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After a brief look into the pros and cons of employing a
homogeneous versus heterogeneous process, the classification of supported
organcmetallics along with examples of their current applications are
descr:.bed In this context, the nature of refractory oxide (s:.llca
andalumna) andareact:.onnodeltoexplamtheadsorptlon ofmetal
carbonyls on alumina are given. A review of studies of metal carbonylé .
smmobilized on inorganic supports is followed by another review-of the
work done by organometallic reagents under liquid-licuid phase trgnsfer
catalysis.

Various reagents employed for carrying out different reactions are

presented in four sections. ' _

priiron dodecacarbonyl was stirred with alumina to generate a red
trinuclear hydride. Nitroarenes were reacted with it to study its
reductive potential. As a result, a mild and selective method was
developed to reduce nitroarenes to anilines. The red hydride can be
generated oﬁ neutral alumina also and it can decxygenate azoxybenzenes
and heterocyclic N-oxides in 59-86% y:Leld.

The formation of a cobalt hydrlde by urmoblllzatlon of dicobalt
octacarbonyl on alumina is described. This species is capa.ble of
reducing nitroarenes and can dehalogenate a—halosulfox:.des selectlvely

without affectmg the sulfoxide, functionality.



A subcarbonyl spec:.es generated by activaticon of lrolybdenm'n
hexacarbonylon morgam.co:udehasbeen fomdtobeuSeful for
deoacygenat:.on and desulfur:.;atrm reactlons. Molybdenmn IExacarbmyl
on refractory oxide were reacted with sulfur oontammg coinpomds. -The
reaction was utilized for desulfur:.zatlon of crude oil. Thls metal
carbonyl on florisil has been found to be the most active for such
desulfurization react:.cns

The reactions mm under phase t.ransffer‘ catalysis in carbon nbno'x'idg
m\edimn are divided into two}aarts In part (a) ;I. a norionuolear oobaltl |
carbonyl bearing a stabilizing cyclopentadienyl ligand was reacted with
benzyl bromides under phase transfer catalysis. .Jhe products f_ormed
were compared with that of, the reported carbonylation of beMyl bromides
~ with other cobalt carbonyls._ |

In part (b), first report of pallad.lum (0) catalyzed dlcarbonyla- )
tion of vinylic d:.bronudes, mde.r phase transfer oond.rta.on, "has been ]
presented. Whlle these products are formed in te.rt—amyl alcohol nech.um,
use of a less polar solvent - benzene - results J.n d:.yne as the najor
P rOduCt' . : .

The prooedures used to conduct the experments have also been
described in detail. o N



: CHAPTER I -~ *

Y

INTRODUCTION

o ,_Why metal carbonyls'-’

- Commercially available or rea.dlly synthesued transiticn metal

carbony.lsl /2 have well characterized bonding and structural properties’.
The carbonyl ligand can be removed by ligand substitution without
fonnmgany—s;dep;oductduetothefactthatcarbonrronmudelsagas
Metal carbonyl clusters may be utilized for carrymg-out reactions which
requ:ire miltiple metal sites 'and_also for generating highly dlspersed
metal part:.cles on refractory oxides. Thus far, metal carbonyls haver
been shown to catalyze reactions.which produce higher molecular weight
organic molecules via olefin and carbon monoxide inse;tionn4.

Can we use metal carbonyls as reagenes or catalysts for developing
new, useful and simple reactioﬂs in organic chemistry? In the field of -
organic synthesis, react.ions involvfng these organm‘etallics':l'zave
generally been effected in homogeneous medJ.a Recently, there has been
consxde.rab]ae interest in applying heterogegeous conditions to these .
reactions, the goals being the use of mild reactJ.on conditions and the
realization, in certgin instances, of different reacticn pathways in o

{camparison with the conventional methods. |
The present work descr:.bes some appl_icatims'of two such hetero-

. RN
.~ -geneous processes in metal carbanyl chemistry: A

A )

P
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1. the depoéition- of métal carbonyls on refractory oxides'. _
. R T :
(solid-liquid), and

2. phase transfer catalysis (Liquifi-liquid).

Homogeneous vs Heterogenedus Processes

A

Bench scale .processes to ccu;‘vert olefin to aldehydes-and alcohols
by hydroformylation were developed by using organametallic catalysts
soluble in the reaction medium (homogeneous catalysis). But these methods ~—
could‘ not be utilized as large scale industrial processes due to the.I ' |
folldwing problems associated with such cata{ystss
1. Separation and recox;;ry of the catalysts from the reaction
- ned:.um poses prob]tems.-‘ ‘
\2 Scme harogenecus catalyst soluticns are corrosive to the
o | reactors:
3. Often the catalyst-'s;rstems. are unstable.
at t.ures, ‘these dlsa.dvantages make :Lt;.unpractlcal to utilize
hcxrogeneous cata.lys:.s in spite of same benef:.ts mcludmg-
" 1. _H.lgk}l selectivity: the ability to produce pure prod;.ld‘:.s in
high' yield. o
2. Regulation of catalytic properties by variaticn in electronic
and steric properties by change of ligands or composition of - -
metal camplexes. . |
3; Reproducn.ble preparation of catalysts. : .

4. Effect:.ve control of the nature f active centers and well

J.nterpreted catalytlc cycles. The active sites are we]_.l
defined.



5. 'I‘I'xeyareactlvemﬁermldreactlmcoxﬂltmnsandusually

have all of the metal avaJ.LLable for catalys:.s.

One goal during the past twenty years was to find ways to canbme

the advantages of the heterogeneous and homogeneous catalytic systems by

means of immebilizing Highly active and selective ;nmgeneous catalysts
on organic an'd' ihorganic supports. '

Such attachment processes provide the follewing advantage56 '.7:

1.  Enhanced thermal and mechanical stability is imparted to the
catalytic system. -

2:_ The éétalysi: c_:han be ea;rily separated and recovered from the
reaction medium. In j:ﬁustrial. processes, packed and fluidized
beds are cc:moniy used for quick separation'of reaction products.
Emplqyment'of_an_innnbilized catalyst does not need any additional
change in the slystem per se. '

3, The equilibrium between the metal species and ligands are altered

and thus stereochemlstxyaromdthenetal atancanbechanged

4. "I'he catalytically act:.ve but normally unstable strug;ures can be -
StablllZEdB
3. Due to the bulk of the éupport, it is possible to generate

preferred orientations in the catalysts.
6. The heterogenecus catalysts are known to be active for variocus
types of reactions including large-sgale processes.

k! It should be pointed out that heterogenecus catalysts have draw-
backs as well, such as: '



1. The industrial processes utilizing heterogeneous catalysis |
normally work under drastic conditions (at high temperatures
and pressures). This is undesirable in the present time when
ccnservation of energy is important.

This limits possibilities of designing new catalysts and

- 2. The active éof the support are not clearly characterized.
 improving upon them.
3.. Cbnfi.rﬁrent of the catalyst on the support may reduce its
accessibility and effectivenessy
4. Control of catalyst and ligand concentration on the support
may reguire specific cosndJ.tJ.on
5. .The mechanistic details of heterogeneocus catalysis are not
well understood.
Is it possible to strike a balance by mcorporatmg the attr:.butes
" of both these systems? The concept of hybrid catalysts e_volves fram
this idea 6f the preparation of "an ideal" catalyst and the pursuit to

achieve it imparts an impetus for new research in this area.

Classification of Supported Organcmetallics

Supported organametallics may be classified9 based on: I. type

of immobilization, II. type of support or III. nuclearity of attached
camplexes (Table 1).
N . -

ﬁtportant features of different types of reagents under the pre-
‘ceding heads are ocutlined along with the exanples of their usage.



Table 1. Classification of Supported Organometallics.

I. Type of Immobilization'
(1) Complexes in tha volume of a matrix
(2) Complexes on the surface of a matrix
A .in a non-volatile :c.olve;it or as a melt
B withtut chemical bonding to the surface

C withchenﬁcalbondi.‘néor‘xtl'xesurfaceA

. j"
II. Type of Support )
(1} Organic poly;rer .
(2) Inorganic campounds functioning as anchoring sites
III. Nuclearity of Anchored Conplexes
‘ (1) 'Moﬁgnuclear
(2) Binuclear camplexes or clusters with a known.number ;>f
metal atams
(3) Polynuclear species with an indefinite nmumber of metal

atoms ' .
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I. TYPE OF IMMCBILIZATICN

(1) Complexes in the volume of a matrix

Organcmetallic' camplexes can be incorporated in the volume of a
matrix, which is itself insoluble in the reaction medium. For example,
polymer gels have been utilized for stabilization of dispersed metallic

partibleslo. Such catalysts are active for ethylene polymerization and

olefin dimerization’’*l, on the other hand, transition metal organo-
metallics can be sandwiched between the layers of inorganic materials
having layered structures (mica type silicates, graphite or dichalcogen-
ides). In analogy with this is the reparted activity of lamellar ‘campounds
of metals with grapl'site12 towards dehydrogenation, ammonia synthesis and

the Fischer-Tropsch process.

- {2) Complexes on the surface of a matrix

o

Generally complexes are anchoréd on the surface of a matrix having
a large surface area and sufficient pore size for allowing the diffusion
of reagents to the catalyst. Surface immobilized caplexes can be
further subdivided based upon their interaction with the support.
(28)  Camplexes on the surface of matrix: in a non-volatile solvent or
as melt ‘
The pores of the support are £illed either with a solution of an

organametallic camplex in a non-volatile solvent >

or the active camponent
is added in a-molten state to‘prepare this supported liquid-phase
catalyst. At present, a melt of vanadium compounds on silica is used for

the oxidation of 302 to 50314.

/
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(28) Complexes on the'sur‘fa.ce of the matrix: without chezm.cal bmdjhg
to the surface .
This class qf catalysts can be prepared by mixing a solution of
fhe camplex with the support which does not contain anchoring sites,
followed by removal of the solvent and activation of the catalyst™

Hydroformylation of p::opyle'ne16 and carbonylation of methanol’’ have

been carried out by employing such catalysts.
' Grinding the metal carbonyls with the inorganic support 4in an
inert ‘atmosphere can be used for impregnating the support but the heat

generated during grinding can lead to the decomposition of the metal

carbm1y13 .

The second method of preparing this type of c;ataiyst is by reacting
adsorbed metal with ligands or organdretallics to prepare the organo-
metallic reagent in situ on the surfacels. Ziegler i\!atta type catalysts
(made from titanium chlor;de an sil;i.ca and its subsegquent reaction with
organcaluminum cocatalysts) are highly active in olefin ;blynerizatimlg.
' In'.yet another method, metal carbonyls can be sublimed cnto the
support in a flow of inert gaszo. ‘ ‘

(2C) 'chrple.xes on the surface of the matrix: with chemical bonding cn
the surface

Supports having ligands (L) on the surface are reacted with the
metal (M) to form [S] + L-M-X type complexes, where X represents ligands
-not codrdinated to the surface. Such campounds may vield a wide variety
of catalysts as the metal 'and both types of ligands can be varied. This
appfoach nﬁy result in "an ideal” catalyst if all metal atoms are ‘

»
i



converted to homogeneous active centers poss&ssing'the same properties
and which are regenerated after each catalytic cycle. '
Insuchqarplexes,thestructureofthej:nitialhcrmgeneous
catalyst is most likely maintained . .
Complexes on the surface of a support can be innobilizéd by using
organic o ihorganic functions as anchoring sites.. |

II. TYFE CF SUPPORT

(1) Organic polymer . : .

Both synthetic and ﬁatu:;al polymers have been used as matrices to
anchor organometallics. Among them, crossli.rﬂ::hed copolymers of styrene

and divinylbenzene stand ocut as the most camonly used polymers. The
arcrmatic fing of styrene can be easily functicnalized and that in turn
can serve as ligands to anchor the metal complexes®. Various function-
alities havebeen reported for anchoring the active complex on such
cdpolynerszz.

Functicnal groups can be -introduced also by grafting prefunctjon-
alized side chains on the main polymer®>. The third method of cbtaining
functionalized polymers is by copolymerizing nonomers carrying functional
mzz;_ _ _ ' ‘

Straight chain polymers are soluble, but crosslinked polymers do
not disslve in the reaction medium. The rigidity, flexibility and
swelling capacity is related to the degree of crOsslj_rﬂdngzs.

| As the swollen crosslinked polymer is a dynamic env;i.rormentzs,
- the variation of ligand to metal ratio can alter the concentration of

the camplex and thereby its catalytic properties. Such a phenamenon

- -



has been observed during hydrofoﬁrylatioﬁ of olefins by rhodium tri-

phenylphosphine complexes on supportszs. It was found that the yield

of normal straight chain products increased by increasing the surface
phosphine:rhodium ratio. The reasen for this has been attributed to h;:he
mobility of the low crosslinked polymer chains. The phosphine. ligands
on its surface fill the coordination envircnment of the metal and thereby
preven£ it from béing coordinatively uﬁsaturated and thus the reactivity
of the cdmplexes is reduced.

The mobility -and flexibility of the swellable polymer may deacti-
vate the catal‘ysf: due to polycoordination. By employing inorganic |
s@mrts such deactivation c¢an be prevented.

(2) Inorganic campounds functioning as anchoring sites

The matrix surface of inorganic supports is rigid and this prevents

many surface functionalities from entering the site of coordination in

an anchored camplex. Normally only one or two ligands serve as anchoring

sites.

