suppjier was
refluxed oyer:quzlunder a positive pressure of nitrogen fbr 72 hr
or more. The disti]]ate wés_degaéséd by alternate freezing and_théw— ,
ing with liquid nitrogen under vacuum. Gas chromatography indicated
both benzene and cyc]bhexene to be 99.5%% bure, the impurity in the
benzene probably beiﬁg cyclohexene. |

Nitrogen was of 99.999 purity, éonforming fo'Lawrence Befke]éy
Laboratory'specificatidhs,and certified'tq contain less fhan 1.5 ppm
oxygen or water..__ | o |
2. Proceddre:;

Benzene solutions of RhC](PPh3)3'were prepared for optiéa]
absorbance measurements. RhC](PPh3)3.and PPh3.(if required)
were accurately weighed and placed in a ca]ibrated'lOO,m1 round bottom
flask. The flask was connected directly to the benzene still.: A |
Tef]on—céated magnetic stirring bar was inserted thfough a sidearm of

‘the flask, and the sidearm was sealed with a rubber septum. The flask
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was purged for air by alternately drawing a 40 micrdn vacuum and:
filling with nitrogen for five cycles. Benzene was then admitted to

the f]ask,'and the volume noted. The solution was then stirred to

| ‘bring about cbmplete dissolution. Turbidé soTufions'resultéd only

when old RhC](PPh3)3’wa§ uééd, or when oxygen was inadvertently
admitted to the f]ask; such turbide solutions were discarded.
Cyc]ohexene was added to the solution by connecting a buret barrel
between the solvent stills with Teflon tubing, terminating with
stainﬁess steel syringe needles, inserted in the Eubber septums of the

calibrated f]ask the cyclohexene storage flask, and the top and

- bottom of the buret barrel. The buret and tubing were purged with

NZ‘ The buret was filled with cyc]ohexene to a certain mark and
drained 1nto the RhC](PPh3)3—benzene solution. Th1s method
eliminated the need for syringes which are proné to oxygen
contamination.i

Al cm path length quartz spectrbphotometer flow cell was

’conhected to the septum of the mixing flask with Teflon tubing. The

cell was purged with a positive pressure of"nitrogea above the solvent
Jevel, after which the syringe needle was pushed into fhe solvent.
Nitrogen under pressure then forced the solution into the cell. After
about 50 ml of solution had passed through the cell, the tubiﬁg was
clamped and-cut above the c1amp,'and the sealed cell was taken for

optical absorbance measurements.
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A Cary 129 Spectroﬁhotometer was used té record the visib]e

. spectra of the so1ut1ons. vAt ieést two superimposéd scans were'taken
rof each sample to assure that sett11ng of prec1p1tates or decompos1-
tion of. the so]ut]on was not Qccqrr1ng Absorbance measurements were
recorded from 410 to 490 nm. Benzene,'cyc1ohexeng,.and PPh3 do not

absorb above 306 nm.

3. Spectroscopic?Measurémehts for Ligand Dissdciation'of'
RhC](PPh3)_3 ‘ | o
To determine Kb and KOL in the proposed meéhanism, the ratio

of RhCIL, to its dissociated species RhCIL,B and their extinction

coefficients must be known. Two studies (A8,H7) have reported differ—

ing values, and spectroscopic measurements were7carried out to obtain

an independent value.

The dissociation equilibrium |

£

RhC](PPh3)3 B = RhC](PPh ) B + PPh3

g1ves the following equation for the absorbance of RhC](PPh )

‘solutions.

e) | | ’ 1/2]
A= (Rh)ge - —5— [—(LQ +K) # [.(L0 K+ 4 Rh) K ] .2)

"
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where ,
(Rh)0 = initial concentration of RhC](PPh3)3
= total Rh concentration (mM)
L, = excess ligand concentration (mM)
‘e = extinction coefficient of RhCT(PPh3)2 (mM cm)_1
g = extinction coefficient of»RhC](PPh3)3 (mM cm)_1
KL = dissociation equi]ﬁbrium constant.

The values for absorbance and concentration for pairs of solutions

(with and without excess ligand) were substituted into Eq. (2) -to give _

the extinction coefficients at various waveiengths. Howe]i's (H7)
value of K'L = 1.4 x 10"3 M wasvadopted over Arai and Halpern's

mucﬁ smaller value (A8) because of Howe]];s‘wider range and greater
number of data points (106 vs-6). The pertinent extinction coeffi-
cients are given in Table 11. The agreement with Howell's values at
425 nm are good‘but poor with Arai and Halpern's at 410 nm.

4, Spectroscopic Measurements of'RhC1(Ph3ng(01)

The olefin-rhodium comp]exeé in the proposed mechanism are

considered to be in equilibrium.

K. -
RACIL, + B == - RhCIL,B + L
KOL (cyclohexene): : KO (cyclohexene)
RRCIL,L(01) 3 ‘ = RRCIL,(01) * B
KoKL
K, = ——
357K
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Table 11. Extinction coeff1C1ents for RhC1L3 and RhC]Lg and
SR d1ssoc1au1on constant for RhCIL3 at 250C.

K|._ e T L _ A
| e T S
(mM)  (cm mM) - ~ (cm mM) S m  Author
4 770 - -1496. - 425 ‘ (H7)
14 420 - 1420 ; 410 . (A8) o
4 882 : 1434 - ' 410 - This Work"
4 816 1582 . 425 : -
.4 883 B 1557 | - 440
.4 913 1461 - - 450
.4 862 : 1176 : . 470
4

. L] .

740 ~ . 896 490 .

Kﬂ (RhLzB)(L)

L '(B) ~ TRRL, )(B) ’

with ( 3) = 11. 25 M .-

e
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" This equilibrium scheme yields the fd]]owing equqtions for the

~ absorbance of cyc]ohexene—RhC](PPh3)3 solutions:

A (e - gg) Ko (01)

= g -
ZRhio L 1+ KOL(O])

1+ KOL(O])

+

- (eL—- eo) KO "g—]' - (E:'[ - E) e (5)

Here e = fraction of Rh existing as RhC1§PPh3)2; given by

© = Z(RRT (T ¥ KO1/B)(L * K 1)) | (6)
where

N = -(Lo + K, B + KK 0B + [(LO + KL +»KOKLO1 + L0K0L01B)

LB KoK O + LK

oL

E 4KL(Rh)Bo(1 + KO1)(1 + Ky 01)] 1/2

gL = extinction coefficient for_RhC](PPH3)3(01) (cm M)__1

&g = extinction coefficient for RhC](PPh3)2(01) (cm M);i
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‘Solutions 6f RhC](PPh3)3,'excesS'ligand; and cy1ohéxene were
méde in;beniene and absorbance measurements wgré méde at each wave-
1ehgth (410, 425, 440, 450, 470 and 490). Using tﬁe extinction
coéffic{ents in:Tabie 11 with K‘LA= 1.4 mM, the absprbahce data were
fit by an iterative computer program that varied KO, KOL’ €y SO
as to converge on the minimum sum of the équares of the errors by.a
relaxation fechhjque; |

At a11'wave1éngfhs the ca1cu1atéd extinctfon coefficient for the
,RhC1L3-o1efin.comp1ex was_inordinately large, 1eading 1ed‘to the
conclusion that the concentration of RhC]L3(01) was neg]igible;. To
test this hypotheSis, the'cdmputer program was rerun flbating only
K0 and €0 with K0L and oL set fo zero. The fit of the data
was not changed significantly, with the standard deviation chaﬁging
fromvaboqt 2 to 3%,. The results of the computer fit are given in
Table 12. (The computef program uséd is giveh in the Apbendix;)

The value for Kaiat different waye]engthé showed a variation B
from 1.42 to 2.04. The iower,Wave]engths (410 and 425'ﬁm) are less
reliab]e.due to thé'presénce of an isobestic pdint (e = eO) at about
425 nﬁ; experimental_errdrs which‘result in small differences in the
measured absorbance éan give very different values of the dissociation
~ constant in this rggidn. THe computer fit of‘the data to Ka.is’
not sensitive as shown by the two computer fjts where Ké'Was kept

constant at 2.0. Neithér the percent standard deviation.hor €g:

chénged appreciably, indicating that the program is converging on a
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Table 12. Extinction coefficients and dissociation constant for

RhCT(PPh3)2(01).
Ko =0 Solvent Benzene (B = 11.25M)
K =1.4 mM Temperature 25°C
Ko = Kp(B)

N iKé é0 Percent Std Dev
(nm) ' L (cm mM)‘"1 ‘ (absorbance)
410 1.42 1054 1.5

a5 L7 821 | 2.2
Mo 1.95 1709 3.0 .
4550 2.02 652 3.2
70 2.04 540 3.6

490 2.04 o4 3.7
410 Co2.0% 1070 1.7

. 425 2.0* , 742 : 2.3

*Ko was kept‘constant and only eg was allowed to vary in these
determinations. '
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shallow minimum. An average value for K'g of 2.0 L

was adopted
from the four higheét wavelengths for the kinetic cdrreTatfons;

B. Correlation of Kinetic Data for'Cyclohexené'Hydrogenation»

Cata]yzed'by'RhC](Ph3EL3,
The value for Ké obtaineq f?om the-preéent spectroscopic
study, and for K, and K, reported by Howell (H7); with K, and
KH neglected in accordance with experimental findings;’were used to .
recorrelate available data for RhCT(PPh3)3 catalyzed hydrogenation.
of cyclohexene (Tab]e 13). Fifty rate values reported by Ohrt (06)
and niﬁety—ninevby Howel1 (H7) wekeruséd in the computer %1t to deter-

mine ka . Osborne's data (01) were not used in this fit because

PP
~his solvent compoéition.was not indicated;*-The'cohtributioﬁ of
Osborne's result assuming tﬁé'solvent was.benzene is included a]ohg _
with data by de Croon etia].'(DZ) in the final correlation of all the -
available differential rate data (310 points). | |

Table 13 shows the resulting fit to the rate data using |
equilibrium constants obtained from speﬁtroscopy; Due to uncertainty
err the value for the 1igénd (PPh3) dissociation constant.KL,
a set of fen representative rate daté was firstvcorrelated’at several
values of K_(0.0007, 0.2, 0.7, 1.2, 1.4, 1.6, and 2.1) with Ko

and k_ . allowed to float. The lowest standard deviation was

pp v .
observed at KL = 1.4 mM, hence this value, the same as reported
by Howell and sustained independently in the present study, wasvused

in further correlations.’
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Table 13. Determination of kapp from kinetic data.

Ky =0 KyL = 14,400
KoL = O K'_ = 0.0014 M

Ko Kno Kapp ,

Percent Number of

Run (M1)  (m1l)  (M-sec)-l 4 Std. Dev. Data
1 2.0 0.858%  0.100* 9.4 149
2 2.0 0 ©0.86% 14,7 149
3 2.0 0 0.86% 17.6 149
4 2.0  0.85  0.10% 14.5 310

5 2.0 0.85 0.10* 13.4 295%*

*Values floated in computer fit of 149 rate data for the rate
equation derived from Fig. 45.

**Computer fit without de Croon and co-workers' data (D2).
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The first eomputer fit of the 149 rate daté allowed both KHO and
kapp to vary. Table 13 shows there is an excellent match between
\ 1 ) '

the value of K., from the kinetic fit (0.858 M™) and that

1), The standard

reported by Howell (H7)-fkom spectroscopy (0.851 M
deviation was understandably higher (9.4 ) than for the éamevdata

correlated by Howell where KHO’ k , and K0 were floated

app
(7.6%). Considering that .the spectroscopic value of K O could: have

been used without f]oat1ng, on]y one effective variable (kapp)‘ was

f]oated here, as compared to twq effective var1ab1es, in Howell's
work. A rounded-off value of KHO = 0.85 M~ -1 was adopted for
further correlations. The fit‘obtainedvover such a wide range of
variables and-such a large group of date from two different laboraf_
tories_provides compe1]ing evidence for-the validity of thi; reaction
model. It appears likely that a large part of the standard.deviation ‘
is of experimental or1g1n thh additional contr1but1ons from the
uncertainties of the spectroscop1c K's and from neg]ected equ111br1a
such as KH and KOL |

In the first computer fit, Siegel and Ohrt' s hypothes1s of ‘a
hydrogen olefin comp1ex intermediate was assumed correct and in fact
- the convergence of KHO to a non-zero value supports that hypoth-
esis. The,second computer fit, made to determine the effect of
neglecting KHO in the rate equation, gave a significantly larger
standard dev1at1on (14.7% compared with the prev1ous 9.4). The

improvement obtained by including KHO is larger than would result

from_inserting an additional purely empirica] adjustable parameter,
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which could be expected to produte only about 2% reduction relative to
the 14.7 standard deviation.

The report by de Croon et al. (D2) shows a rate inhibition at
olefin concentrationé:greéter than 3M. This has been incorporated
into the proposed mechanism by'permitt{ng competition between benzene
and olefin forvthe coordinately unsaturated Speciés,thC1(Ph3P)2,
produced by ligand dissociation. Run 3 tested the fit of the data, to
the mechanism without benzene coordination (i.e., using K'L; see 
Table 11) and without the cross term K. A standard deviation of
17.6% (compared to 14.7% when KL js used) supports de Croon's
concept. Thus, both benzene coordination and KHO are required to
permit a true representation of the kinetics. | |

The inhibiting effect of olefin is illustrated in Fig. 46.
Discrepancy exists betwéen de Croon et al. (D2) and other studies
(H7,06,01) in that de Croon's rate data is always-porportiohatejy
higher, causing a higher standard deviation (14.5%) when all the rate
‘data are correlated (H7,06,01,D2). /Neverthe1ess the trends are con-
sistent, and the shapes of the curves calculated from the'mechanism in
Fig. 46 accurately predict olefin inhibition. |

At high concentrations, the olefin compiexes moé& of the rhodium
and decreases RhC1(Ph P)3(H)2 formétion. This makes it

3

improbable that the reacting complex RhC](Ph3P)3(H)2(01) is
formed via a hydrogen complex. Concurrently the low benzene
'_concentration reduces the rate at which the hydrogen-olefin complex

RhC](Ph3P)2(H)2(01) decomposes to reaction product. The
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compTexing strehgfh of benzene appears to be much greater than that of

cyc]ohexene (KOL ~0).

for

The

In summary, the values for the thermodynam1c and k1net1c constants

the mechanism presented in Flg. 45 are:

Kapp - 0.10 # 0.01 M2 (0.036 in second fit)
Lf 1.40 £ 0.02 x 1073 M

K = 1. 24 +0.17 x 107 -4

K, < 600 M1

K'o = 14,400 + 200 M_;

Ko = 22.5 % 0.5

KoL < 2-5 X 10‘2_M“l |

Ky = 0.85 = 0.01 !

combined EOnstahts can be ca]cuTated from the re]afionships

K, = K K./K.

Ky = OKL/K

Ky = MKk

Kg = K'd/K3K0L

K K

HO = K3K5K0L = K2K4 HL

A Henry's law constant of 26200 cm Hg/M was used for hydrogen

solubility in benzene (C16) o , B

A graphic comparison of the rate equat1on with and wwthout the

denominator cross term KHO is given in Figs. 47 and 48. The fit of

the

0.85 M

calcu]ated rate equat1on is s1gn1f1cant1y better for KHO

1.~ The d1fference in fit is more pronounced than in Howell's
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' | I l |
0.34 __EHo:g-85 —/ -
| "wot / (0D=2.25M
0.30 |- /(L0 T
| Y | |
0.26— -
= 0.22 | -
@ (0R) =1.25M
S| (Rh) =1.25mM
g 0.18— 7 (L)=0 -
° /" o (OD=0.75M
© (Rh) =1.25mM
x 0.14 — L.c) 31() ]
0.0} —
/s | | | |
0.06 — | e
6= |
0.02 | -| | |

o) 0.5 L .5 20
~ Hp pressure (atm.)

XBL794-3394

Fig. 47. Effect of hydrogen on cyclohexene hydrogenation rate.
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4 i
0.34 - : . .
Kho=0.85 ' |
KHO=0.0 """—‘f //
0.20 _ 4 7]
0.26 |- B “(Rh)y=1.25mM _
' a /, C)(L)°=()
0.22 |- - Pu,=06lotm -
—~ 7
) .U » Rho:|.25mM E
L
< 018 =
&

'903 Ol.|4 — T
m .

o.10k : \ g PH2=I.H.cfm -

Z (Rh)y = (L)g=1.30mM
. Pu,=0.29atm '
0.06 - o =% (Rhlo= (L)o=1.30mM
H, = 0.4! atm
Rh) =0.23mM .
0.02 (('5058 m l
0 S 2 | 3
Olefin concentration (M) | |
' ' ' L xm1794-3393

Fig. 48. Effect of olefin or cyclohexene hydrogenation rate.
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work, because of the absence of KOL as an adjustable parameter that
could compensate for the error with the K o =0 model.
Figure 49 shows the distribution of the initially added-RhCl(RPh3)3

at three reaction conditions. ‘The most hydrogen-olefin complex is

‘present at high hydrogen and olefin concentrations as expected. Since

there is little or no RhL301‘and RhL2H2, the Sensitivity of the
rate equation to the value of KL is low due to a compensating effect
by Rhi3H, and'RhL201 to form RhL,O1H,.
C. Discussion
Recently several studies have been published regarding the
mechanism of cy;]ohéxene hydrogenation by RhC](Ph3P)3. Halpern,
Okamoto, and Zachariev (H8) reported the kinetics of hydrogenation of

cyclohexene with Rh_(C](H)Z(PPH3)3 and excess PPh3. They

concluded that the mechanism is:.