The added advantages of using inorganic supports cover polymer

supports are: '

1. Most inorganic oxide supports in‘here.ntly possess surface
groups for anchoring metals. Surface hydroxyl groups or
siloxane bridges directly react with carbonyls and immobilize
them by binding them to the surface.

2. The thermal stability of coaplexes on inorganic supports
depends upon the stability of the ccxrplex itself, which may

27

be over 300°C in some cases ,wi'lereasthethennalstabiiity
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6f polymer supports (macrareticular re.sins) is only about
160°C. The andmorﬁmg process on inorganic supports enhances
the thermal stability of the organametallics per se. ’
3. Methods for iarge—scale production of inorganic supports with -
« the required surface area and pore volume are available. Due
to their fixed surface area and pore volume, inorganic supports
nomally have stable diffusional characteristics?’. In con-

trast, polymer swelling may be varigble under different reaction

conditions and this may make it djfficult to control its
Qiffusional properties. |
Oxide supports are most the inorganic substrates.
‘Camplexes are immobilized on them (1) by binding directly to the surface
hydroxyl growps, (ii) via formation of a hetercatomic metal-metal bond2e.
éaretimes, undesirable side reactions may occur on the surface c_>§ oxide
supports To overcane t_lais, the surface hydroxyl groups are made lipop—
hilic by silylation®® and thus the desorption of products from the
surface is e.nhanced without reducing the catal;rtic activity. This
approach is found 'in gas chramatography. (iii) The third approach is
by using organic functicnalities as anchoring sites.
i Clearly, hamogeneous catalysts bound to silica or alumina are
better than those supg‘::orted on organic polymers. However, the potential
advantages are offset by more serious problems involving synthesis and

characterization. As a result, silica is less frequently used as a

rt30
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TII. NUCLEARITY OF ANCHORED CI.‘MPLEXES' .
(1) Mononuclear ' -
/ Most of the studies reported with immobilized catalysts have been
carried out with mononuclear camplexes. When such canple:anes react with
other reagents, the resulting intermediate species (Fig. 1)31 generated
is similar to that obtained from soluble mononuclear complexes. The.re—
fore, mononuclear supported camplexes have the potential to catalyze
reactions known to occur using s_glul;le ccmplexesz. . h
Organcmetallics which do not solubilize in the reaction medium
or cannot be generated in l'mogene;ous media are conveniently employed on
solid supports. One cbvious limitation of such a catalyst is that those
reactions which require the formation of different types of intermediate
species (Fig. 2)3l and need the participation of more than one transition
metal cannot be realized with mononuclear anchored coamplexes. -
(2) Bimuclear complexes or clusters with a:known number of metal atams
Binuclear complexes have two netal atoms which may be linked by
metal-metal bonds or by bridging atoms. On the other hand, clusters
possess three or more metal atoms which are bound to each other by metal-
metal bonds in a polyhedral arrangement. |
Anchored Bmuclear camplexes are prepared by (i) supi;orting
individual binuclear camplexes on the surface, (ii) reactmg an anchored
mononuclear complex with another suitéble camplex in solution. An example

of the former approach is suppart of CpNi(CO)2 on unmodified silicag.
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Functionalities formed by the reaction of various
reagents with mononuclear ccaplexes (Ref. 31).
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" The anchored binuclear camplexes a‘?re impartant because they make
it possible to activate two different reagehts sinulﬁaneously-or different
parts of a single reagént molecule by utilizing the . ooprdinati’m' spheres
of two transition elements at one instant. '

Similarly, anchored clusters gain importance as they can activate

. different parts of a molecule or different reagents on their miltinuclear

active centers. Furthermore, clusters are useful models for stmiyi_ﬁg the
adsorption and catalytic activity of various reagents on metallic sur-
face532. It has been s}mn by Mn.lettt-zrties31 $33 that intermediate species
(Fig. 2) generated on clusters are the same as those obtained by adsorbing
the reagents on metall:.c surfaces.

As an mprovemant over m}lonuclear anchéred complexes which do
not catalyze the hydrogenolysis of the carbon—carbon bond, soluble
clusters can effect hyd.rogenoiysis of acetylenes, olefins and carbon
menaxi de33,34-.

The clusters in solution may. be regarded as poiscned metallic
particles due to the saturation of its coordination sphere by strongly
bound ligands>?. The activation of such soluble clusters by increase in
temperature may lead to their agglameraticn instead of generating new

coordinatively unsaturated centers. The limitation of soluble cluster

'canplewascanbecvercarebyanchormgtrmonasurface. On heating

the clusters bound on a surface, their coorch.natlon sphere can be acti-
vated without any interaction among themselves and possible agglcrre.ration.
Individual cluster camplexes are anchored directly to prepare

surface polynuclear cmpounds Various metal cé.rbonyls le.g., Fe3 (CO) 1235,



Co, (C0) 1,° and carbonyl clusters of rhodium with various muclearity>’]
have been immobilized. However, the initial nuclearity of the cluster
onasupportmychangeortheclustermyevenfragrmtmd_erthe .
reaction conditions. The second method of prel'aaration of surface poly-
nuclear clusters has been reported in the preparation of polynuclear
pallad:.um camplexes an silicag.‘ In this method, metal atams are intro-
duced one by one in successive steps until the desired number of metal
atams have been incorporated.
(3) Pol}t.uclear species with an indefinite number of metal atcms
Surface polynuclear spec:.es w:Lth an indefinite number of metal
atoms are normally obtained by decarposmg group 8 organmetall:.cs an
cxide suppprts. Such catalysts contain highly dispersed part:l.cles or
species which are stabilized by interacting with_the surface functicnal-

‘ities.

RE/Pt/Si02 is prepared by reducing anchored rhenium (III) alkoxide

to form low valent rhenium first, followed by its reaction with platinum
campound. Such supported catalysts have been shown to possess higher
catalyst staléility and yet are useful in petroleum refining at lower

pressures V4

The preparation of functa.onallzed polymers, and its propertles,

have been recently reviewed24. The nature of inorganic supports, namely

R ¢

‘-,
-

silica and alumina, will now be considered.

Nature of Silica ' ~-

The physical and chemical nature of the silica surface has been
39-41

studied for sometine .'I'herearet'l'lreekindsofspeciespresentdn'.

+
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the silicaL surface (Fig. 3): |

(i) 1isolated hydroxy (silanol) groups

(4i) pairs of hydrogen bonded silanol groups; and

- (4ii) siloxane bridges. v

The vicinal hy&oxyl pairs (ii) are less reactive than free
silanol groups (i), which are belfeved to be the principal sites at
which the silica surface rr;ay be fmetJ.onallzed Maximum concentration
of such groups as (i) i; roughly cne per‘lOOSB on a surface area of
300 m* per gram. Silica has a large surface area, rigid matrix and is
thermally stable. .

Nature of the Transition Alumina Surface
42,43

éoth n- and y- alumina , commonly te.rmed as active ér transi-
ﬁm alumina, have a cubic closed-packed lattice of oxide ions. n-Alumina
differs fram *r-almm.na because it has a more acidic surface and exhibits/
higher catalytic activity in many reacticns. ]

The lattice of both forms is related to spinel, MgAl,0,. The
arrangement of ALST ions among the octahedral and tetrahedral sites of
the unit cell, just below the surface, is not clear. Nevertheless, the
x-ray diffraction pattern shows that its lattices are strongly disordered.

Activated: aluminas are widely used for adsorption and catalysis
where their large surf_ace area, pore structure and surface chemistry
play an essential roie. They are cobtained from various hydrated aluminas
by controlled heating so as to remove mostnof the water of coamposition.

On heating alumina-up to 200°C, all water remaining in it is in the form

of hydraxyl groups 2. On heating above 200°C, the hydroxyl groups are
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gradually expelled as HZD’ but some hydioxyl groups remain on the surface
' . . [ 2
even after heating to 1000°C. Therefore, the alumina surface contains
some mixture of oxide and hydroxide ions along with coordinatively
3+ :

A

unsaturated Al
. The surface of alumina possesses both acidic and basic sites.
Alumina can act as a base towards Lewis acids or electrophiles, e.qg.,

adsorption of CCZ forms bicarbonates and carbonates on the surfac'e45.

Due to its acidic character, alumina reacts with bases like pyridine
and ammonia. An IR study of adsorbed pyridine has been reported to be

useful for the characterization of different Lewis acid sites present on

alumina®®.  similarly, carbon monoiide chemiadsorption studies®’ indicate

the presence of two kinds of acid sites on both n and y alumina.

Reaction of Metal Carbonyl Compounds with the Surface of Alumina: A
Reaction Model :

Based upon the available published work on transiticn metal
carbonyls supported on oxide surfaces, simple reaction models have been
developed by Brown’®. His model can explain the adsorption of metal
.carbonyls on alumina and can successfully interpret various types of
ch;anical reactions cbserved for these adsorbed s;:ecies. The proposed
‘I‘quothesis is based on an interpretation of the reactions chsexrved on
solid surfaces as campared to the chemical behavier of analogous organo-
metallic species in solution. |

The highlights of this study are:
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The mononuclear species r-b(OO)3(ads) formed by decarbonylaticn
of Pb(CO)G/Al203 at 100°C is stabilized on alumina due to strong
interaction between the terminal carbonyl with a coordinatively

unsaturated Al3+ site on the surface49' 50.

+
Al

N1
M~
. l
O/ O\O
Such interaction requires that steps and other irreqularities
exist on the surface of alumina.

The mcbility of metal carbonyl fragments on the oxide surface is

due to the relativeljr facile cleavage of the M-0 linkage as. com-
51

pared to dissociation of CO”~. After a metal-oxy bond is ruptured,

the resultmg unsaturated a.nd the surromdmg CH or axide group

thenactsasadonortowardthemetalcermer Thlse:@la:.nsthe

52, 53

formation of Rh6 {CO) 16 from adsorption of Rh4 (_OO) 1p On alumina
and Fe, (CO) ,, from Fe(C0), in HY zeolited?.

Mechanistic details are glve/nh to explain o, and H, formation.
Carbon dioxide is formed via nucleophilic attack of a surface
hydroxyl at the metal bound CO [e.g., in Fé3 (C0),,] followed by
5 to afford HFe, (00)1155. Hydrogen formation is:
accampanied by oxidation of the metal center. This oc:c;urs via
oxidative addition of surface hydroxide on the metal®® followed.
by reductive elimination of hydrogen. |

Detailed mechanistic schemes are presented to account” for hydro-

carbon formation fram H2 and CO and under tenpera"curé programmed
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>

thermal decamposition (TPDE} of brb(CO)3(ads) in hydrogen or
helium flow. These reactions involve the intermediacy of Mo (IV)
alkylidene species which accounts for the olefin metathesis
activity ' observed by supported molybdemm carbonyl.

Studies of Metal Carbonyls on Inorganic Supports

A sumary of selected publications on transition metal (Mo,Fe,Co)
carbonyls, immobilized on inorganic support is presented in a tabular
form (Table 2)°° 79, |

It is evident from the Table that attempts thus far to utilize
these carbonyls on supports have been made for metathesis, poly;re.rization,
hydrogenation of olefins, and hyd:cocarbonl production. The use of Mo (C0) o/
-Sio2 as desulfurization reagents and Co2 (OO)8 on modified silica for |
olefin h,yi:]rofom‘glation arg the only other examples reported which are
of synthetic importance. |

79

Since a review ~ on the subject has already appeared, the following

is a brief account of developfrents in this area. ' -

Immobilized Group 6 Carbonyls
Chromium

Temperature-programmed decamposition studies by Brenner ara:cl-Hucu.‘L8Q
show that complete decarbonylation of Cr(C0), on alumina ’f’eqliired temp-
eratures of more than 300°C. The extent of decarbonylation depends upon
the temperature of activation.. On heating the carbonyl at low temperature,
only carbon monoxide is lost but on i;xcreasing ‘the te.u@erature the

remaining carbonyls are eliminated along with hydrogen fram the surface.
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This suggests that the metal is oxidized during high temperatire
decarbonylation. '

The adsorpticn of 'NO on ‘Cr (o) 6/.25..'1.2'03 forms the same species as
that formed on conventicnal chromia-alumina catalystsor. Infrared and
electron .paramagnei-:ic rescnance (EPR) s*l:ud.i.es82 by Kasusaka and Howe
demonstrate that the displacement of CO by NO and oxidation of Cr(0)

3

to CI2+ and Cr * occurs, when catalysts are pretreated at 25°C. Treatment

of the catalyst at higher temperatures results in the oxidation of

Chromium due to reaction with surface hydroxyl groups and subsequent

2 3

+andCr

Cr(CO)6 gives similax resultssg.

reaction with NO vields Cr * nitrosyl species. Silica-supported

Little work has been carried out to utilize the immobilized

60,61

&'(CO)G. Ethylene can be polymerized by catalytic amounts of

Cr(C0) 6 o0 alumina or silica—~alumina at 121-127°C and propylene can be

hydrogenated by Cr(CO) /AL,0; at 195°C°.

Molybdenum .
Howe, Davidson and Whan'> have reported that activation of Mo(CO) ’

. on a support leads to decarbonylation, the extent of which depends on the

abundance of hydroxyl groups cn the support. The resulting subcarbonyl
species is stabilizéd cn alumina and magnesia but .not on silica. They
postulated that such catalysts can act as a source of Mo(0) which could
be oxidized to form catalysts-¥or the metathesis of olefins.