K .
RhC1L3(H)2 +01= RhCiLz(H)Z(Ol) + L |
k L
RhC]Lz(H)Z(Oi) >~ [X] RhC]L3 + alkane
' : fast L

The‘vaiues for k =i0.2-¢ 0;04 sec_1 and K = 3.4 £ 0.6 x 10'4. [x]
is a coordinatively unsaturated (or solvent containing) bisphosphine
complex. The values for the equi]ibriuﬁ constants found by spec-
troscopy and kinetics may be compared to their measurements for

formation of RhC]LZ(H)Z(Ol) since K = KHOIHHL' The value
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obtained in this study K = 0.6 x'lO‘4 is somewhat different. The
discrepancy can be reconciled if Halpern's method to determine K is
reviewed. ' The rate data wefe fit by the pseudo-first-order kinetic
equation:

H

—d/dt(RhF1L3H2) = kOBS(RhC'IL3

5)

and from their mechanism presented in-section

i1, (L)
Kogs K KK(0T)

The values for k and K may be obtained from the siope and
intercept of a linear plot of 1/KOBS vs (L)/(01).

;The greatest error in ca]cu]éting k and K comex from determining
the-intercept (1/k) from their graphical solution. The values of the
ordinate range from O to 1100 for 1/kOBS and 5.0 is reported for the
intercept. If the line through the data is dréwn slightly differently
a value df 1.0 for the intercept still gives excellent fit of the data
and.is in cdordinance wifh the value Eeported in this work of
4

The agreement of the values of K(= K,4/K, ) and k = kapp) s

good considering independent methods and laboratories arrived at the

K =K

same conclusion. Both works support the existence of a hydrogen-
olefin-complex and its decomposition being the rate limiting step.

The values for the‘equi1ibrium constants found it this study are

deemed more accurate because they fit the data for the overall



mechanism instead of just one possjb]e‘path studied és a .
sfoichiometric reaction. : »

" Two other reports (R2,D2) proposéd new'mechanisms‘for cyc1ohexene
hydrogenation by RhC](PhBP)3, wherein the equilibrium and rate‘
constants were determined by computer programs. vDe Croon and
co-workers' (D2) keport a mechanism containing two competing rate
~ determining steps to account for their data, the two competing steps
‘being required to'conform“to.the_maxima iﬁ the rate dependénce on
olefin concentration. They conclude that the rate limiting steps afe
the formation of RhC]LZ(H)2(01). If this was the case noné of
this complex would be detected in solution, contrafy to'Howé]]'s work
(H7), because its decombosition must be faster than its formation.
This is also inconsistent with Halpern's et al. (H8) stoichiometkic
studies . just mentioned. Since de Croon et al. computer fit their data
by floating all the_equi]jbrium constant§ ang the rate constant_with;
out the aid of phyﬁjca] measuremeﬁts; less cCertainty can be given-to
their»va]ues and uhderstandab]y'do not agreevwifh other‘studieé '
(H8,H7, and this work). | ‘

" . A second mechanism proposed by Rousseau, Evrard, and Petit (R2)
asseris that a coordinately unsaturate species‘RhC]LzH2 is the
éétive catalyst. This mechanism also neglects the existence of the
hydfogen—o]efiﬁ complex RhCle(H))Z(Ol) but assumes thé rété
Timiting step to be the reaction of RhClLZH2 with olefin to form
the prbduct,cyc]ohexane. The major drawback of this mechanism is its 

inability to account for rate inhibition at high olefin
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conceptrations. ‘Again all the kinetic and equilibrium constants were
calculated by a computer program and are in disagreement with those
found»in this study. |
- D. Summary

In conclusion, Figs. 47 and 48 illustrate definitive evidence that
ajsubstantial amount of a complex of the composition’RhC](H)Z(OL)(PPh3)2
is present under reaction conditions. The olefin may be complexed in
n—bonded form or as an equilibrium mixture of that form and an alkyl
form. Correspondingly, the'rate—détermining step may be either for-
- mation of the alkyl complex (followed by rapid conversion to cycio—
hexane), or a s]ow.qonversion of the alkyl td-cyc1ohexane. However,
the consistent results in evaluating €Ho and KHO suggest that

there‘js only one rate—determining step; hence, that KHO is either

KK K. or KKK (1+K

2°4"Ho 24 HL , and e,. is either

6) HO
alone or a we1ghteg average of €1efin and €alkyl®

either event, the conclusion can be drawn that the rate-determining

€olefin In

step involves an H-atom transfer.
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VII. APPLICATION OF SUBSTITUTED METAL CARBONYLS TO COAL AND MODEL
COMPOUNDS OF COAL

The appTication of hetaT carbonyls to‘cataTyZeAhydrogenation of
coal was suggested Uy two factors,'the relative stabiTity of‘hetaT
carbonyl complexes-at higher’temperatures, and the frequently favor-
able action of H2-C0 and HZO;CO mixtures (compared with Hydrogen)
ianiquefyiog coal. Invest1gat1ons by Fischer (F6) in.1921 demon-
‘strated that the yields of ether-soluble mater1a1 recovered (13 to
35%) from coal hydrogenation w1th water and carbon monoxide were
higher=than those obtained with hydrogen. Interest in coeT 1ique- ‘
faction otilizihg the water;gas shift reaction prompteo a series of
stud1es in the U. S. Bureau of Mines (A1-3, A6'A7'A9) with encouraging
results. Freshly powered T1gn1te w1th appropr1ate soTvents showed 90%
tconver51on to Tow—squur oil after reaction for 10 min- at 380 C
under 4,500 psi pressure of CO H20 m1xture or of synthes1s gas -
(1:1 COM,). |

The roTe of carbon monox1de 1n coal T1qqefact1on is to inhibit
cross-linking of the coal during T1quefactton (Al). The carbon
monoxide combines with alkaline materiaTslin coal ash tovmake
formates, which then donate hydrogen to double-bonded oxygen (i.e.,

carbonyl groups) in coal.

0
- W
M+ OH" + cO » HCY

, | <.

0™M
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0 " H |
H -+ ! -+
C=0+ HC-0M > 9 -0M + CO2

H
' -

- -0M +H
I .

0> H-C-OH+OH + Mt

2

In addition, térboh monoxide hydrogénates olefins and easily Qeduced
aromqticvrings; the rate is lower than with hydrogen (A3), mak ing the
~use of syhthesi;lgas preferable to use of H20 and CO.

The reactivity of carbon monoxide with coal is a function of the
carbonates in coal ash. A compésition of the mineral matter in the
coal used in this'study is shown in Table 14. A Tlarge portion of the
ash is composed of alkali metals which form the carbonates in the base
| catalyzed reaction with CO.

The conditions of liquefaction with synthesis gas also provide the
possibility of transition metal carbonyl formation from components of
coal ash. Although transition metals are nbt in great abundance, they
may be more catalytically active than the alkali carbonates. The
predominant transition metal suitable for carbonyl formation is jroh;
The iron is usually in the form of pyrite which readi]y forms iron
carbonyl under CO pressure. Iron carbonyl Bas been shown to catalyze
the water-gas shift reaction (W2) and may form hydrogén is situ in the
coal matrix. Thus under CO pressure metal‘carbony1 catalysis may be a
competing reaction with alkali metals. |

The applicability of metal carbonyls as co-catalysts to zinc
chloride was investigated in two phases, first with model compounds

containing heteroatoms and second with coal.
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Tabie 14. X-ray fluorescence analysis of Hried Wyodak coal.

. . v Possible
: - Amount In - Impurity
ETement - Raw Coal ' ‘to Ash
Mg _ wtb 0.5 + —— 0.88
Al - ; 1.41 = 0.21 2.66
Si o 1.83 £ 0.27 3.92
S 0.98 = 0.15 '
c1 - 0.01 = ,
K 0.07 # 0.01 0.08
Ca 0.85 = 0.06 1.02
Ti 0.12 + 0.02 0.20
Fe . _ 0.20 # 0.01 0.26
v , ppm 120 .
Cr L 27 * 7
Mn 73 + 6
Ni | 12 + 1 -
Cu , 51 £ 2
In 2 £ 2
" Ga 6 * 1
As 1.0 + 0.6
Se 2.3 * 0.5
_Br 1.4 £ 0.5
-~ Rb 9 =1
v.SY‘ . [ 208 + 8
Hg A 5 +1
Pb 10 2
9.02%

Analysis by'Robért Giauque and associates, LBL (10-9-74).
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A. Reactions of Metal Carbonyls and Zinc Chloride with

~ Model Compounds4Conta1ning'Heteroatoms

Single bonds between carbon and heteroatoms S, N, ana 0 provide
weak 1inks (compared with double bonds and C-C) in the organic matrix
of coal. In particu1ar,'ethers R-0-R and thioethers R-S-R are
relatively susceptible to bond breaking. Thus, reduction in the
effective molecular weight of coal is most easily accomplished by
removal of heteroatoms. .Such rehoValya]so e]iminétes polar
fnteractions between adjacent structurés.