Infrared‘ studies of s;.zrface bonded 1’-’!0((':0)6 indicate that oxygen
can destroy the immobilized netal carbonyl as no adsorptions appeared in

the carbonyl region84. During this study, Davie, Whan and Kemball have



' pointed out that heating for .one hour to 100°C under vacuum is.needed
8

for propene metathesis aétivity. An x-ray photoelectran study 3 of

Nb(CO)G/Al203 provided evidence for the loss of carbonyl ligands during .
activation and electron parazrr;;lgnetic resonance :s;_:aectrosc:opy83 identified’
the oxidation states o-f molybderum during such activetion. It was then
confirmed that metal oxidation occurs during activation. This shows that
the active metathesis species is same oxidized form of Mo. Support out-.
gassing and'activati'on temperatures also influence the activity of
Mo (c0) 8. \ |

The temperature programmed thermal decampositicn (TPDE) study and
0 mass balance with temp_erature variation were carried out by Brenner

63r64'87'88, They found that treatment of Mo(OO)G on alumina

and Burwell
at 53°C gives Mo(CO)3 (adg which is not a good catalyst for propene meta-
thesis but at higher temperature loss of CO occurs and netai:hesis
activity increases-.: This study by Bremner et a187 shows that decarbenyl-
ation cccurs without hydrogen evelution at low temperature and a zero
valent subcarbomyl species is formed, whereas at high temperature, hydrogen
evolution is accamanied by a concurrent oxidation of the transition metal.

During activation of M:)(CO)G/AIZO fram -17° to 1000°C, the

3
original zerovalent metal is cxidized to Mo(6+\20. On using fully
dehydroxylated alumina, molybdenum remains in the zerovalent state. Mo

clustefs are shown to be formed similarly by Bowman and Bu.rwellm. These
clusters were found to be a mixture of Mo®' and MoQ) species in which

the delocalized charge is balanced by surface Al-0" groups.
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Supported MJ(CO)6 is active for isotopic exchange between an

alkane and deuteri 89. It can also polymerize ethylene and acetylene

as well as hydrogenate olefins®07®1. Dehalogenation® and desulfuriza-
£ion®® are other reactions which have been cbserved using Mo(CO) z/alumina
or silica.
Tungsten

Less attention has been accorded to W(CO) ;/AL,0; as compared to its
molybdenum counterpart. Infrared studiesgo of W(CC} 5L (where L=CO,PR3)
on n-alumina suggests that CO is coordinated to the Lewis acid center on
the alumina surface to generate an intermediate W-C=0-Al during the first
step of activation. This decreases the’ electron densiﬁy on tungsten due
to more (dm-pm)back donation of electrons to the m orbitals of CO.

The findings of TPDE studies performed by Brenner and I-Iucul9l

indicates that W(OO)3(ad9 is formed at 135°C, whereas W6+ is generated

at higher temperature (>400°C) on hydroxylated alumina. On a dehydroxyl-

ated support, only W(0) is formed. Immobilized and activated W’((JC))6

o
catalyzes netathesisgz’93, hydrogenation59 and polymerization of

olefins60 .

Imobilized Group 7 Carbonyls

Manganese

Shriver et alo reported that initial adsorption of Mn(Me) (CC;)5
on alumina is accampanied by methyl migration. The formation of the
resulting cyclic product needs both Lewis acid and base sites of the -

" alumina surface. Manganese carbonyl and TiCl 4 @s cocatalyst have been

impregnated on chlorinated alumina for the polymerization of ethylenegs.
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Fhenium
Activated rhenium carbonyl on controlled pore glass is useful

for selectively reducing the carbonyl functionality of &matura’tl'ed\

96,97

aldehydes to afford unsaturated aleohols A bimetallic reforming

ca.tal}[rst98 is formed on decamposing Re, ((:O)lo on Pt/l-‘xlzo3 under a

5and

hydrogen atmosphere. This catalyst shows more selectivity for C
higher hydrocarbons tha’.n the traditiocnal Pt-Rr-:/Iﬂxlzo3 catalyst in a‘hydro-

carbon reforming process.

Immobilized Group 8 Carbonyls
Iron

Based on their TPDE studies®” 1% of e (co) Fe, (C0) 4, and

5!
Fe3 (C0) 12 o alumina, Brenner and Hucul suggested that the chemistry of
surface bonded materials depends on the nuclearity of the carbonyl

initially employed. Later, Basset et aLSS

found that both F'e(CO)5 and
Fe,(C0),, on alumina or magnesia forms [I-IE‘e3COll]_ possibly via nucleo-
philic attack of the hydroxyl group on a carbon};l ligand.

Zerovalent subcarbonyl species are formed when iron carbonyls
on alumina are activated below 150°C, whereas above 300°C hydrogen
evoluticn is accampanied by the oxidation of iron. Brenner and Hucul
reported that alumina stabilizes the subcarbonyl species and prevents the
fomﬁm of a metal mirror on the surface because a wider- temperature
rangeisneededtodeoanposethecarbonylsasoanparedtotmsupported
carbonyls. ’

VIt is possible to prepare a more dispersed metal catalyst from
imobilized iron carbonyls than by conventional high temperature calcina-
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. : <
. Such catalysts are active for the hydrogen-

ation of olefins and for methane formationwov.

tion and reduction of Fe3+

. The decamposition of ircn carbonyls on a dehyd:onlated support
gives catalysts active in the Fischer-’l‘rébsch synthesis (180-270°C).
Such catalysts are more selective for ethylene and propylene production
as compared to those prepared by impregnat‘an with Fe(N03)372.

By decamposing KzFe (Q0) g o0 alumina and silica under a hydroge.n‘

atmosphere, a better Fischer-Tropsch catalyst is obtained73’ 74.

These
catalysts are unstable in an oxygen atmosphere. Carbon monoxide chemi-
sorption studies indicated that these K/Fe catalysts have higher surface
area than conventional catalysts.

A higher degree of dispersion is found on alumina than on silica.
Feq {e0)] 12/8102, activated at 100°C in He or Hy, is reported to be active
for 0 reduction. Guczi et al. decamosed Fe, {CO) 12 and Ru, {e0)] 12

together to cbtain bimetallic catalystsml.

Ircn carbonyls were put on zeolitesloza to cbtain a Fischer-
Tropsch catalyst but they are less selective for colefins as ocmpa.red to
those derived from iron carbonyls supported on alumina or silica. The
photochemical decamposition of Fe(CO) 5 in HY zeolite forms highly dis-
persed pyrophoric ironlozb.

On heating Fe(CD)S on pretreated graphite at 105°C, netallj:c iron
as thin rafts forms along the edges and steps of graphite™-. Prolonged

heating at 177°C causes sintering and produces iron carbides.
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Ruthenium

' Decomposition of Ruy (C0);, on alumina produces hydrocarbons’>*20%
At 180°C, methane is produced with 49% selectivity’2. The decomposition
of K2Ri3 (@), on n—JfJ;iT‘.ZO'3 forms highly dispersed ruthenium particles, ’
which gives 32% methane selectivity 3. However, these catalysts give |
higher conversion of carbon monoxide than iron or iridium complexes. The
degree of hydroxylation of alumina governs the extent of adsorpt.lon of

ruthenium ca:c}:aonyfl.s]'05 . '

Silica bonded Ru3(CO) 12 is active for olefin iscmerizaticn and
h},rt'].rocj.;e.natic‘.anm6
gives dispersed metal crystallites which are more active for the

. Ru4(00), on silica, after decarbonylation in helium,

reduction of carbon monoxide than those produced by reducing the anchoted

cluster in a hydrogen atmosphere. Guczim:L suggested that metal agglomer-

ation 1is prevented by the carbon content of the catalyst. //——
- 5 /
Hydrocarbons are formed on decamposing 053 (C0) 12 anr:}/Os6 (Oo)l8
75,104

on alumina thermally . Os3(CD) 12 ©n alumina is active for the

reduction of carbon monoxide whereas '(_353 (CGHB) (_CO) 10/A1203 catalyzes

the Hydrogenation of ethyle.nem?.

' Oxidative addition of the surface hydroxyl of silica on Osy ((_30)12

yields‘HOs3 (30),,(081i%) at 200°C. This catalyst shows 85.5% methane
selectivity in Fischer-Tropsch processes72. ‘
A \;ariety of anchored metal carbonyl clusters can be formed by

immobilizing the cluster on fimcticnalized inorganic support‘s, e.g.,

H,0s, (C0),, reacts with phosphinated silica to afford [Si] -0-5i~C,H,PPh,



" phosphine camplexes catalyze the hydrogenation of cycledodecatriene

studied by Smith and g:a-m:kers

-20-

9] . Although this catalyst is inactive for the hydrogenation
108

[H20s3 {CO)
of olefins, it does isomerize l-butene
Cobalt | |

There has been little investigation of species obtained fram cobalt
7
carbonyls on inorganic supports. Albeit Co, (Co) 12/ZnO is less active

for the hydroformylation of olefins than supported rhpdimn catalysts, it

is more selective for normal aldehyde formation ©’2%%. catalysts cbtained

£rom Co, (00} on silica show activity for the synthesis of saturated
hydreocarbons (Cl_CBO) from synthesis c_:,fasll0 '

Alumina is reported to be a more reactive support for the decarbon-

ylation cf cobalt cadrbonyl than silica or NaY zeolitelll.

_ Dicobalt-octacarbonyl forms a mononuclear complex when anchored

to silica through a cyclogentadienyl ligande. Anchored cobalt carbonyl
77

Photochemistry of surface confined [S]+Co(CO} 4 has' been studied by
112

Reichel and Wrighton™". Their heterogeneous photocatalysts give the

same product distribution as analogous homogeneous precursors, but the
oxide supported reagent is more easily isolated and handled and is more
durable than R,SiCo(CO),. % S

Rhedium

Immobilized rhodium carbonyl on y-alumina and silica has been

2 they reported: that Rh (C0) ;¢ is ‘

adsorbed physically on 'Y-alumina under a CO atmosphere, and exposure to

o:qgen results in the evolutlon of carbon dicxide and format:.on of small
meta.‘l. aggregates at the surface Decarbonylated Rh (CO). 12 ©F hatco)



O
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on alumina, on exposure to carbon monoxide generates Rh (CO):LG/.M2 3
The rearrangement of th (C0) 1o ©n silica or n-alumina to Rh6 (CO):L6 is
retarded by carbon monoxide, nevertheless it indicates a high surface
mobility of zerovalent rhodium carbonylSB.

RhG {Co) 16 loses its molecular character and is axidized when.

. Supported on alumina or magnesia but it can be stabilized on finely

divided silica. Rh6 (CO)lG/SiO2 is not decarbonylated at room temperature
but on rapid heating such decarbonylation is observed. Silica bonded

clusters of Rh, (CO),, and Rh(CO) ;. can be oxidized to (RH (C0) ] species

at 100° in the absence of water53’113’ll4.

Ichikawa > % studied a variety of supported rhodium carbonyls

. . . , 2—
[Rh, (00)12, Rh, (O} 16, Rho (CO),, and {Rhl3(CO)23H2_31 ] surface bonded

to Ti0,, 2r0,, Th0,, Ce0,, La,0,, 0, Mg0, BeO, Al 0., Si0

2 27 2f 2737 273" 2'
activated carben for the reduction of carbon monoxide with hydrogen and
76 ’

Ca0, and

olefin hydroformylation The catalysts suppoz_'ted on Zn0, Bed anc:i', Cal

115

favor methanol formation The use of La.0 2, Zr02, '1'1102 or

Y3 T
Con2 results in the preferential formation of eth;:—u'xoll16 - 117 over methanol
but Al,0, and $i0, yields mstly'netl'mnells.

Anchored Rh6 (CO)16 has been shoyn{ to be active for olefin and

alkyne hydrogenation as well as for iscmerization and Fischer-Tropsch

synthesisllg’lzo'n. Catalysts prepared from monophosphinated silica

are effective for the hydrogenation of be.nzenelzl.
Iridium |
The surfaoe dlemz.stzy of Ir, (CQ) 12/A12 3 and SiO2

stud:.ed by Howe et al37 122 123. Similar to other metal carbonyls, the

-
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carbonyl is initially physically adsorbed onto the surface of hydroxylated
aluminal®?, Decarbonylaticon occurs on heating under reduced pressure
and on prolonged heating (at 350°C) iridium crystallites are formed> 23,
Ir, (CO) 12 o0 silica behaves similarly. Immobilized Ir, (CO) 12 has
been utilized for the hydrogenolysis of paraffins and in Fischer-Tropsch
chemistry. Supported KIr(CO), after reduction also exhibits catalytic
activity in the Fischer-Tropsch process >4, '
Nickel |
As eérly as 1965, Parkynslz4 proposed'that at MrtmraMe .
Ni (CO) 4 initially adsorbs on alumina, decomposes on evacuation to small
carbonylated metal cl;.tsters, and rapidly reacts with oxygen. Silica is
less effective in catalyzing such decamposition and 'oxjdation. ' <
The surfacé chemistry of Ni(CO) 4/A1203 was investigated by
Bjorklund and Burwelll?. " They reported that on partially dehydroxylated
alumina, carbon monoxide, hydrogen and carbon dioxide evolution ’occurs,
while no hydrogen evolution or metal oxidation is found on deltydroxylatgd
aluminas Supported nickel alkyl-oligomerizaticn catalysts have been

prepared on Y-aluminal% .

on anchoring nickel carbonyl to phosphinated silica™®’, its
stability is enhanced. Heating to 2:20°C is required for camplete
decarbonylation of the anchored reagent prepared from Ni(CO) o
[Pth (CE-Iz) 551 (OC;sz) 3], and silica.
Platinum - - '
Metal crystallites obtained from platinum carbonyl cluster anions

catalyze the reduction of carbon 4wonoxide with hydrocgaenl28 and the

o L



\
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129 of n-hexane to methylcycl

128,129

dehydrocyclization

Thermal decomposition Lof [Et,N)[{Pt,(CO) 6}n]2_(n=1—5)
on v-alumina, silica, Zn0, and Mg0 in vacuo or under H2 or Be forms .
catalysts which show a higher rate of OO conversion and greater alcchol

selectivity as compared to conventional platinum catalystslls.