These two effecfs combine to depolymerize coal and make it more
1iquid-Tike. Since heteroatom rémova] is important for both Tique-
faction énd product quality the effect os zfnc chloride with'metal
carbonyls was investigated on model compounds of coal containing

heterocatoms.

1. Reaction of Dibenzyl Ether with Zinc Chloride

and C0,(C0) (Bup),

The organic oxygen content of subbituminous coal, 15 to 20%, is
composed éf about half ether groups (C;O—C) (B5). Thus the breaking
of ether bonds can be a major factor in a liquefaction process. The
effect of the cohbined hydrogenation and cratking ability of cobalt
carbonyls and zint chloride was tested on a ﬁode] compound, dibenzyl
ether. |

Earlier exﬁeriments by Mobley énd Bell (M16) showed that when '

dibenzyl ether in cyclohexane was heated in the presence of zinc

chloride a tar or polymer was formed. The polymerization appeared to
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result from Frjede]—Cratts a]ky]ation of CGHSCH2+ fragments
(formed by C-0-C cleavage) ontq the aromatic r1ngs'of other ethers‘or
fragments. When the reaction was conducted in an aroﬁatic solvent -
(ben;ene) instead of an alkane (cyc]ohexane)bthelreective fnagments“of.
the cleaved ether a]kyiated onte theAaromattc so]vent. The.product ‘
formed by having benzene as solvent is dipheny]methane. In neither
experiment.was any to]uene detected, indicating that no hydrogenation
by zinc chloride takes place at these cond1t1ons
Substituted metal carbony] hydrogenatxon act1v1ty was tested by

react1ng 5mi qf d1ben;y1 in 20 ml of cyclohexane w1th 0.7 gm ZnC12
and 1.0 gn Co,(C0)(BusP), under 760 psi 1:1 H,/CO for 1 hr '
at 175°C in. the Parr autoclave, The usual purge and heat-up pro-
cedures were followed as described earlier for the substitution j
studies. ‘Samples taken after.1 hr were cooled ahd:anaiyzed Qyjégejtiwj_f
chromatography (also previously described) with‘the DeXSil coiumn
operated at 110°c. The eTuted‘peaks were identified by combarisdn
to the pure compounds. ‘ |

' Mobley and,Be]] fqund no teiuene_in their experiments.run atv'
“similar eqndittons~without carbony]s; wtth the presence of :

Co CQ)G(Bu3P)2 as a co-catalyst, the Samp]e from the reactor

Al
contained,aboqtﬁl% toluene (5% with respect to d1benzy1 ether) the
rest of the dibenzyl ether was either unreacted (70%) or formed
soluble and insoluble po]ymers, A summary of the exﬁeriments are

given in Fig. 50.
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. 175 C, 1 Hour, 600 psi .H,/CO _
~ | C-0-CHA Hp./ ZnCly POLYMER
- Alkane solvent
OOt OO
- Benzene

DIPHENYLMETHANE

co-c Hz/zqclz/cOz(CO)8
——> POLYMER + -C
Alkane solvent , ,

Fig. 50. Dibenzyl ether studies.
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The Tow yier of toluene was,probably dhe'to the inability of
HCO(CO) 3Bu P to donate its acidichydrogen H' to the carbonium
jon formed by the zinc chloride (C6H5CH2) The ability of .
MnZ(CO)8(8u3P)2 to catalyze water*gas shift was d1scoveredvv
after the dibenzy].stud1es (see Sect1on 3 of th1s chapter).
Ana]ogouely, C02(C0)6(8u3P')2 cata1yzed water-gas shift may |
have_been heehonsib1evfor the formatton of to1uenevfrom dibeniyl
ether, since hater is the,product'of deoxygenation by a zinc Ch]oride
‘treatment o |

In conc]us1on, severa] ‘useful p1eces of 1nformat1on can be gIeaned
from the dibenzyl ether exper1ments . The runs where only zinc
chloride in either a1kane or aromatic so]vents shows that zinc
ch]or1de is effect1ve in c]eav1ng very reactive ether bonds and form-
ing reactive fragments {presumab]y carbonium ions) which read1]y
polymerize. The absence of to]uene as a pkoduct Shows that zinc,
ch]oride alone at 175°¢C is unable to activate'mo]ecu]ar”hydrogen and
is inactive as a hydrogenating catalyst. When CoZ(CO)6(8u3P)2
is used in conJunct1on with zinc ch]or1de to]uene is.found in the
product showing.that hydrogenation (phobab]y via (HCo(C0)48u3P) of |
the reactive fragments has occurred. The substituted metal carbonyls
apbear to be viable hydrogen—tranéfer agents, activating mo]eeu]ar

hydrogen and capping off the reactive fragments.
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2. Reaction of Quinoline with MnZ(CO)8£§g3ElZ

Nitrogen compounds in coal may pose an environmental and chemical
problem in its combustion through the oxidation of the nitrogen td
unwanted nitrogen oxjdes. The nemova] of nitrogen is also needed as
an aid to liquefaction, because acid-base complexing.of the nitrogen
increases the effective molecu]er weight of the converted coal.
Usual]y the nitrogen is multiply bonded so the first step in its
removal is to convert the multiple bonds to singlevbonds by hydro-
genation. Since a large fréction of nitrogen in coal is in aromatic
structures, quinoline was chosen as a model structure for hydro-
genafion with Mn2(C0)8(Bu3P)2.

Hydrogenation of quinoline was carried out with Mn2(C0)10 and
Bu3P under. the same conditions as for anthracene hydroéenation _
(ZOOOC, 600 psi synthesis gas). For 10 millimoles quinoline charged
to the reéctpr, 86% was converted to 1,2,3,4-tetrahydroquinoline, a§
analyzed by gas chromatography. The peak coincided with an authentic
sample (Aldrich 95%) and since no unidentified peak or shoulders were
observed‘it'appears that only the ring.containing the heteroatom is
hydrogenated. This is not unexpected in view of the fact that the
nitrogen is able to comp]ex to the manganese thus making the ring with
heteroatom more accessible for hydrogenation. |

The sample from the reactor although having the characteristic

yellow of the active catalyst was slightly cloudy probably from

metallic manganese resulting from catalyst decomposition. This could
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have occurred in the initial substitution reaction where quinoline may.

have competed with BU3P for the.M”z(CO)lo'

3. -Watgr—gaé Shift Catalyzed by MnZ(CO)s(Bu3El2
Ddring ihvéstigation of hydrbgenation of anthracehe by

an(CO)é(Bu3P)2, one run was made without hydrogen. Analysis
of the reactionvproduct showed mostly antﬁratene, and unexpectedly a
trace amount of 9,10—dihydroanthracene.. The hydrogen for the reaction
could have been ébstracted ffom the so]Vent,'norma1 decane'(a slow but
possible feactfon (K5)), from water picked up by hygroscopic
an(CO)ld, or ffbm moisturevinﬁtia]]yhin.the reactor.

~ Since if {s more 1ikeTy that thé hydrogen came from watef; an
experiment wasfgonducted Qith water as a possible'source of hydrogen.
The reactor was‘charged_and purged as for a'Hydrogen—dependence study,
but-10 ml of water was substituted. After 1 hr reaction at 200°C,
10% of the anthracene was converted to dihydroanthrécene. This
amounts to 30% of the conversion that takes piace 0n&er 300 psi Hy-
. Ana]ysis.of the gas in ihe reéctor by gas chromatography showed abouf
3% Hé and 1% COZ. A similar experiment{withouf anthracene'preseht
gave the same gas ana]ysis. Further analysis of réaction—product
gases showed the presence of trace amounts of methane, ethane,
propane, and bﬁtanes ({0.002%). The hydrocarbons may be a product of

synthesis reaction in conjunction with the water-gas shift, but more

probably they are a product of hydrocracking.

-




173

B. Reactions of-Meta1,tafbonyls 1n'Zinc Ch]oride with Coal
Two sets of experiments were carried out with coal. An experiment
run with catalytic amounts of zinc chloride (1 to 2%) focused on the
hydrogenation ability of the metal carbony]s.' Studies withvmassive
amounts of zinc chloride as the liquid medium for the reaction were
made to test thebability of the cdrbony] to function as a co-catalyst.

1. Combined Use of Minimal Zinc Chloride with Metal Carbonyls

a. Procedure. The effects of substituted metal carbonyls in
conjunction with catalytic amounts of zinc chloride were studied in
the same manner as was used in anthracene hydrogenation. One hdndred
milliliters of n—C10 was placed into the reactor glass liner with
20 gms each of zinc chloride and undried coal (-28 to +100 mesh). The
appropriate metal carbonyl was weighed and added. The liner was
placed in the reactor, and the reactor sealed and purged Six hundred

pounds per square inch H /CO (1:1) was added, and the reactor was

"heated in 15 min time to reaction temperature. After 1 hr the reactor

was cooled to room temperature (within 2 min) by quenching under
running tap water. |

The reactor wae depressurized, and the contents were filtered in a
Buchner funnel. After waehing with 6 liters of hot water and 40 ml
cyclohexane to remove ZnC]2 and decane, the reacted coal as dr%ed‘
overnwght in a vacuum oven at 105 °c.

The oven-dried coal was extracted in a Soxhlet apparatus first
with toluene and then pyridine. The percent extracted is reported on

a dry ash-free basis.



174

Three experiments were'conducted'at a temperature (200°C) where -
no thermal decomposition would pccur‘with a monodehtate 1tgand
(BuéP). One blank run was made with no‘zinc chloride‘or metal
carbonyl. The other twovtested_theteffect of Coz(C0)6(8u3P)2
with and without edded zihc ch1oride. 'The-experiments.Were repeated
with a polydentate ligand (1 2-bis d1pheny]phosphlno)ethane) which
establizes COZ(CQ)S to a h1gher temperature (350 C)

The elemental ana]ysis of the_coal used in this study is given in
Teble 15. Undrfed coal contains 24 wt} moisture. |

b.' Resu]ts. Tab1e 16 gives the results of reacting Wyodak
subbituminous ccal with zinc ch]orfde and c0be1t‘carbony1; Cobalt
carbony] was used because it hasbthe greatest hydrogenation activity§
Cobalt carbonyl ‘substituted by a po]ydentate 11gand, such as 1, 2-bis
»(dzpheny]phosph1no)ethane (diphos) is stable enough  to be used at h1gh
temperatures After every exper1ment the catalyst could be recovered
from the reacted coal as a filtrate, 1nd1cat1ng that neither the zinc
ch]or1de‘nor the coal caused decomp031t1on. | |

"The three experimehts conducted at 2009C were at too low
temperature to give e good indication of the effects of the’zincb
chloride and carbonyl. The reduction fn toluene sc]ubles upon
~ addition of zinc chloride may be a result of a small reactive fraction

of asphaltenes being broken down by zinc ch1oride to cyclohexane

soluble oils. The decrease of both asphaltenes and preaspha1tenes in

the reaction with C02(C0)6(3U3P)2

of 0ils but since the reaction is run in decane there is no simple way

alone may be due to the production

of determining the amount of oils produced.

]
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Table 15. Composition of Roland top-seam Wyodak
sub-bituminous coal.

Raw Coal
Carbon © 59.85
Hydrogen * 4,91
Nitrogen ' 0.98
Sulfur 0.56
Chlorine | <0.05
Ash 13.7
Oxygen (by difference) 19.95

100.00

Analysis performed by U. C. Microlab.
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Table 16. Reaction of Wyodak coal with metal carbony]s and zinc

chloride.
100 ml Cpq | | Time 1 hr
20 gm InC1y v
20 gm Coal (-28 to +100 mesh) v -
Pressure H2/C0 (1:1) 1030 psi at 2000
- 1150 psi at 2500
Amount Temperature % Extracted

Catalyst ’ (gms) oc Toluene Pyrdine
nonex | 200 2.3 6.6
'cOg(c0)6(8u3P)2* 1.0 200 1.4 5.4
Co2(C0)g(BusP)2 1.0 200 0.5 6.2
none* - 250 0.1 - 5.3
Cop(C0) g+diphos* 0.05,1.15 250 1.3 10.0
Co2(C0) g*+diphos 0.05,1.15 250 3.6 ©19.5

*No ZnC1,.
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The experiments at 250°C are much more informative. ‘The blank
run with coal showed less than 0.1% asphaltenes and 5.3% preasphal-
tenes. Addition of CoZ(CO)8 and diphos to the reaction mixture
doubled the amount of preasphaltenes, indicating that hydrogenation
of the coal structure was taking place. The zinc chloride—-
C02(C0)8——diphos combination provided very effective in that the
preasphaltene content of the treated coal was increased four-fold
compared to the blank run. The asphaltene content was trfp]ed; The
increase in solubilities indicates that bond—breaking and

hydrogenation are taking place concurrently.

“.2. Use of Metal Carbonyls in Zinc Chloride--Methanol Melt

a. Procedure. The procedure given in the previous section, for

reaéting coal in massive amounts of zinc chloride was modified by a
cata1ystepretreatmént step which substituted the phosphine ligand onto

the metal carb0n1y‘before exposing it to zinc chloride. The high

’Lewis acidity of the zinc chloride would allow it to compete with the

metal carbonyl for the free phosphine, if the subst{tution step were

carried out in the melt. |
Substitution of phosphine into the carbonyl was carried out in

50 ml methanol at 165°C under 750 psf H2/CO (1:1) pressure for

1/2 hr. After cooling the bomb was opened and 50 gms Wyodak coal and

273 gms. ZnC12 were added. The bomb was sealed, purged, and

pressurized to 300 psi CO and 300 psi H,. After heating to 250°c,

a pressure of 1350 psi was reached. The reaction was run for 1 hr,

" after which the bomb was quenched in cold water.
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During quenching the bomb was S]ow]yvdepfessurized to 1ih1t
foaming. /Thé contents of the bomb were washed with 6 liters of hot
‘water and.fi1tered in a Buchner funnel. After vacuum ovén~drying a
leSOC, the melt-treated coal was extractedvin a solvent épparatus
with toluene and pyridine.

b. Results. The effect of metal carbonyl additives in
melt-treatment of coal was evé]uated_on the basis of the amount of
asphaltenes andipreasphaltehes obtained compared fo a blank run where
no'additives were used. Treatment with a combination ofriron énd
manganese carbonyls had negligib]e effeét on the extracfabi]ity,of the
treated coal. There was a s]ight increase in solubility for the
cobalf carbonyl treatment probably because of its greater

hydrogenating activity.

The concéntrations of substituted méta] carbony]s'(Z to 6% in
ZnC]Z) did not give significant.hydrogenathn of the cogl’at éhese
conditions:it:appeérs'the major effect comes from the action of thev
zinc chloride-methanol a]ky]ation and the benefits of the added |
carbonyl are ovefshadowed.v |
| The cobalt run reportedv]astrin Table 17 shows an effeét of short
reaction time at hﬁghér temperature Coé] Conversion. In this
particular run the controller failed to shut off the heating mantel at
250°C and the reactor temperature shot to 300%C for 2 to 3.min +
before it could be cooled. The rest of the réaction was conduéted in |
the usuaj manner.. TheAtemperaturevovershoot had a dramatic-effeét onf'

solubility--86% of the original coal became pyridine soluble.
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‘Table 17. Reaction of coal in ZnClp——Methanol melt containing
metal carbonyls. :

273 gm InClp 50 gm Wyodak Coal

.50 gm MeOH | (-28 to +100 mesh)
1 hour Temp. 2500

__Pres. 34.3 bars Hp; 20.6 bars CO

_ Percent
Amount % Extracted (daf) .
Additive gms Toluene Pyridine
none 11.8 ‘ 21.1
Fe(CO)g 4.6 _
+ BusP ,12.83 11.0 24.2
Mn2(C0) 10 5.0
Cop(C0)g+diphos  1.71,3.98 15.6° 27.3
Coz(C0)8+diphos? 1.71,3.98 29.1 57.0

*Temp. overshoot to 3000C for 2-3 min at start.
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3. ESCA Analysis of Zinc Chloride Treated Coal

Raw Wyodak and zinc chloride treated Nyodak coal were ana1yzed by
" ESCA for surface’ compos1t1on The treated coal was reacted in zinc
ch]orjde aE 250°C for 1 hr withqut hydrdgen. " The product was
extracted with cyclohexane, beﬁzene, and pyrid{nef Total extraqtion
was 15> on a moisture- and,ash—free”basis..'v

Table 18 shows the reldtive abundance of elements found on the
surface of the extracted me]tétreéted coal éompared-to‘raw coal.
Zinc, chiorﬁné and nitrogen were increased from_residues of treat-
ment. An unexpected rise -in surface carbon content is noted. The
treated coal surface also contains ]ess‘oxyéeh than rawrcoal.v The
okygen in raw coal may be a product of air oxidation dr ether ahd '
hydroxyl groups. The conéentration of the 1atter should be 1qwer'for
an extracted cba]. A1l the mefa]s contributing'to cba] ash have been
reduced with the excepfion of coba1t, ~An especia]iy'éncduraging
observation is the absence of - surface sulfur in the me]t treated -
~coal.. The removal of sulfur may be mass- transfer rather than
: kinet1ca11y ]1m1ted. |
4. Summary

In summary, several useful characteristics of metal carbonyl
céta]ysis were demonstrated by the experiments with compOunds con-
taining heteroatoms. The éubstituted‘carbonyls are not pofsoned by
nitrogen, sulfur, oxygen compounds or water. The carbonyls are
catalytically active for promotjng water-gas shift'thﬁs being able to

utilize hydrogen from water split out from ethersor moisture present
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Table 18. Elements detected by ESCA on the surface of
melt-treated-coal.