Immcbilized Bimetallic Carbonyls

Cataiysts derived fram Co,Rh, (CO) 15/21,05 are more dispersed as’

273
metal particles when compared with materials prepared by conventipnal '
(cobalt nitrate and rhodium chloride) method >'. The bimetallic carbanyl
is initially adsorbed on y-alumina with loss of bridging carbonyls; the
remaining carbonyls are lost when it is heated. Dispersion is enhanced
in oxygen as compared to"nitrogen. This suggests that oxidative decarbonyla-
ticn o&:curslBO’lBl. © The catalysts are better than conventionally pre-—
pared Co or Rh catalysts for dehydrocyclization of n-hexane™>'. It is
suggested that the cobalt monolayer is formed on a rhc;ditm enriched
ratrix at 220-320°C. The same catalysts were shown to be more effective
for hydrogenolysis than their silica couriterparts due to the higher
surface concentration of rhodium on alumina.

Rhodium ccbalt carbonyl catalysts on Zn0 are useful for hydro- -

fonrylation76 ,109 .

whereas linear isamer selectivity increases with
cobalt content, specific activity decreases in the following order:
Rh, (CO) 12 > ha(Co)-z(CO) 12 > RhCo3(CO) 12 > Co4(00}12 due to a decrease

in rhodium conterét.
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The bm'etalllc clusters HFe Oo (CO) 12 and Cc>2 Rh2(CO) 1p were

132 to generate mixed metal crystallites. Mossbauer '

used by Kaesz et all
studies of iron—cobalt carbonyl on almrd_na indicates the presence of
oxidized iron on the surface and ESCA stud.les of supported cobalt—
rhodium carbonyl do not show any surface cobalt. .
Fragmentation of the surface bc:nded clusters during activation or
poisoning of the group 6 metal atom by carbon from the cyclopentadienyl
ligand is posulated to be the reasof; for a lack of mprcvenent in the
activity for CO reduction on using (o= gHs ) W0s tOO)le and (n —CHg)MoOs

1ot instead of Os 0, on alum:.nal33. Finally, anchored

3
(C0)

[HAUOS (CO)lOthPSl(d/ 0si] is found to be inactive for the hydrogendtion

of propylene but it can iscmerize l-butene at llO‘“C]‘D8

Liquid-Licquid Phase Transfer Catalxs:.s

At times, chemists carry out reactions using orgamc compounds
soluble in an organic solvent, with water-~soluble reagents. This is done
by increasing the rate of such two-phase reactions by rapid agitation

(Uit.rasov.md134 has been employed recently), the use of appropriate mutual

135 or by addition of a catalytic amount of a reagent which can

- selvents
transfer‘\the water-soluble reagent to the organic phase. A hamogeneous
reaction can then occur in that phase.
.The last process is called phase transfer catalysis (PIC). These
reactions are run in an agueous—corganic two-phase system with an
ammonium or phosphonium salt or crown ether as the catalyst. For solid-
p

K .
liquid two-phase systefs, crown ethers are the catalysts of choice.
N
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Phase transfer reactions are usually mild and facile and subsequent
workup is easy.

-This technigue is-not new in itself. Examples were reportedl36

as early as 1926 but it gained recognition when Makoszan? published his

138

‘work and Starks proposed the mechanism of nucleophilic substituticn

under phase transfer catalysis.

Scheme 1
Aquecus R4N+ X + OH -+ R4N+ OH +X
) . + - + + -
Organic R4N sub/i H20 R4N CH + H sub
R4N sub + R'X -+ R'sub + R4N X =
{- - N
Anicn exchange of a water-soluble quaterna.ry ium salt

generates the quaternary ammonium hydroxide which can deprotonate the-
organic substrate (H ‘sub) in the organic phase. The hamogeneous reaction
of this ion-pair with alkyl halide regenerates the quaternary ammonitm

salt and fozms R' sub.

139 144 145,146

There have been several reviews and bocoks which

describe the usefulness of\this technique. The recent appllcatlon of
phase transfer catalysis to organcmetalllc chem:.stry has also been
147,148 -

The following is a summary of developments in three areas of
’ ° . .

-

organcmetallic phase transfer catalysis:

I. Organcmetallic synthesis

- II. Stoichiometric organic reactions, and

III. Catalytic organic reactions.
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_I. ORGANCMETALLIC SYNTHESIS . ' ‘

1. Ligand Substitution e

; Under phase transfer catalysis, hydroxide ion attacks the
carbonyl ligand of a metal carbonyl to form a [M(CO)nC(=0)0ii]_'inte:-
mediate. It was reported that this hydroxycarbonyl ligand can make a

¢is OO group more labilel49. Darensbourglso investigated this point

and concluded that the tendency for carbon dioxide elimination and M-H

bond formation is reduced when the metal is electron rich. o
One or more ligands of a Group 6 metal carbonyl can be 'substituted
by nitrogen, phosphorus and arsenic ligands to form the product

M(C0)_Lx in 51-94% vyield™}. similarly isonitrile substitution provides

an efficient route to the monosubstituted carplexesls 2.
Bridging hydroxo‘ complexes of platinum are synthesized via KOH
and crown ether catalysis from bridging chloro camplexes. " Such halide

displacement is shown for a phosémnzs donor ligand cycloplatinated
. A .

complex in which internal crown ether moiety encapsulates the sodium ion

153 .

e

to enhance the nuclecphilicity of the lOdlde anion
2. | P;re_ne Complexes ‘ -

The first applicatican of phase transfer catalysis in organaretalllc
chemlstry was reported by Alper and DesRocl‘mas15 . Bnploymg phase
transfer catalysis enables cne to synthesize sulfur-donor ligand ortho-
metalated complexes within an hour and in good yields. These complexes

are of use in organic synthes:i.slss. - ' v



. =36-

-

x . Ph -

- . H-C - ' )
| PRCH,N (C,H) 5701 Fe —Fe(C0) , '
Ph.CS + Fe,(C0),, + 2N NaGk S ()
30 min, R.T. 70%

3. Diene-Iron Tricarbonyl Complexes: Dibramocarbene Insertion

. Generation of dihalocarbenes from haloform under phase transfer

134

N condition is well-known " . These in situ generated carbenes can insert

into a saturated C-H bond of a 1,3-diene where the double bonds are
protected by complexation of iron tricarbonyllss. Dibromomethyl-
substituted canplexes, the reaction prodﬁcts, are of genuine utility in

‘organic synthesis because they are convertible to dienals where the

/ diene is not conjugated to the aldehyde function.
o CHBr,NaOH, e I CHO
(CQ) JFe ATigamt 337 (C0) JFe —‘H;)_—) (C0) JFe
. CH2C12 .
Me3N-+O

’ 4. og- and 7-AlIyTComplexes h

Allyl bromide reacts with a stoichicmetric amount of Coz(CO)8
undef phase transfer conditions to generate w-allyl cobalt tricarbonyl
camplexes in fine yields. But this method is not applicable to other
metals, e.g. Mo, (C0) 19 Fave only 20-30% yields of products. Gibson et

al.157-159

reported that the reaction of metal carbeonyl halides with
allyl halides under phase transfer catalysis provides an efficient route
to the synthesis of 7n- and cr.-allyl camplexes of manganese, molybdenum,

iron and ruthenium.
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+ -
PhCHzN (CZHS) 3Cl
Mn(CO)SBr + C3HsBr CHZCJ_eraOH ) Tr-C3H5 Mn (CO) 4
Sh” _ 80%
-Br ,~0
0—allyl and benzj:l camplexes are alse formed in scme instances.
5. Clusters (
Cobalt carbonyl reacts with carbon tetrachloride to afford

160 oeher tri and tetrahalo-

16l

alkylidynetricobalt nonacarboryl complexes

alkanes form analogous carplexes. These novel camplexes  —, possessing
L5 - -

a carben ataom in an unusual environment, are interesting in themselves.
cl

i
P . C ‘ -
PhCH..N (C.Hz) 2C1 / N
N5 3
2 N _ ‘
cc14+c<?2(c0)8 SR ReoH T > (CO) y— Co | Neo (CO) 4

H
2h , Rc:.Ts- \(l:o/ )

—Cc::Cl3 ,—7C0 _ . (CO) 3

IT. STOICHIOMETRIC ORGANIC REACTIONS
1. Nitro Camounds
The reaction of triiron dodecacarbonyl with nitroarenes under -

phase transfer catalysis produces the corresponding anilinesgin 60-92%

15162
yield™ " Fe,(C0) 4,
+ -
Ay . . k
b o PhCH,N (C,Hc) €1 work up
riOy IN NaOH, C.H, ° HO Aty

-N2 ,~R.T., 2h

Hydridoundecacarbonyltriferrate anion H Fe3‘(CO) ll- was proposed

to be the active species in this processl63. Recently, Alper and

I}anu.xice]'?’4 successfully trapped and characterized this species as a bis
(triphenylphosphine) iminium (PPN) salt. They showed that this reduction
can be effected with a catalytic amount of fluoride ion instead of

aqueoﬁs sodium hydroxide.



Phase transfer catélyzed reaction of' nitro campounds with
Feg ((:O)‘l2 under carbon monoxide atmosphere forms amines and organcmetallic
complexes (RN) Fe, (C0) g and (RN),Fe, (C0)¢ in small amounts >,
However, catalytic amounts of ruthenium carbonyl under phase

transfer condJ.tJ.ons is able to reduce both arcmatic and aliphalic nitro

campounds t_p amines in a carbon monoxide atm:::spl'x;ere]‘66
3(CO) 12 +
PhCH N(C2H5)3 :
R NO., ¢ —> R NH
2 NaCH, C 6 6 Hzo 2

'i '
With (Ph3P) 3RuCJ_2 amines are formed in higher yield under a

"y and H2' atmosphere than in ether 0, H2 or N2167. -
2. Halides
Tron pentacarbonyl under phase transfer conditions converts

benzyl bromides to ketones. Bydrocarbons are formed as lcm- yvield by-

products, when the coricentration of the base was h.1.gh168

(C4H9)4 N Br
P—CH3 CGH CH Br + Fe (CO)5 NaOH, C6H6

(P=CHLC 6H4CH2’2C° _

-+

P—CH3C6H CZ-I3 .

Tt is believed that tetracarbonylferrate Fe (CO) 42—‘ is formed §
when very concentrated (33%) sodium hydroxide 1s used, whereas on
employing the base in low concentrat.a.on (2%) HFe(CO) 4 .is generated

Nmetheless, He (OO) 4 has actually been isolated -in small -amounts on

‘reacting ’f‘e{CO)5 with st:ong sod:mm hydrox:.de (SO%) under P’I‘C:L69

— 0

A}
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3. Thicbenzophenones

Cyclopentadienyl metal carbonyl anions of Mo, W or Fe react
with thlobenzophenones under phase transfer catalysis to afford fulvenes
in 30-50% yields'’®. Sodium hydroxide and CycH N(CH,);' Br™ as well as

KOH and crown ether can be used for this conversion.

{Me0 C6H4)2 Cs o @
4 - oMe
. C16H33N‘CH3’3Br\ L E
50% NaOH, “CgHy |
~[Fe, (00} ,] Qe @
[CSHSFe(CO)lel 2 4_ <:::> e

33% : 16%

4. Metal Carbonyl Anion

Phase transfer catalyzed réduction of metal carbonyls and metal
carbonyl halides by quaternary ammonium borohydride affords metal
carbonyl anions'’! £rom Br Mn(CO) g, CoHMO(CO) Cl, Fey(C0),, and
C02(CO)8 and the corresponding hydrides from Br Mn(CO), PPh; and

C.H_Ru (CO}) lzBr.

55 _ ,
Cobalt carbonyl anion Co(CO), is inportant for catalytic processes.

It can be generated along with Co(ll) ion under nitrogen atmosphere.

However, it can be formed almost quantitatively -from Co (CO)8 under a

carbon monoxide atmosphere by uSing phase transfer cai:.alysn.sl 7.

III. CATALYTIC ORGANIC REACTIONS
1. Dehalogenation

As noted before, Co, (C0) 5 when stirred with-sodium hydroxide (5N),
benzene and benzyltriethylamonium chloride (PIC) under a CO atmosphere

“
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forms the mononuclear Co{(CO) 4- anion. This in situ generated reagent
can dehalogenate activated halides, such as o-bromo ketones. Single

electron transfer has been envisaged to account for the formation of

1,4-diketones as side products® <.
C02 (CO)g .
| PACHN (C K, ) 51
ROOCH,, Br 5N NaOH, CgH, —> RCOCH; + ROOCH,(H,COR
R.T., -Br

2. Carbonylation Reactions .
Cobalt carbonyl under phase transfer catalysis is a valuable

catalyst for carbonylating halides to carboxylic acidsl73’l74.

This
mild method enables one, for example, to convert benzyl bromide to .
phenyl acetic acid in 85% yield under ambient conditions. With O-methyl
benzyl bromide, an alkylated phenyl pyruvic acid is formed as a by-
5 rodl{ctri:%_
A kinetic study of the carbonylation of benzyl bramide in a )
biphasic liquid-liquid system has revealed that the catalytic jon-pair
Bu 4N""Co (CO) 4-' stays in the organic layer and the carboﬁylated product

175

in the agueous one™ ~. Alkyl and acyl cobalt tetracarbonyls are likely

intermediates in these reactions. The latter has been intercepted by
carrying out this carbonylation in the presence of al!lcynes or dienesl47.
Reaction of methylicdide with catalytic amounts of. cobalt
carbonyl under a ;:arbon monoxide atmosphere affords acetylcobalt tetra-—
carbonyl. This in situ generated species under phase transfer catalysis
reacts with alkynes regiéspecifically to form 2—-butepolides, several

derivatives of which are pharmacologically useawt 76,
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Co, (0}
| ©, T
R C=CH Aliquat 336
NaOH, CcH
R.T., 1 atm ‘
R = Ph 4%

i

Similarly, the use of dienes or triénes as unsaturated substrates

produces (E)—éonjugated enones. in good yields under mild éonditionsl77.

The earlier reported method for this conversion required 50-85°C, and

3.4-8.8 atm pressureNB. o (CO)
28
Th © Syt h
: N>
W P )+Br_ > \N\I/ C!-13
' 16733 33 &
| NaCH, CHc \ 86%
N/ R.T., 1 atm

The phase transfer catalyzed carbonylation of aryl and vinyl
bromides by ;:of:alt carbonyl has also been reported. This reactian

requires photostimulation (350 nm) and affords the corresponding unsat-

urated acids in high yieldsng.

1Y

Nickel tetracarbonyl has been employed as a catalyst for preparing
butenoic acids from allyl chlorides. Foa and Cassar'°C have proposed :
polynuclear nickelates as the intermediates in this phase transfer
process.

Phas;e transfer ca.rbonylation of halides by catalytic amount of
(Ph,P) PACL, requires strong conditions (95°C, 5 atm 18l pat use of
palladium (0) catalyst can carbonylate benzyl bremides at room tempera-

turelsz. This reaction is dependent upon the nature of ligands attached



to the metal, e.g., Pd(dpe), gave carbalkoxylation.

) % vield
(Ctty) ¥ 50, | ‘In=(PPh), (dba), (dpe),
ACHX + O mpe y  Ar Cu, COOH 84 2 24
CH.CL. or C.H., +Ar CH 4 66
SNNaGH, 1 St 3

‘Ar = 2Np ! +ArG{2COOCrIZAr 1 ' 65

Aqueous sodium hydroxide in combination with a phase transfer
catalyst was found to be an effective base for the palladium catalyzed

synthesis of diphenyl carbonate from phenol, carbon monoxide, and

183
oxygen .

2AYCH + CO + Lo Pdfrzrm (acachs
- 2 72 Mol. sieves,

CH,CL, ,NaOH, Bu,NBr A

>, Ar2003 + H20

3. Substitution
(i) Synthesis of sulfide
In the presence of o- aryl—Ni(PPh3)2Cl or o—Aryl—Pd(PPh3):2_ '

aryl or alkenyl halides react with thiolate anion under phase transfer

conditions to give the’corresponding sulfidesla4.
-+ . + -
RX + R'SM Ni{l) or Pd(l) _ RSR' + M X
=" - ag. MOH, toluene”
X ="Cl,Br Fhosphonium salt
. R = aryl, ; 97%
alkenyl - 85%

. {ii) synthesis of cyanides
- Crown ether catalyzed cyanation of vinyl halides is possible in

the presence of tetrakistriphenylphosphine palladium (O) catalystlas.
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[
Rt R : - R B
- . Pd (PPh. )
o B,
18-crown-6
. . - o
22 RN _ CgH., 70-100°, v .
2-15 h"
. 84-98%

'Irié (triphenylphosphine) nickel (0) has been recommended as the
catalyst for substitutjng the halogen of arcxgatlc halide by cyanide
under liquid-liquid phase transfer catalysis ..

4. Phenylation

Cdnjugate addition of phenyl group at the B position of ¢,8 -
unsaturated ketcones is possible by using phenyl mercuric chloride or
tetraphenyl tin as a source of the phényl group. This reaction needs
an acidic solution of palladium chloride in catalytic amounts and works

only with disubstituted double bonds™®’.’

9 : PACL,, 3N HCL o
PhCH=CHC CH.2CH2CH3+PhHgC1 (—n_—CW Ph.ZICHG'Izc CH2CHZCHB
Q'I2C12, .Th 78%
-HgCl

5. Hydrogenation
' The double bond of water-soluble olefins can be reduced by using
Wilkinson's catalyst [(PhaP)‘3R1'zCl] in a water-benzene two-phase
systemlsa. The hydrogenat.l.on of orgdnic-soluble cyclohexene -can be
catalyzed by water-soluble rhodium camplexes. These camplexes carry
sulfonated triphenyiphosphine ligands' which make the cé?talysﬁ water—

-

soluble.
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Bydridopentacyanoccbaltate anion H Co(CN)g- can‘_catalyze the
hydrogenation of conjugated dienes to mono olefins and of «,B-unsaturated
to saturated ketonestS2 191 me reagent is generated by stirring

. hydrated ccbalt chloride, potassium cyanide, potassium chloride with a

phase transfer catalyst under a hydrogen atmosphere.

Me KON, KC1,NaCH

)\/ c°c12'. 6H,0 i
- + > CH,=C - C.H 3%
. H P 2775
34 Lo
CgHg, 13h 3
+ o
N ~
» ) >__< 97%
. H .
87%
, . Me
? : =0 _phCHszh3+01* 0
RCN,KCT,aq. NaoH ]
20h -
CoCl. .6H.0
, 27772 93%

The efifect of micelles on the reduction of dienes and methyl
sorbate has been studied by Reger and Habibl°2/1%3,

Benzylic alcchols can be dehyd.rogenated to the’corresponding
carbonyl ccxtpoumis by using chlorod:.carbonyl rhodium (l) dimer as a
catalyst under phase transfer cond:.tlons194. It is possible to oxidize
secondary alcohols in the presence of primary because the primary
alechols react very sluggishly under the react:.on conditions, e.g., only
secondary alcohol of mm)caza{zm is dehydrogenated.

~—

[



N
. 0 o
:- [Rh(CO) 2Cl]2 . il =
PhCH () G , > Ph C CH,
f PhCH N(C H.), Cl \
. 253 )
- BM NaOH CG 6; _Hz . {

R.T. or 55°C

-

7. Is_aterize{tion
Allyl alcchols are isamerized by Rh(I) under phase transfer
catalysislgs. . This conversion can be carried out even in the absence

of phase transfer catalyst in excellent yield. Hydroxy-T -allylrhodium

complexes have been postulated as intermediates in these reactions.

o6 PRCH,N(C,H) 301
b
ca, = CH-CH—C3 ;e G O
NaOH C6H6 100%’ ks
‘ RI. . )
L without PIC 0%

-~

s * .
u3-0x0—triruthenimn acetate gives lower product yields and requj_rés
heating to 120°C for the same oonve.rsa_onl%. _
It should be kept in mind t‘nat certain phase transfer catalysts
may react w1th the active species generated mde.r phase transfer
catalysisl-]9 197. For exanple, ace@lcobalt tetracarbonyl can carbonylate
benzyltrlethylamrommn chloride to g:r.ve phenyl acetic acid (via benzyl
radical) in 95% yield. No such reaction occurs with tetra n-alkyl-

ammonium bromide salts. .
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CHAPTER II _

AIMS OF RESEARCH

A. Metal Carbonyls on Inorganic Supports
- While,.as no@ in the Intro.ciuction', there are.many studies of

_ the natuxe of metal camplexes on inorganic support.'.s, relatively few
pubiicaa:tions Eave desc::ibed synthetic appiications of these systems. OCne '
a:i.m of this research was to carry out e;:ploratory investigations of the
reagent capal;iiities of metal carbonyls on refractory oxides. The focus
of this work is on reduction reactions, involving degxyéenatioh,
dehalogenation, or desulfurization processes. While the reactions which
were exammed did not involve particularly difficult transformations,
the results nevertheless demonstrate the capabilities of metal carbonyls

on oxide supports as reducing systems.

_ B. Phase Transfer Catalysis

g The cobalt carbonyl catalyzed carbonygl.ation of bengylic halides
to acidé is cone of the most useful organcmetallic phase transfer reacticns.
'/It seemed of interest to learn the effect of a stabilizing ligand, s
specifically the cyclopentadienyl ligand, on this ca:bénylation reaction.
The use of vinylic dibromides as substrates for phae:.e transfer
catalyzed carbonylation reactions has not been ima;estigated. It was of
significance to deté.nnjzle whether carbonylation, or other reactions, would

ke preferred for such substrates.

PLe
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CHAPTER III

T

RESULTS AND DISCUSSION

Section I. Fe, (CO) 12 0 Alumina

(2a) Reaction with Nitrcbenzenes

During our investigation of the use of metal carbongls deposited
on inorganic solid supports (silica, alumiina), for effecting deoxygenation
and/or carbonyl insertion reactions, publications by Basset, Chauvin, and

co-mrker'ssf‘:’ appeared indicating the formation of the red

hydridoundecacarbenyltriferrate anion, H FeyC0;, , by interaction of
triiron dodecacarbonyl with alumina and magnesia. Ghemisorpt;ion of

Fe3 (C0) 12 o @ support such as magriesia or alumina results in riuclecphilic
attack of a hydroxyl group of tihe support on a carponyl ligand coordinated
to the cluster framework. This leads to the formation of the anionic
hydrido cluster linked to the surface [HFe,(C0); 1" M, Mt=a1"o7)x,
Dﬁ(o_)y.
It was suggested that a hydroxyl group {in alumina or magnesia)
rather than molecular water is re;ponsible for the fon;:ation of the anicnic
cluster, and silica did not promote the formation of anionic clusters

but gave only physiosorptién.

It was anticipated thatrag the hydroxyl group on silica is
slightly acidic as compared to the hydroxyl of magnesia or alumina, use .,
of basic alumina should promote the rapid formation of the hydrido speciés.

In a typical experiment (details are given in the Experimental

Section, Chapter IV), basic alumina was heated overnight at 150°C under



»
- . .

reduced pressure. Triiron dodecacarbonyl in degassed, dry hexane and
activated alumina were then stirred at room temperature under nitrogen.
Within two hours, the initially green solutich became colorless and the
solid turned deep red. After removal of hexane, ‘the surface species was
. exti‘ac_ted into a solution of tetraethylammonium chloride in methylene
chloride. After stirring for one hour at 25°C under nitrogen, the solid
became colorless and the solution deep red. An infrared spectrum of the /
solution showed carbonyl stretch:.ng bands at 2071w, 2002s, 1970m, 1945w,
and 1715m cn L. This agreed with the reported infrared data for
Bt N [HFe,(C0));]7. Lit. 2070w, 2000 vs, 1972 s, 1946 m, 1718 m cm L.1%8
The ultraviolet (UV) spectrum of the same solution showed an
absorption maximm at 543 rm, which is in good agreement with the

- 199 ree) * (eFe, (©),,1” 164

reported UV of Et N+[HFe (CO) ]
It was of interest to study the reductive potential of triiron
dodecacarbonyl on basic alumina, as the mtermed:.ate species has a
metal-hydrogen bond.
. The reduction of nitrobenze.nes@ anilines was examined as a’

~
basis for detenmm.ng the utility of Fe (Co)l?_/Al as-a reagent

273
system in synthesis. The triruclear hydride, [HFe, (C0) ll]-’ generated
by stirring a hexane solﬁtion of Fe3 {C0) 12 with basic alumina, was treated

with an equirolar amount of a nitro campourd (3) overnight at “room temperature.

. A
hexare , _Work Wp . 4 arn =N ar
3 i 2 | g 5
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> The supernatant (hexane) did not show the presence of either

nitrotoluene or toluidine indicating that the reaction occurs on the

P
. surface of the solid. Workup by trituration of the solid with ether,

followed by silica gel chramatography, gave the pure arcmatic amines (4)
in 40-79% yields (Table 3). By-products of these reactions were the
azo campounds (3, 4-8% yield). The amines were character:.zed by ccm-
parison with the authent:.c material. (Refer to Table 5 for melting
point, NMR and IR data of amines and Table 6 for melting point.and NMR

—

of azo campounds and het.erocyclic amines.)