Raw Coal Melt Treated Coal
C * +
N * +
0 * -
Na * 0
Al * -
S'l * —_
S o 0
C] * +
K * —_
Ca * -
Mn * -
Fe * -
Co 0 +
Ni * -
in 0 +

* detected. -

+ more than in raw coal.
less than in raw coal.
not detected.

o
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in undried cbal.' Finally, it is apparent that tﬁe substituted metal
Carbony]s are stable in both acidic and basic media éven_at‘elevated
temperatures under oniy mbderate CO-pressure. - _

The ability of substituted metal carbony]s_to fofm hydrides from
molecular hydrogén‘is’perhaps the most useful property for coal Tiqﬁe—
faction. Unfortunately, the hydrides formed are acidic and are slow
to add to the carbonium ions formed by Lewis acid bond cleavage Byv.

zinc chloride. The acidic environment also inhibits the base

catalyzed formate mechanism of CO. Pré]iminary indications taken from

the increase in hydrogenation.attivity by Fe(C0)4Bu3P in the
_presence df NaOH show that a basic medium may be a more appropriate
vehicle for carbonyl cataiysis. Nontheless the experiments conducted
with coal in the presence of zinc chloride and substituted metal
carbony]g showed that hydrogenation is taking piace and substituted

metal carbonyls can act as co-catalysts in a zinc chloride melt.

Y
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5, o APPENDIX

The rate equations formu1a£ed‘for-the kinétiCSVOf‘hydrogenation_by '
an(co')8(6u3p.)2' and RhC](PPH3)3 ‘involVe_tﬁe' determination | | ‘
of several equilibrium and rate tonétants.vahe fdrms of the equations
were not’amengb]e to graphicaT techniquesvorvlfhitfng condition
ana]ysis to find the values for all fhe constants E evaluation of the =
‘constaﬁts was done by a computer program which iterated values for the
constants until a fit of the data gave a mihimﬁm standard deviétion,

The strategy of thevprogram.Was based on a converging matrix.

pp’
for the rhodium kinetics computer program. Initial guesses for

'Figure 51 depicts such a matrix for three constants'ka KO, and

Kho> ,
the three constants are expanded to form a 6x6x6 matrix with initial -
| increments of kapp”KO’ and KHO‘ The program searches,eéch:of

the 216 values to find the best fit of the data to the kinetic equa--
tion as determined by the minimum‘in'the sub of the deviations of the

predicted rates from the measured fates. If the best fit was con-

tained within the core of the matrix the increment size was halved and-
vthe séabch repéated., A minimﬁm“standard deviation on an edge of face ’ ;
of the matrix caused the matrix.to double to encompass the value and
repeat the search. The matrix, in both cases corrected 1tsé]f to ‘

s

place the new found minimum in its center.
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Fig., 51. Grid for fitting kinetic constants.
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1. Program Olefin 2

This program was used to fit the extinction coefficients for the
rhodium-olefin complex, and exemplifies the calculation procedure used
to fit the other absorbance data. The results are gfveh fok a typical

set of absorbance data taken at 440 nm.
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2. Program Qlefin 2

The object functions of the original Olefin 2 program used for
absorbance calculations were replaced by trial rate equation to
determine the validity of the assumed mechanism. The best fit given
here, was obtained for the mechanism pfesented in the text. The
original program haé been modified to float four instead of only three
variables. The results contain the data for the Mn2(C0)8(Bu3P)2

catalyzed hydrogenation of anthracene.



194

° 0N

iovd nrGfiel 64 dav Tl

942=n 0% 00
VIVGON®*Y = 11 Ov 0Q

INNT INDD OF

(S 214042 14¥2)LVYNEO S 22

treyexot (rey2rot .ss.n;mo..wﬁ.w_mo.ww.wm INIME €
Séglortt-u3LINSI
ZISENOH(I~FFIEH0= (T )END
ZISZNO+ (T~ rIZHNA=(rr)ISHO
21S€73G + (1-CF)CI30 = (rr)ET30
z1S2730+(1-rr)2iag=(rr)zisa

942=rr O 00 9

(x{rr)exo (rryzio (re)e3o (rrjyziao rc w////%1VWH0d 12
’ . 12 INIud »
N o9 (1 —H3ar )T

T+ ¥311 = ¥317Y
) CANNILINOD 02
. 0°0 = (TI*NS1)HVA
) 0°0=(T14N4T)bA
’ ) 0°0=(T1*%41)9A
0°0=CH* N T)GCA
0°0=CI4N*1)ICA
0°0={T*N41)2A
9t2=1 02.00
94z=% 02 00
9é2=11 02 0Q
941=r 00t DO
o=y321
(E°0T14%s = ZISEND =¥
Ge0T14%% = £30 %*C€°013%% = ZISINOX’S*01d%s = 2XMO0#//ILVWNNOS 91
ZISENO*(TIEN0*ZESIANC® (1)2M0%9T INTIYY
S41=111 09 0@
(S°0138)2vHEOd LY
z1
_anmn..‘.nJma.Nummqwo.a-.~4w0.-mnxo..-.nxo.N_meo.._.mxo.u.uz~aa
1
YSE130° (T)E13a42152730° (1)213a*ZISENO (T)ENO* -m~xo (r112X0%2t avay
INNTANDD 11 ¢
*00 1 (1)T102=(1)0D
(IIV/0(T)I00-*1)=(1)70D
((1)v=-)dx3=(1)W0D
. ViVAN*T=I T OC
INNIANOD OF
(G*°013G)LYNHOS 2
CIX024(1IVE(TDITI0D4LIDNI3(T)D¢2 av3y
" vivaN*i=1 0V OQ
1€=V1VAN
toor)odte
(9°Q49)9A4 (9949 )cAS
$(9'9%9)1vA% (9 o.ovn>..o.o GIZAL(OINN(OINWT IOINWT *(9)TIVWS * Y
(GINIT(OININC(OINT R (9)IVALE
(00T}Dv* (00T )NV
f{9*9'9)uvA ‘$tcotry $(001)d*(001)0*(COTIXVWY (001D
T024(001) 134 (COTII*(O0TIV(I)IELTIIAL(Q)I2TIC (9IEN0Y (F)2%) NOISNIWIA
(1NDIND*INANTI ) 2NT14310 WyHOCHd

WITCSL-0DE 2 NMY NOTIVTIIewh?Y NYAaLi™04

S652000
£v2000
12000
192000
£22000
022000
912000
£12000
112000
902000
02000
*02000
0oz2o000
941000
S21000
491000
£91000
1451000
€51000
Zv1000
£€v1000
9c1000
SE£1000
vE€1000
£E€E1000
1E1000
01000

0£1000
S11000
£11000
£€11000

490000

*v0000
Iv0000
4€0000
Y£0000
420000
920000
£€20000
£20000
900000
v00000
£00000

£0C000

TNI 4770



195

ti€ 01 09 20000

CINTIEA=(N)ITVAS v2 5000

A= (WINTY £2%000

PEXTR I 129000

I=(W)INI 29%000

. © 3NNTINOD 61F 29%v000
GIEYTTESBICCEIH  IIEA~(NW)TYNS)IIT v2E 15%000
SIC*v2C*QIT(E-NYAL 60C S6v000

11€ 01 09 . *S%000

(NI IZA=IN) VYRS 9v 000

A=W in Sv2000

W= (W IWN €vv000

I=(WInI . 1¢9000

INNTLINDD 21E | 19v¥000

LICSTVECTIECCTI MY 1)2A—()IWHS )JT OTE 1€v000
60E0IE*60C(2-WIAT 227000

9421 TIE OQ 927000

94z=% 11£ DA $2%000

9¢2=71 ¥IE 04 +Zv000

942=W 11€ 00 22000

3NNILNGD 91E  T&v000

2=(W ) 21%000

2=twin 917000

S=InINIT +i>000.