Table 3. Yields of Aramatic Amines from Nitro Compounds and
Fe (00) 12/Al

2 3
3, Ar = Product vield? , %
pCH,C H, p—’It;luid:ine | | 64
m-CH,C H, m-Toluidine . 40
o—CHBOCGH 4 o‘-Anisid.me S1
p—G{BOcsH 4 p-Anisidine 73
p=CIC.H, p~Chlorcaniline 70
p:-C GHSCOCGH 4 p~Amincbenzophenone 68
2-Fluorene 2-Aminoflucrene 79

2 The quoted yields are of the pure, isolated products and -are not
gas chramatography vields.
Nuclear magnetic rescnance spectroscopy and thin layer chromato-
graphy (tlc) were found m&t_useful for the identification of the amino
compounds. In the IR spectk, nitroarenes, bands at 1350 and 1360 cm

-1

-
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were characteristic of asynfretr:.c and symmetric nitro stretchmg
absorpt:x.ons Characteristic infrared absorpt:.ons of the product amines
occurred at 3400 and 3500 cm ©, which are due to NH stretching
vibratiéns.

| When the reaction of p-nitrotoluene was performed in the absence
of Fe,(Q0),,, unreacted starting material was recovered. The hamogeneous
reaction (without alumina) occurs in refluxing be.nze.ne- (10-17 h) 16.3.
Thus, -the heterogenecus reaction occurs under significantly milder con-
ditions and the isolation of fyye products is much sinpler. |

Experiments were carried out ‘to test whether the in situ generated
hydride species is selective for the reduction of nitro campounds or,
in other words, to find’what other cammon reducible groups can be
tolerated. The reaction with p—nitrobenzopk;enone showed that the c;arbonyl
functionality is not affected. Similarly, double bond, o,f-unsaturated
ketone, alkyne, vinylic dibromide, azo, imi_m;, amide and dibenzothiophené
containing compounds were recovered unreacted after the reaction.

The reaction with p-nitrobenzoic acid was not of use since the
product amino acid was adsorbed on basic alumina and could not.be
abstracted. Nitro compounds bearing the aldehyde or epoxide function-
ality did not afford the corresponding amine cleanly as these groups
react with alumina itself. .In additioﬁ l-nitrooctane, 2-nitropropane
and l-nitroadamantane did not give the reduced product on rc:aaction
with Fey {C0) J_2/4?%3.2 3+ It is known that alumina itself reacts with

aliphatic nitro compounds to yield carbonyl cm’pomdszoo



Studies of the reaction of hydroxide ion with metal c'arbonyls
in hydroca.rbon solvents under phase transfer oonditionsls0 reveal same
points of interest.’ By analogy, one can propose a hypothesis about
the steps involved in the formation of [HFe,(C0),]” on alumina and
atfe:rqi;c to account for the cbserved behaviar -of a particn_zla.r metal
carbonyl on the surface of the Inorganic support.

Initialiy, one carbonyl of triiron dodecacarbo:yl interacts with
a lewis acid-site on the alumina surface. The adjoining hydroxyl group
con the surface can then?:‘itack this most electrophilic carbo;iyl to

generate a hydroxycarbonyl iron anion. '

-

Scheme 2
fero e ML s TN
{CO) llFe3 c=z=0 — ~ e ‘(GO) llFe3C =0+ OH
AlnOm
-0, - 0 -
- + 2 & +
[I-iFe3 (C0) ll] [A1n0m] — [{C0) llFe3-C\0_H] Aln0m

g

N
-It is known from phase transfer experiments that after the

formation of this hydroxycarbonyl, two processes may campete with

18

each other: " 0 exchange catalyzed by OH (i.e., removal of ccordinated

CO) and CO, elimination together with formation of a metal- en

bond. Hydroxycarbonyl complexes having electron rich metals (coordin-

ated to PPh,, 0 or'by its own nature) are less prone to carbon

3’
| dioxde elimination.
\ In the case of Fe,(CO),, CH or O does not displace carbon

monoxide from the metal center at room temperature. Instead, the metal
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-may donate electrons to thé w* orbitals of CO due to pr-dn back
bonding. This renders the metal less.electron rich. This point favars
carbon dioxide elimination in preference to decarbonylation.

Three factors are known to be responsible for the preference.of

either 18O exchange (loss of CO) or 002 eiimination (formation of an

M-H bondy. -

.~

(1) Nature of metal’

18

Comparing Mo with Fe, — 0 exchange is much more rapid than CO

2
foz;mation in Group 6B carbonyls, while elimination Of CO2 is the
dominant process among Group 8 ‘metal carbonyls.
(ii) Sub_stiﬁution at the metal center

as the red hydrido species has been isolated and characterized,
it can be safely concluded that O~ does not attack the metal (under the
reaction conditions) and no cother coord:.na‘?d carbonyl is lost.

(iii) Type of support

N

Strong basic centers on the surface enhance carb'or} dioxide

elimination. ' - ' > =
| In the present case, these factors favor the formatiomof

hydride species (via o, elimination) in preference to the loss of |

coordinated carbonyls.
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’I'hepatlmybywhichthenitroareneisconvertedtotheamine
by HFe, (CO)'ll_ is not known. A possible scheme is outlined in Scheme 3.

b



The hydridoundecacarbonyltriferrate anion (6} is more %ucleophilic
than the nitro campound so it can attack on the nitro group of the
nitroareﬁe to generate 7. The nitro then be.ccmes more nucleophilic
than the neutral metal carbonyl Fen(CQ)m portion of 7. The- negativeiy
charged 0~ of nitro then attacks a carbonyl carbon intramolecularly
to form the cyclized product 8. Complex 8 eliminates carbon dloxz.de
to afford 9. Repetition of the process (attack on coordinated carbonyl
by 0° of nitro) gives 11 (via 10)}. 11 on 8 hydrogen migration would -
form 12, which may give Ni, by abstracting hydrogen during workup (H,0)
or from alumina.

The other twor iren carbenyls, Fe (CO)5 or Fe, (CJO)9 also reduce
nitro compounds but the generation of a hybride species requires more
time and the reaction is not clean (i.e., many products.are formed).

The yield of amino product is aiso lower in these cases.

In conclusion, triiron dodecacarbonyl on basic alumina constitutes
a simple, mild, and convenient method for reducing nitroarenes to.
arcmatic amines. |

(b) Reaction with Azoxybenzenes and N-Cxides -

The selective formaﬁon of aramatic amines from the reaction of -
nitroarenes with Fe, (CO) 12/A1203 (basic) led to an investigation of the
deoxygenation ofwother compounds containing an N-0 bond. Finally, it
was worthwhile knowing whether neutral alumina could be used as the
;adsorbent.

The red hydrido species was also fommed on stirring triiren

dodecaéarbonyl in hexane with neutral alumina at roam temperature under.

-
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nitrogen. ‘I‘reatnént of this m:l.xtur?_ with azoxybenzene [3/2 ratio of
azoxy cca-rpound/Fe3 (Q0) 12] for twenty hours at room tertperafurg afforded
61% of pure azcbenzene. No aniline was formed. - The experiment also
showed that azobenzene is not the intermediate in the reduction of
nitrobenzenes to anilines by Fe, (CO) 12/A1203.. If azobenzene is reduced
by triircn dodecacarbonyl on alumina, aniline would have been cbtained
as the m.ajor product. . . |
Rzoxybenzene (L3) bearing other substituents, and heterocyclic
N-oxides (14) were reacted with the in situ generated reagent at rocm
temperature to give the corresponding deoxygenated products in 59—86%‘

E]

vield (Table 4).

b

Table 4. Yield of Azobenzenes and Heterocyclic Amines.

REACIANT 13, 14 PRODUCT 5, 17 YIELD, %
Azoxybenzene ‘ Azobenzene _ 61
4_,4'—Azoxyanisole 4,4'-Azcaniscle 68
4‘, 4'-Azoxyphenetole _ 4,4'-Azcphenetole 59
Quinoline N-oxide Quinoline 79
4-Picoline N-oxide 4-pPicoline 86

The camounds were characterized by the usual spectroscopic
methods. Their infrared spectra, for example, were superimposable in
the finger-print region with the spectra of aut;hentic materials.

{(Refer to Table 6.)
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The product yields obtained by using triiron dodecacarbonyl
on alumina are both lower, ormscxrecaseshigher, than that for iron
pentacarbonyl in butyl ether. However, the latter process requz_res
much more drastic conditions (140°C, 17-24n)2%12. e reported
deaxygenation of nitroxyl radical with triiren dodecacarbonyl in benzene

and methanol also required refluxing and the yield of the amine was

4242010

? The heterogenecus method is also competitive with, or superior

to, the use of other reage.nté for affecting the same transformations;:
For 'e.v-éa.mple,‘ the recently reported20%2 deoxygenation of pyridine
N-oxides by trimethyl (ethyl)amine sulfur dioxide camplexes occurs in
reflwdng dio::cane (~100°C) . For 4-picoline N-oxide, the only case for
direct comparison, the yield of deoxygenated material is lower (70-758)
using the sulfur dioxide reagent than that realized with Fe3 (CO) 12/A1203.
Use of triphenylphosphine under pnotolytic conditions is also inferior
to the method described ‘herein because clear; deoxygenated product was
formed in only 22-29% yield with substituted guinoline N-oxides and the

photoisamerization products (59-61%) have to be separated along with

ptnprmylpzmpkme oxide??
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A possible pathway for explaining this deoxygenata.m of azoxy-
benzenes or N-axides is cutlined in Scheme 4. The gucleophilic
hydridoundecacarbonyltriferrate anion (6) attacks the nitrogen of
N—oxid:e (17) or azoxybenzene (13) to generate 15. The negatively
charged oxygen of the azoxybenzene then reacts with the cooni:n.nated
carbonyl ligand intranolecularly to form the cyclic intermediate 16.
This-cyclic complex (16) on elimination of carbon dicxide affords the
product. (5).

—

\

- e e
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Section II. (.‘:02 (CO)8 on Alumina

. {a) Reaction with Nitrobenzenes

‘One of the active areas of research in organlc chemistry J.nvolves
ﬂle use of reagents supported on porcous solids to effect various

synthetic transformations. Studies by Posner et a12 03 and by McKillop

and Young204

have demonstrated the utility of alumina as a support.
~ As previously noted, comparatively little work has beeh done in
the area of organic resctions effected by metal carbonyls supported on
alumina.
Having found that a trinuclear iron hydride is generated by
stirring triiron dodecacarbonyl on basic or neutral alumina and this
species  [HFe, (CO) llr is able to deoxygenate nitrcbenzenes, azoxybenzenes

and N-oxides, it was of interest to see what happens when

carbonyl is put on a refractory.oxide such\as alumina. The\reduction of
nitroarenes was chosen for this model study. It is known t nitro— -
benzenes are converted to azcbenzenes with dicobalt octaca}_-bony
! refluxing benzene®®>. The next step was to learn the effect of a

refractory oxide on the nitroarene-dicobalt octacarbonyl reaction. In
“other words, is the heterogeneous process similar to, or different from,
the hamogeneous one? o

A rapid color change occurs when a hexane soluticn of Co, (CO)g -

is exposed to alumina at roam temperature. When p-nitrotoluene was

T

\)edded to it and the reaction mixture stirred overnight at roam

temperature, p-toluidine was isolated in 60% yield with the azo compound
being cbtained as a low yield by-product.



- C_H

656
Ar N02 + C02 (CO)B W Ar N=N Ar
3 . 2 5

Co,(CO) g /AL,05 .
Ar—NH2
i,

The alumina (Fischer adsorption) used in the experiment was
dried as usual at 150°C urder reduced pressure. The yield of p-
toluidine decreased to 35% when the reduction was effected in a carbon
monoxide atmosphere. A similar reduction in yield occurred uéing a
nitrogen atmosphere, bt first drying the alumina at 550°C instead of
150°C. Other oxides, including silica and floriéil, afforded
p-toluidine from p-nitrotoluene, but in lower yields than in the case
of alumin. _ ’

.Good yieids of aromatic amines were also obtained from a vaJ;iety
of nitroarenes and Co, (CO)8/A1203 (Table 7). _ '

When cobalt carbonyl (3 mmol) was stirred with alumina and 1,2-dimeth-
oxyethane, a red colored species characteristic of cobalt was not formed and |
on its reaction with azoxybenzene (3 rwmol}, very small amount of azobenzene

- . .
was obtained and 91% of starting material was recovered. On carrying
out the same reaction in hexane, 27% azobenzene was obtained. This

shows that hexane is a better solvent for such deoxygenation reaction.’
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Table 7. Yields of Arcmatic Amines from Nitro Compounds and
Co,, (C0) 8/Refractory xides.

3, Ar = Oxide Product 4,5 Yield, %

pCH,CH, . AL, p-Toluidine ' .
4,4 '-Azotoluene 6

A1,0,(550°C)  p-Toluidine T 3aa

ALO, p-Toluidine 35

‘Sioz _ p~Toluidine ' 40

y Florisil p-Toluidine ‘ 35
DCEOCH, AL, * p-Anisidine 62
4,4 '-Azoanisole 5

A1,0, (550°C) p-Anisidine _ 39’

p—ClC26H4 11\.1203 p-Chlorocaniline , 62

p—PhCOCGH 4 A1203 p-mobenzophenone 71 '
m-CH,C H, AL,  m-Toluidine 70
2-Fluorenyl Al.0., - 2-Aminofluorene 77

273
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7/

a Reaction was done in carbon monoxide atmosphere.




Bis{tributylphosphine) dicobalt hexacarbonyl and-tetraccbalt

- dodecacarbonyl on all_.nm‘na were less effective reagents (7-45% yteJQ
of p-toluidine) than dicobalt octacarbonyl for the reduction of
p-nitrotoluene. d |

\
I

mlystartingnaterialwas covered when the nitroarene was
exposed to alumina in the absence of dicobalt octacarbonyl.

The following experiment clearly demonstrates that the reduction
process is hetergpgenecus. After stirring the mixture of diccbalt
octacarbonyl and alumina J.n hexane for two hours, the solid and liquid
phases were separatéd by filtratioﬁ under a nitrogen atmosphere. Each
phase was treated separately with p;nitrotoluéne J.n benzene. While
p-toluidine \;:Efs'clearﬂ.y formed using the solid phase, the liquic?. phase
only afforded recovered nitro campound. ‘

E‘metiona:lities such as.chloro, ketone, and éther are unaffected
under these reaction conditions (Table 7). Experiments-were carried
out to determine whether the in situ generated reagent is able to reduce

other commen reducible groups or not. It was found that a double bond,

f’-\

a,B- unsaturated ketone, imine, azo, t'riple_ bond, unsaturated halide
and sulfoxide are.not affected by it. However,.one cannot use nitro
compounds bearing epoxide, thiol, or thicketone functions since such
functionalities react with alumina. ‘ '

Thus Co, (CO) g/AL,0, is a specific reagent for the reduction of
nitroarenes to amines under very mild conditions.

Clearly, the heterogeneocus process is different from the homo-

geneous pathway. It is therefore likely that the intermediates involved



in the two reactions are not the same. A key cbservation, noted above,
is that .an increase in the temperature at wiich alumina is dried
results in a decrease in the vield of amine, indicating that the

. hchh are present on the surface of the oxide partici-.
/\/ \ . '
pate in the reaction. There are more such hydroxyl groups present at,

150°C ‘than at 550°C. It is conceivable that attack by one of these
hydroxyl groups on a cobalt carbonyli carbon would afford 20, which on
loss of carbon dioxide generates the binuclear cobalt hydride. The
latter can then convert nitroarene to aramatic amine. *
Scheme 5

0

¢

11 - +
002 (00)8 + HO - Alnom——> [HO C Co, (C0o) 7] [Aanm]
20

-

2, (8 Co,(00),)” [a1 0 17
2 7 nom
21
o — Lo (oo, . |
(Al'HCo, (0} 1~ + Ar NZ _ — Ar-N— Co —=- Co(CO); [A) —
+ 0 +(')_ H I .
2 R | T—c

2

g
- ’ i
+ D (00) 4 -, 0" (C0), % _ .
[A] Ar-N— Co _CO(OO)3 B Arr—N-—Co——:—-OO(CO)z[A] —

L
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8
| (), § ~00, (co) ,
Ar - N - Qo—=—To(®0), —=> Ar-N§-Co =— Co(C0), —
; (A" H [A]
25 26
J
T (o, work up
Ar - N - Co =— Co(C0), (H0) or aleu.na Ar-NH,
POtV ~{co, (cor 1 71a1"

The nucleophilic attack by the oxygen ofrnitro group in 22 may -
occur on the caz:'bonyl of other molecules of cobalt hydride (21),
instead of intramolecular attack as shown here in Scheme 5. The scheme
is similar to the one (Scheme 3} reported for triiron dedecacarbonyl on
alumina in Section I(a). | s

Aliphatic nitro compounds could not be reduced by Co, (CO)B/AJ.203
because such nitro groups ére known to react with alumina alonezoo.
Réactionsl were tried using l—ﬁitrooctance, nitrocyclohexane, and
l-nitrcadamantane as reactants. In none of thesd cases was the corres-
ponding amine campound formed.

As noted above, product vields are lower using Co (OO)G(PBu )

:.nstead of Co ((:30)8 as the reagent. This result may be because

tributylphosph:.ne is more electron—donating than carbonyl and thig will
make the attack by hydroxyl of alumina on carbonyl carbon much sl

With this reagent, even after four hours of stirring under ni

the color of alumina was lemon and the hexane sélui:icm was light prange.

This indicates that the hydride [_HCOZ(CD)S(PBﬁ3)2]- is either being -

LBP~
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formed much more slowly than [I-iCor2 (QD)7]_,, or same other species is

produced. On reaction of p-nitrotoluene with the in situ generated

species, only 7% of p-toluidine was isolated and the nitro compound
It should be noted ‘that a similar cbservation was made by

ﬁarensbourg , Baldwin and E‘roelichlso

for Group 6 carbonyls. Attachment
of phosphine in the place of carbonyl prevented the formation of
hydride under phase transfer conditions. |

The basicity and thus the rea.ctivity of transition metal camplexes
can be gauged fram the Ka values of the cggesponding hydrides acting
as acids. Althoudgh ?ew accurate XKa values for trans_ition rzetal hydrides
are known due to secondary reacticns, air sen.sitivi'ty,, and problems |
in finding suitable solvents for comparisons, those Ka values which have

30

been reported™ illustrate a strong dependence on both the naturé of

A

the metal and the other ligands. For example,

m o~
H Co(00),, ' . 1
H Co(00) ;PPh, - 10~
\./_ _14 I/
E Fe (CO)4 4x10

' ‘The less acidic the hydride, the more basic the conjugate
base. H Co(C0} 4 shows strongly acidic character. Substitution of the
electron-releasing triphenylphosphine ligend for the electron=withdrawing

€O (7-acid) ligand ca{lses a change in acidity of the hydride by seven
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orders of magnitude. This example shows that a change in metal
basicity (reactivity) occurs on aitering the ancillary ligand.

On comparisen of [HCo,(00),] -alumina versus [HCo, (CO) ¢ (EBus),}
it is expected that the latter would be a much weaker acid than the
red species generated by dicobalt octacarbonyl -on alumina. The greater

- Co-H bond strength will ke a_ntici:pated in phosphine substituted ligand. -

Althoﬁgh a red-brown colored species was generated on stirring
dicobalt octacarbonyl with silica or florisil, the yield of p-toluidine
was reduced on using these sup.ports instead of alumina. This may be
Gue to the lower abundance of basic hydfoxyl (cf. alumina) groups.

On changing the solvent from hexane to benzene, the red colared
species was generated and supernatant became colorleés within an howe
But on reducing the amount of alumina to 10 g, instead of the normal

-20 g, ‘the color of the supernatant remained red-brown even after 6
hours of stirring. This observation indicated that some dicobalt octa-
carbonyl was adsorbed on the SIJpporE, w:t.th the res£ being in benzene.

" In the case of rhodium carbonyl®, it has been shown that on_
reaction with alumina, larger clusters are formed. This process does
not seem probable with Co, (CO) g because on using Co4 (CO) 12 (a bigger‘
cluster) the yield of p-toluidine was found to be reduced (to 45%).
Had there been formation of a bigger cluster, use of tetraccbalt

~- dodecacarbonyl should have resulted in the enhancement of the yield.

S
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{b) ' Reaction with a-Halcsulfoxides

In the last’ section, it was cbserved that deoxygenation reactions
with dicobalt octacarboryl suppofted on alumina can be carried out
under gentle conditions, the reactions are sinple to mrkn;;i, ard can

. be selective as well. Simple and mild dehalogenation reactions can be

real:r.zed by use of Co (CD)S/AJ.

»

273"
" Treatment of d.lcobalt octacarbonyl adsorbed on alumina with

a-bromosul foxide (@) in hexane at rocm temperature for twenty hours
gives the sulfoxide normally in 80-100% yield. Product yields with

several campounds are listed in Table 8.

0

0
T '~ hexane . 7
RS CHzBr + CO (00, /A12 3 R.'I‘_. RS c:H3
_B .
28 19 * 29

- Bromemethyl p~chlorophenyl sulfoxide was recovered unchanged
when exposed to alunina in the absence of the metal carbanyl. Similarly,
ethyl phenyl sulfoxide was unaffected when allowed o react with
Co, (CO) g/@lumina showing that no reaction occers at the_‘s.‘;ulfoxide
functionality.

Bromides were found to be more reactive than chlorides. With
chloramethyl phenyl sulféxide, the yield of dehalogenated product wes
f\ 13% but the rest of the stara‘:ﬁ‘lg material could be recovered by*
chromatography. . On using ultrasmmd134 206 the.yield increased

| sl:.ghtly (ko 23%). -

e e b o Ao
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Table 8. Yields of Sulfoxide from a-Halosulfoxide and Co,(CO) g/AL,0,.
: - -3
c-Halogenosulfoxide, 26 Product : Yield,®
a
CeHoS (0)fH,CL Methyl phenyl sulfoxide ~_ 13
’CGHSS (O)CHZBr _Methyl phenyl sulfoxide . 80
CSHSS (O) CH2CHZS (0) CGHS 7
. 4-C1C6H 4S (O)C}IzBr : _ p~Chlorophenyl methyl sulfoxide 100
. . b
CHcS (0) CHBrCH, Ethyl phenyl sulfoxide 50
CéHsa{zs (C) CH,Br Benzyl methyl sulfoxide . 100
2—C10H7$ (0) CH,Br - Methyl naphthyl sulfoxide 100

a2 Yield increased to 23% in the presence of ultrasonic irradiation.
i

b 2n unidentified by-product was also formed. _
' “

With bromides, the reactions are so clean that no chromatography
is required. Onlj'trituration of the-solid and fil'tzrations are
necessary for'mﬁq:p of the reaction.

' The lower yield cbserved in the case of ghg,(omﬂar)ag is”
possibly due to dehydrohalogenation as the campeting step leading to
PhS (0)CH=CH, as the side product. On using dicobalt octacarbonyl and

| PhS(0)CH,Br, in a ratio of 1 to 3, the product was formed in 37% yield
along with 14% PhS(O)CH,CH,S(0)Ph and the remaining starting material

/\(49%) was recovered. This shows that the reaction is not catalytic
though more than a stoichiametric amount of a-bramosulfoxide can bel

employed.
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In one case, with a-bramomethyl phenyl sulfoxide, the product
CgHoS (O)C1412CI~IZS(O)C6H5 was lsolatec‘(se? Table 9 for characterization
by MR, MS). This indicates that the reaction may proceed via an

electron transfer pathway.

8
Scheme 6 .
- . Path A Tﬁ el -
[HCO2 (00)7] + PhSCX'_‘HzBr' —_— PhSOCHZ. + HCOZ(CD)7. + Br
1 28 31 32
Path B :

or- alumina

Mzmszh HCo2 (CO) 7
- 30 i

v
. B .
¥ [(PhSOCH,) c’oz(coaﬂbrsr‘ - N
. _ - PhSOCH,
léé ‘ 29
, PhSOCH,

2 )
Hydridoheptacarbonyldiccbaltate (19) may react with -

halosulfoxide (28) via electron transfer to generate free r ical 3z

and bromide ion. The coupling of 31 would give 30, whereas reaction

of this radical 31 with a hydroxyl group of alumina or 'hydridohepta-

carbonyldicobaltate (19) would accownf for the Pormation of Sehalogenated’

sulfoxide 29 (Path A). Camplex 32 may collapse to hydridoccbalt

tetracarbonyl 33 and t:cica_rbmylcobalt radical 34.
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LY

Alternatively, the anion 19 can attack 28 todisplace the
activated bromide and form 35. This, on reductive elimination, will
give the product 29 (Path B).
< - Such reductive elimination is well-known in homogeneous catalysis

where an alkyl hﬁrido camplex forms alkane. Reductive elir;u‘.nation

(being the reverse of oxidative additigqn) is favored by Tigands which
decrease the electron density on the metal. Here PhSOCH, and CO both

have electron withdrawing character. Decomposition of biradical 35

would give radical. 31, ‘which on coupling forms 2 .- At this stage/ the
.mechanism is not clear hyet scme ;nvolvarent of free radicals cannot @
be ruled ocut. ' B

Gne reactlon was t;ied with an a-halcketcone {(a—bromo

p—n‘ei:ho-xyacetophenme) ArC{(0) CH,Br and Coz{('x)) 8/A1203 J.n 1,2-dimethoxy-
ethane at roan temperature under nitrogen. The moncketcne
4-methoxyacetophenone was formed in 76%%ield. On carrying out the
reaction in dimethoxyethane on anachemia alumina, 84% 4-methoxyacetophenone \
was formed. On changing the atmosphere from nitrogen to carbon monoxide, |
the product was cbtained in slightly better yield. Such dehalogenat:.on
has earlier been effected by molybdemm hexacarbonyl on alumina®’. The

yield of the ketone from a—bromo p-methoxyacetophenone was 60%.
a -

B
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Section. IIT. Mc:w(CDO)6 On Alumina

(a) Reaction with Azoxybenzenes and N-Oxides

Molybdenum hexacarbonyl on alumina can catalyze olefin
disproportionatibn and iscmerization rea.ctions57
68

and can effect dehal
genat_1.on69 and desulfurization In this section, the decxygenation )
of azoxy camounds and N-oxides is descrz.é
Alumina was suspended in dry hexane conta:.nlng mlybdenmn
hexacarbonyl and hexane was removed by rotary evaporation: Mo(CO)G/ '
21,0, was:heated for 1h at 105°C for activatjon. The N-oxide or azoxy
compound was added to the cooled solid along with 1,2-dimethoxyethane -
and the reaction mixture was stirred at ;.'eflux overnight. Simple workup
gave the deoxygenated products in 15-71% vields (Table 10).
Table iO. Yield of Azobenzénes‘ and Heterocycle from Deoxygenation.
by Mo(Q0) ;/A1,04. |

(4

RERCTENT 13, 14 PRODUCT 5, 17 YIFLD, %
Azoxybenzene Azobenzene 31

4,4 '-Azoxyanisole 4,4'-Azoanisole 34
4,4'-Azoyphenetole 4,4'-Azophenetole . 15 —
Quinoline N-oxide " Quinoline : 41 |
4-Picoling N-oxide 4-Picoline | 32

Niéot:inamide N-oxide Nicotinamide | 71

Brermer and Bt.lrwr:-.ll20 carried out a temperature programmed -

t‘nermal decarpos:.tlon study of Mo(C:O)6 on alumma and c.‘naracte.r:.zed

?