9%z=w 91€ OQ . 2315000

(24242)9A=(9)IVNS 11000

§2%22)5A=(S) VNS 2C¢2000

(242%2)8A=(v)TIVYNS 92000

o (2424 2)EA=(EIIVNS *0v000

‘ €2424212A=(Z) VNS £.%000

. 3NNILNGD OV 0:€000

.3NNTLINDD 0Z2F 0.£000

(14N TI9A+ UY=L I N2 TIOA B0OCE 1$S£000

02€%80£%02£(9~-N)J1 90F LG£000

) 0ZE- 0L 09 95£000

VN TISAIUYILVYI=LTVENTISA L0OE L3¥C000

Q0E*L0E*QOE(S—HW)IAT ¥OE SYE000

) 02€ 01 09 ¥ €000

CUENCT) oAIUYIRBUI= (14N T IVA SOE S E000

- ) Y0EiSOEs vOE(Vv—W )4l £OF €LE000
02€ 01 09 252000

CI4NS TICAHUNIRBYI=(TIN TIEA 20€ €<E000

€0E*20EC'ECOC(E-NIdT 00E - T1Z€000

02¢ 01 09 0T 000

IR TIZA+HEI2BYI= (TN 4T IZA 10€ T1€000

00E*10E00E(2Z~N)I L L7E000

Q3¥AV/ (Q3UGV-( L1V ) =uy3 S0E000

. a/2=034dv €1C000

L ARAR(AZCLIIDR(WIENO+ LI/ (11)02)=0Q $22000
Goxn (12)12/¢47) 10D (H)EI3C+(L1)0D/CL1)I3*(1) 2130 4 1=A 092000
’ (31)D%x S %x(L1)TI%(L1)D%()2H0=2 152000
- . . g4z = 1 0% 0Q 052000

Qtz=x 0% 020 292000

942z 0% 00 992000

2 °*ON 3°vd 000G 61 &4 Hav 21 $I2GL—CDFE*? NNY NOTAVITgw0D NVYHLIHO S enNI 23710




B - . e — . T

196

i F -
124141 (Z21527304(1)27130)41 0€2000 -
Z1S27130%*€-(NINI)2130 = (1)2730Q §22000
Z1S2730%°2=21S2 130 6S £22000
H 6S*6S*19(9-NINIV 3L 85 022000
8S46546G(2~NINWT )41 512000
- ‘ (vIvsS*214v48°213)2VRUOS 9G S12000
: NIWWT
ENINTENIWICNINT (NTWWIENOS (NITWTIZ2X0'EVEI308*2VIT30H4A30S49S INTYEd 029000
(C1-ViIVON)/TIVANS)ILYOS = A30S . 199000
(NIWX)ETI0O=EV LI30Y 259000
tNINIDIZ30=2VA30Y : $69000
CxW Rl | 1 (W1
YEMND tyexo (®)EVLT30 t{1r2viT3a A3aS ®//7) LVANO0I SS $59000
68 INI¥d 159000
INNILINOD OFfE 2%9000
3NNILNOD €€ 299000
W=NINN : 999000 -
(WINT=NINRT - *99000
CWINA=NTINN £99000
‘ (WINI=NINT . 19000
(NI IVAS=TTVNS 2EE 2£9000
- . 2EECTEETEC (W) TIYNS ~TIVIWS ) 3T vE€9000
foI€8°2T14)IVNE0S OVE v£9000
WEINDITIVHS00E INTNd $29000
942=n 0F€E 0Q £29000
AZINTI=NINTT 229000
(ZIWA=NTINN 029000 ’
(2INI=NINWI 419000
Z=NINN 919000
(Z)WNS=T1IVNS %19000
SNNTINDD 1§E v09000
CANETI9A=(W)ITVNS 925000
T={WINTY 625000
A=CWINN ~ €£25000
I=(WINT 125000
. SANTLINOD 62€ 125000
G62ELTICTIT (LN 1I9A~(N)IIVNS )JT B2E 195000
TIE492E TIC(9-NIJT S2E 255000
11€ 0L 09 955000
€TINS TISA=(N)IVAS 055000 -
) F={WINT 295000
W= 0N , . §95000
- I=(WINI £v5000
: INNTLINDD 22¢€ £v5000
2ZETRELTIECCAISHNG TISA—(NW)TYNS )T 92€ £€5000 .
' G2E*92ES2EIS-NIAT 22€ 1€5000 .
1ie 04 09 0€£5000
CIHETIVA= (W) TVYWNS | 225000
F={WINTD 125000
H= (W)W 415000
I=(WINT - S15000
3ONILNOD 12€ G15000
TZECTIESTIE (LI NS [IRA~(W)IVWS 341 £2€ $05000
2zEE2ete2E(v—NI31 8iE €05000

€ *ON 39vd COCIGEI6L 64 dcv 21 $242S4-03€%2 NN NOTEIVTIIdWOD NVYH1I¥04 2N13370



197

00:IGRI61 64 Hav 21 922G62-03€°2 NNY

INNTINDD
T 028CIELIEL(ZISUNO+LTIZANDYIAT
INNTLINOD
iZISEH08 E—{NIWIIZNO0 = (1) 2Zx0
ZISENOR*E—(NIWWIENO=( 130
Z1S2730%*€-(NIWI)213a = (1127130
. ’ 009 01 239
21S2X0%°E~(NIWTIZY¥0 = (1)2%0
ZISEND#*E~(NINWIENO= (1) €30
ZISENIQk *E~(NIWMNIETIQ = €(1)€ Ba
. 00V 01 D9
COT/{NINTISNO=(T1)2M0
*S/ZE{NINIIZHO=21S2M%0
INNTLNDD
001°S18¢SIBEZIS2HO+(1)2N0) AT
ZIS2HNOR*E~(NINTIZHO=(1)2Z%0
ZISE3A**E~(NINX)IEIBA=({1)ETIC
Z152130%°€~(NINFIZT30=(1)2 T30
. 002 0L 09
COT/CNINNIENO=(T)END
*S/Z(NINNIENO=ZISEND
INNTANDD
002421142 TIC(ZISENC+ (VIENO) AL
ZISEXOR*E~(NINNIEXO=(T1)ENO
*2HZISEND=ZISENO
. 002 Ot 09
. ININKDIEXD={ TIEXNO0
*24ZISEAND=Z ISENO
s. 01 09
ENINTIZHO=(T)2X0
*2421S2N0=2152%0
3ANNTLNDD
S22 01 09
L *OTZI(NINTIZNO=(T)2ZH0
*S/ZINIWNTIZNO=Z IS0
' 3NNIANDD
SZSTTTSTIT(ZISSNO+(V)IZHO) AT
ZIS2H0%*E~(NINTIZHO=CT)I2ZM0
21S2%0%°2=21S2%0
9024902*22{9—-NINW)3]
$024502°S02(2-NIWN)ST
802%802'E02(9~NINTI A1
10242024202(2-NINTIAL
€2 0L 09
COTZINIWN)IEN3A=(T)ETIQ
*G/INIWN)IETIO=Z1SE T3Q
£2%242(Z1SET30+L1)EN3C) AT
ZI1SET30x*E~INIWX)IETNIA= (1) €T30
Z1SE130x*2 = 21$£730
€94E€9C 9 (I-NIWN)AT
29¢4€94CO(2Z-NINWNIII
12 0L 09
*O1/(NIWI)ZT3G={1)2130
*S/(NIWI)Z220=2152130C

1€2

009

£

1

stie

ooe

4R

soe

Qo2

g02

11t

coe
voe
f£o2
toe
9

€6
29

N3TIVIIEwDD MYHLINOS

011100
S0t100
S01100
101100
910100
220100
240100
990100
£90100
450100
4$0100.
SS0100
250100
250100
050100
v¥0100
1v0100
S£0100
SEO 100
€£0100
0£0100
0£0Y100
920100
£€20100
120100
120100
410100
$10100
s10100
£10100
110100
110100
110100
200100
*00100
¥00100
200100
222000
S22000
222000
292000
v92000
192000
192000
2451000
+S2000
252000
4%2000
Sv2000
292000
LE2000
2£2000
GE2C00
2£L000

ZN1 47710



198

s

"ON 39Vd 00:SC:61 &7 ¥cv 21

aN3

d01s

3NNTINOD

X . , (S°S1424GS°0T42)1VWH0A
C1)OVAIID024A304I WOV (I)IV I (1D IO (1) 134 (1)D%S6 ININd
(1)02=0

AZ(1)D=3

x=3

(*000T%(1)D)/DAVOV=(])DV

(°0001%(1)D)/(IIV=(1)INV

DIVOV/(DTIVIOV-(1)IV)I=A3Q

, 00/22=>1vOV

>¢>¢.>\-.ug.znxz.nzoo.-.wa f1)0d)r=aa
m.u»...qm\.~.40u:.z~zx.nawo¢.u.ou\a_.4w;.z-z~.Non +°1=A

()D& S 2k(F)I3%(IID%(NINTIZNO=22

VIVON‘1=1 09 00

(xQd/dv (1] A3Q 2Ivd ¥t

dx3 u ) 3 HANV TAH 2NN ®///77)LVRB0 S

. . 26 INIY¥d

3NNILNOD

ZISENOR*E—(NINNIENO =(¢T)IEND

. ZISZ2O%*E-(NINT)Z20 = (1)2X0

Z1SEI3A+ " E-(NINM)IETIA=(T1)E130

Z1S230%*E€-(NIN1)2BC = (1)28B0

*2/Z1ISEND = 2ZISENO

*2/2IS2M0=71S2N0

*2/21S£7130=21S€730

*2/2152130=2152130

octl oL 09

*OTZENTNWIENO=(T1)END

. SS/ININN)IENO=ZTISEND

’ : ) 3INNTINGD
001 0EQ40E8CZISENOH+(TIEND) AT

ZISENO# *E-(NINNIENO=C1)EX0

ZISETIORCE~(NINXIETIC=( T )€ 13Q

Z1S2730*€=—{NINWI }2T30=(1)273Q

. . 00! 01 09

: ‘ ) .o_\.z.zz.mxo (1)e%0
*S/ZI(NINW)END=ZISEND

3NNTINDD

00141284128({71SEXC+{TI)END) ST

A COT/Z(NIWTIZYO=(T)2NO

’ “S/(NINTIZN0=21S2%0

v4252.-02£°2 NNY

09
S6

26

oot

22

o€l

Se

128
oz2e

NITLVIIEWOD N¥H1INO0d

S0€£100
Y0€100

222100

222100
2sz100
052100
9vz100
Sv2100
2vzro00
182100
s£2100
££2100
s22100
otz1o0
zozt00
002100

002100
v2%100
czitoo0
991100
£91100
2571100
*S1100
£S1100
2St100
1st1100

291700

491100

. Svylto00

2v1100
Zvt100
ovito00
¥€1100
€100
521100
521100
£zt100
021100
o2trtioo
siri00
cirtoo
011100

Z¢NI4370



199

2 £ v ” gre0v° € 22220°
L] T ] T (W) EXT (M)ex0

ogetle*e
2SItv°E
vi01v° g
9660¢v°E
gleov g
(rr1eio

e € € v v201v°E £4220°
] R b 1 (RIENT (1)2N0

0E2T1%°E
1611y°E
23 R K AL
[ R 2 L AL
v201v°€
(re)ed0

4 < € < _gstive sieeo*
L] 7 b ] 1 (W)EN0 (1)2xo

S0ET1w°E
“os2teE
ogele g
61tv°¢C
zstie g
(re)exn

ve6€E "

9L220°*
sL220°
€e220°
2L220°
12220° -
(rer)eio

v86E£E"

L1220°
9L220°*
c2220°
£eL220°
ciezo°
(re)exo

800¢E"

5.220"
82220°
41220°
9zs220°
sL220*

2Lr19°

980€vZ01*
(M)EVLTI3a0  (1)2vi13a A3as
9  868vZ9%E*
S  S69429vE*°
v  ¥0SvZ9vE®
; £  v8cwYZovE”
2 991vZ9vc®
1c0vE" 65E£19° °
800ec® 99z19° s
vBoEC® 221190 v
196£€" 82019° £
ZF6E€" 48609° z
(rryenza tred)230
zLt19° 8CIfv201®
{x)€veiaa  (1)2vit3a A3aS
9  9vgvZovL®
S 6z2v29rC®
b  G69¥Z9NE"
€  0895vZ9ve’
2 vOSe2SPE"
scoec” 6S€19° °
1eove" " 99Z19* s
800vE" 22119° v
vo6eE" 82019° £
196€€® v8609° z
treyesa (reyzr30
2z119° 691€vL0L*
(MIEVLTIEG (I)2vi130 A3as
9  BE6VZYVE"
S S68v290C°
v geanzove*
£  61L%ZG¥E"
Z  v0Lv29vE"
BLOVE® 65£19° 9
GGOovE* 2119 s
TrFovEe 99z19° v
a00vE" 61219° '
ve6EE” zs1t9° 2
trryenaa trryz3g

{rriexn

£



200

©0000°
$0000*
v0000°
v0000°
v0000°
v0000°
v0000*
£0000°
£0000°
€0000°
£0000°
20000°
20000°
20000°
¥0000°*
£0000°
+v0000°
$0000°
$0000°
50000°

.§0000°

€0000°
20000°
20000°
20000°
10000°
90000°
50000°*
$0000°
$0000°
£0000°*
03/2v

00000°0501
00000°0S8
00000 “062
00000°0SY
00000°00€
00000°052
00000°062
00000°062
00000°062
00000°062
00000°062
00000*062
00000°062
00000°062
00000°0S2
00000°052
00000°*0S2
00000062
00000°052
00000°0S2
00000°062
00000°052
00000°0S2
00000°052
00000°052
00000°0S2
00000°0S2
00000°0S2
00000°062
00000°062
00000 °0S2
[+ B

z00°*

62180°~
oveitve—
88201~
60L4S51°~
YS1E0° -

$0210°— .

o18s1°
02951°
2£902°
98v90°
€028 °—
oggz1°~
991£2°~
19891°
6£6E0° ~
220€1"
0S100°—
0€200°~
55800°-
0£920° —
82610 °~
v59v0°
zog10°
v IEE0*—
92Zv10°~
€5810°~
Y9LET—
9ZEBO°* —
82610°—
< 26560°
86vS0°
AZa

s

Z1SEM0 ZE10%°E = £3%0 000° = Z1SIX0E€9220° =
SgEIv e 0008BE * LARPX gy 2£Vv61°EB  00000°S6C 00000° 01
9591 v* 0o00i€ " 86989°¢C 2€68G6°€8  00000°G6€ 0000001
1081%° 0062€° 66199°C |, £568€°CE 00000°S6€ 00000°01T
LEEOY® oooveE"® 6v6vE °F £vC22°v8  00000°S6E 00000°01
sozege* 000Z€°* £9260°€ 2£S9S*€Q  00000°S6E 00000°070
1299 0o009€ " 286£6°2 08846°€8 00000°S6€ 00000°01
A2 A XA | ooovv°l g2zvz*ir €1166°2S 00000°062 00000°0€
92615 ° 0096S5° 989 18° Y 89E£LE*GL 00000°062 00000°SY
29Lom* 000vS* 99812°y ~ vB889Z°24 000600°062 0000E° €1
gi2ie” COEEE*® - 'GOE20°E 00vS0°S8 00000°062 00000°01
gvecl* ooo1t* ©2969°%6 00000°062 00000°*S
‘v29so0° 006%0 ¢ £6685°26 "' 00000°062 0000S°7
"G91¢0° [ k41 g €£€91v°86 00000°062 00000°2
0yS10° ooBI0* 8E€S0¥°66 00000°062 00000°1
OIvEY? 00Liv* 9c692°18 00000°009 00000°01
1s81€ " 0009E * 66826°E8 00000°S0E 00000°01
- 1628€° ooz2eg * ev9tI°€8 00000°0€v 00000°0C1
01929° 00SLv” S1€09°62Z 00000°060100000°01

SonLv® o002¢%* “M&~mﬂow G49682°6L 00000°SL6 00000°07F

2€89v° 009Sv* 78292 86£0€°08 00000°098 00000°01
seesv* ooosv* $809°2 80225°08 00000°0S2 00000°01
2250¢€" ooozc* 1.26%2 _ £#825°S8 00000°06Z 00000°0%
oe8£2”* oocv2*® 12eL%2 S1242°88 00000°01Z 00000°01
21931° ocooet* £865°2 GG915°16 00000°091 00000°01
yZ281° 00SS1* jos9Lve LESEQ*26 00000°SET 00000°07
1261 1" ooztee . S €91ZE°¥6 0C000°SOT 00000°01
9829E°E  00006°2 8225°81 1v68S°2€ 00000°05Z 00000°09
v2136° 00006° 2264%°S 029£6°S9 00000°0SL 00000°02
c8gsv® _000S¢*® v809°2 80226°08 00000°0SZ 00000°01
9.540° ooceo* 28969 Lv296°S6 00000°0SZ 00000°2

£22¢c0° 00v€0* 9992 ° 0161E£°86 00000°0S2 00000°1
>wd ¥ dax3 ¥ : 3 " HINV QAH ZNNW .

S090v°E 0z220° 196€€* 22119’ 1662v201*

(RIEND (1)2%0 (M)€v1T30 tIjevilaa A3aS

9 €06929vC*

S v05929vE"°

v 991v29%E"°

" € v26£29vE°

' o 2 256E29vE°

1A T A .6z220° 1£0vE"° 55£19° 9

V201V °E ' f2220° - 8O0WE"® 99219°* s

81609 F 2e220° YEEET 22119° 3

29.0v°E 12220° 1e6f£c* 8L019° £

S030%°E ‘0z220° 206€E° »8609° 4

(rey)exd (rryzxd {reye3a (rryzac re




201

3. Program Kinetic

This program identical in 10Qic to Olefﬁn 2, was used to determine
kapp and KHO for the rhodium mechanism presented in Fig..45. |
Differential rate data from three sources is included (H7,06,01). Two
models were tested With KHO allowed to float or set to zero; based
on the results of the fit of the déta éompe]]ing evidence éhows.that

the mechanism of cyclohexene hydrogenation proceeds through a

rhodium-olefin-dihydride intermediate.
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4. Experimental Rate Data
A1l the experimental rate data available on cyclohexene
hydrogenation is tabulated here. The first 193 rates were obtained in

this study. The next 68 rates were obtained from Osborn and

associates. The predicted rateS'were calculated from the constants in

Model 1. The units of the data are: Rh-Mm, Lo,~mM, H,-cmHg, 01-M,

R and Rpred-mM/sec.
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