-9

-78-

Mo (CO) 3ad::". as the active species. The nature of the species produced
by the adsorption of molybdenum hexacarbonyl on alum.ma depends upon
the temperature at-which the a;ﬂsorbent was dried and metal. carbonyl
was activated on the oxide. | -
The products were identified by comparison with authentic
‘samples. Table 6 lists their melting/boiling point and spectral data.
On using neufral alumina anc; carrying out the reaction at 35-60°,
’ the yielz‘i of azcbenzene was found to be 15%. Heating to 90°C (oil bath,
finder réfluxﬁné 1,2-dimethoxyethane) increased the vield <.3f azcbenzene
to 31%. L - . .
Reaction of xvso(oo)s/f.xlzti3 with p-nitrotoluene gave a small
amount of p-toluidine but the yield was low and the reaction was not
clean. With phenyl isopropyl sulfoxide, this reagent wave phenyl

R g

isopropyl sulfide in only 9% yield. . -

LR (CDC1,/S) 61.28 [d,GH,G-I(gj3)2,.J=}Q Hz)],
3M¢;m;ﬁ(m3)2,J=6.0 HZ] ’
7.13-7.57(m,5H,aramatic CH);

WS, mle 152[M7], 137 [M-@IB']*, 109 [M—(CH3)2G~I]+.

The mechanism of deoxygenation of azoxybenzene or heterocyclic
N-oxides bv molybdemum carbonyl on alumina is not known. A possible '

' pathway is outlined in Scheme 7.

o
i
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Scheme 7

(CO)SI“D—C =0 —a4al -——m (m)sm—cmo-mnom _

36 .
) //O - A + -300
[{Q0) Mo - ] Al 0 - —_— - -
5 Son - nn o 9=F€ Mo (C0),
~ 37 ' 38

N+
. g
' .0 e
7 2
4]
14 3 \
+ 0., + [Mo(CO
@ 2\ [/1\( 2}
N .
17

The oxygen of heterocyclic N-oxide (14) can‘attack the carbon

of a carbonyl jgand to ‘form a dipolar intermediate 39. This inter-

A

mediate can evolve carbon dioxide and £ éroduct heterocycle ld.

b) Desulfurization by Molybdenum Hexa vl on Solid Support

The removal_ of sulf~ur ‘i'.’rcm fossil fuelszo? is a subject of

cansiderable current interest because the presence offfsulfur leads to
‘environmental pollution (e.g., acid rain) and sulfur poisans the metal

. ca.taly_st208 and thereby reduces the efficienci of certain procgsses in

E

/\1
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Various materials et}ployed as desulfurization reagents have met

with mixed success20?. m using Raney nickel, for example, sulfides

are formed fram aramatic thiols and the‘reaction'reqln_res high Raney

z?ickel to substrate ratiozm.

Initial model experiments with metal carbonyls have J.nd:Lcated
their potential as desulfurization reagents.

Episulfides, thicanhydrides and .thiOnocafbonate are converted to
olefins by using iron carbonyls?:l 213 Thicketones and thicamides on
reaction with hydridotetracarbonylferrate anion form hydrocarbons and
amines respectively in good yields. On employing dicobalt octacarbonyl,
cobalt tetracarbonyi anicn, or cyclope.ritadienyliron dicérbcz!nyl dimer
as reagents, thicketones gave coupled olefins in' 45 to 83% vield in

refluxing be.nzeneZM. Modified molybdenum carbonyl species alsé showed

activity for desulfurization of thiols 'in_ tetrahydrofuran at 50°c°®,
Recently, triosmium dodecacarbonyl has been shown. to cleave alkyl pheny
sulfide to give HOS, (-SR] (uy-n*=CgH,) (CO) g 2. -

In this section are described the results of attempted desulfuriz-

ation reaction by metal carbonyls on inorganic oxide supports. The
- substrates chosen were organic molecules bearing sulfur (e.qg., thibis,
thicketone, thicamide or thicphene) and the reactions were applied fof -
the desulfurization of crude oil and camercial xylene.

Various adsorbents including alumina’ (different kinds), florisil
(magnesium silicate), magnesium oxide and silica were utilized as
supports and molybdenum hexacarbonyl, di}nahganese decacarbonyl, triiron

dodecacarbonyi, dicobalt octacarbonyl and éhlorodicarbonyl rhodium (I)

-
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dimer were employell as reagents Of these, Mo(OO)Glflorisj_.l showed
maximum activity. Various parameters (e.g., amowit of support, type

of support, gaseous atmosphere of the reéaction, amount of reagent and
reaction t:me) were varied in order to determine optimum conditions.

The results are listed in a tabular form (Table 1l). Several interesting
conclusions can be drawn from this study.

From these studies (Table 11), it can be concluded that
immobilized molybdenum, iron, and cgbalt react with sulfur containing
compounds but clean desulfurized product was not obtained except with
triphenylmethyl  mercaptan. ' ‘

Disulfide was the major product on reaction of metal ca.rbooyls
with 2—naphﬂ1§lene thiol on most of the supports used, e.g., acidic
alumina, basic alumina, neutral alumina, florisil, and modified silica.
Maximum amount of dieuifide was formed on using molybdenum hexacarbonyl
on silica doped with dilute hydrochloric acid. No naphthalene was
found in any case. It was observed that neutral alumina doped with
boron trifluoride was a better support than acidic alumina containing
boron triflucride because on using the fi_rst support, more amount of

..._',

t.rlphenylnemane was formed. : . .

The vield of disulfide did not decrease on using pretreated
o ) .
{450°C) deactivated alumina as compared to unheated alumina. But an

additional unidentified,produc’:t“awas isolated frem activated alumina
. ' .

experiment.

Alu:m:.na actlvated at 150°C reacted w:.th thloketone o generate

the correspond.mg ketone. Even on ting alumina to 625°C, ketcne
T

A
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(4,4 ' -dimethoxybenzophenone) was the major product but small amount
of unreacted thicketone was recovered Use of florisil as the support

gave back most of the unreacted thicketone along witkma small amount of

ketone after a blank reacticn (i.e., without metal carbonyl). This
suggests that florisil should prove to be more reliable for“such
desulfurization studies. . -

An increase in the amount of molybdenum hexacarbonyl fram 16 mmol

'to 15 mol or-dicobalt octacarbonyl from 3 mmol to 6 mwl-did not alter
the product retio. An increase.of the react;‘im{ﬁenperature from 80 to
130°,e for the desulfurization of dibenzothiophene couldhot improve
the ;eaction.

Experiments were carr:.ed out to reduce the sulfur content of
crude oil. Though truron dodecacarbonyl and chlorod:.carbonyl rhodium
(I) dimer wereenployed during preliminary runs, the majority of the
work was conducted with molybdenum hexacarbonyl on a support, as it had
been found to be active for desulfurization®. |

" Alufipa (or other ‘su;port) was actiyated by heating:to 150-650°C
and molybdema™hexacarbonyl (1-15 mol) in hexane was mixed with the

support. The solid was activated by heating under nitrogen to generate
modified n'olybdenum; cerbonyl species. After codling, crude oil, either

aioneorinahinertsolvent,wasaddedandthereactionndxturew'as

o

stirred for 18-2¢4 hours under a mtrogen at:ms;_:here The final mixture

o
was collected in alz.quots flltered and then analyzed for its sulfur

content.

» .

The results are presented in TabIe 12.

-
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The follcmng conclusicons can be made from representative

experiments listed in Table 12.

1.

The best support for de_sulfu:ization of cride oil is
florisil. The efficiency of supports is “listed in an order:
Florisil > alumina > alumina - BF3_ > Mg0 > silica gel
Experiments listed in serial numbers 10 and 11 indicate that -

almninéisabettersupport suchﬂunalmmnadopedmth

. desulftﬂ.‘%zatlon, but not substantlally. (Refer to 1 vs 2,

15.1 vs 15.2.)

pblybdenmn hexacarbonyl on a support is better than Fe, ‘.c‘?’iz/.
basic alumina or [Rh(C0),C1) Z/altmﬁha.‘ (Compare 16 and 17
with Mo(CO) ¢ experiments. ) |

A decrease in the amount of molybdenum hexacarbonyl does not
adversely affect the desulfurization process. Thus, these

reactions are catalytié in mlybdenum.(s.N. 9 vs 10).

- Nitrogen is a better medium than synthesis gas (S.N. 5 vs 18).

An increase in reaction time from 20 to 30 hours has little
effect. However, slight improvement in desulfurization is
observed. =

-

N . . —

Many experiments were carried out to che¢k the reproducibility
“ .

of results. - Experiments S.N. 14 vs 15 and 24 vs 25 are just two

examples. .



o ] nylon) where even such low sulfur contents are undes:.rable.
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< [ . . .
These reactions are also successful in reducing the sulfur

content of p-xylene, which had’only 30-42 ppm sulfur. This indicates.

that this process may be utilized in petrochem:Lcal mdustrles (e.g.,

The present study clearly shows the pote.nt-_lal of nodlf:.ed mlyb—

‘de.num hexacarbonyl on flor:.sn as a reagent for the desulfurlzatloq of

crude oil. Hcmever, scale up experiments preferably at pilot plant

. scile and study of its econcmic feasibility would have to be carried out

for its proper utilization.
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Section IV. Phase Transfer Catalysis:

a) Reaction of c;m(oo)z with Benzyl Bramides

As described in the Introduct'_l.on, the carbonylatlon of halides
to acids can be cat'alyzed by dicobalt octacarbonyl under n_uld condi-
tions (PI'C)17-3. It seenedmrtlmhiie-to investigate the use of
cyclcpmtadlenylcobalt dicarbonyl as the catalyst and to compare the
be.hav:.or of this mnonuclear camplex bearing a donor cyclopentad:.enyl

ligand, with co}?a;Lt tricarbonyl nJ.trosy.l, CO(SZO)_BNO.

One study‘?l6 using a moncnuclear cobalt carbonyl-cobalt
tricarbonyl nitrosyl as the n’etal catalyst, J.ndlcated that the reaction-
could be more selective than-dicobalt octacarbonyl for moncacid forma-
ticn, although with reduced product yields. The mononuclear catalyst
contains & nitrosyl ligand which is a better Tr—accéptbr than éarbonyl.

" Aqueous sodium hydroxide, benzene and phase transfer catalyst
 were stirred with cyclopentadienyl cobalt dicarbonyl under carbon
moncxide atmosphere to generate the active species. Benzyl bromides
were then added and the mixture was stirred at 50°C. After workup,
correspending phenyl aw\ were :i‘s-olahlted fram the aqueous phase

and the organic phase afforded products which are listed in Table 13.

e CpCo (C0) , (47) :
ArCHBr + OO Sream, T > (ArCH,y), + (ArCH,LC0 + A‘mzcl:o +
40 (nCeH, ) N'Br ,45°C 42 43 ArCE,0
1 atm \ 44 "
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Table 14 lists.a o&r‘para;tive vield of products cbtained on
using CpCo(Co},, Co(C0) M0 and Co, (CO) 4. ' _

The results listed in Tables 13 and 14 show that the reaction
is much 1ess‘ selective than that using C‘.oz((l‘))8 or Co(CO)BNO as
catalyéts. Among the many. products cbtained were dibenzylic Ketones

and monoacids. - The amount of ketones formed was significantly more than

wheri dicobalt octacarbonyl or cobalt tricarbdnyl nitrosyl was used as

catalysts. Also isolated were carboxylic esters which were not observed
in previous reacticns. - The phenyl acetic acids were formed in lower
yield on using CpCo(C0) , as campared £0 0o(C0) ;0 and 0o, (V5. The
absence of double carbonylation product with O-methyl benzyl brmude and
aldehyde with benzyl bremide indicate that the active species generated
with CpCo(CO), behave differently fﬁ:m the other two ccbalt carbonyls.
The reaction products were identified by compariscn of their
spectral properties (IR, NMR and MS) with the authentic sample (Table 13).
A change of phase transfex cataiyst from tetra n—hé:qlanm_om’.mn
bramide to tetra n-hexylammonium hydrogensulfate did nbt vary the
vield or the productl carpositionlsigzﬁficam:ly. Adding the starting N
material drop by drop in one hour or increasing the reaction time from
48 to 96 hours also did not give any hew product.. A
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Schetre&,.

| RN O™ -0, -
 5CRO0(0), ———— CpOo(C0) (ComH) T —2 Ceo (G
v .
]
co .

. o ‘
The pathway outlined in Scheme 8 can account for the reaction

products obtained from this reaction. Addition of hydroxide ion to a -
carbonyl carbeon of\the catalyst, CpCo(C0), would give the anion 48,

which on loss of carbon dioxide would afford the hydride 49. Reaction
of the latter with benzyl halide (40) would then lead to the alkyl- :

metal hydride. (As an alternate possibility, 40 may react with 48.) . -

Reductive elimination of 50 would give the hydrocarbon 52. This

-(52) is not formed with CpCo(CO), showing that cyclopentadienyl ligand

stabilizes the species and reductive elimination does not occur 'fexcept‘

St
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in the case of 2-naphthyl methyl bramide}. The reaction of 50 with
carbon monoxide, followed by base ‘cleavage, would generate the acid
aandregenerateﬁ. ‘IhefornationofdibenzylS_BandketoneS_tlby-

. Products from 50 is also depicted in the scheme.

‘Benzyl alcohol (55) may be foi:n"ed by simple hy:ij:is of the
bromide. After its (55) deprotonation by qQuaternary itm hydroxide
in organic phase, it would react with the phenyl acetic acid to éfford

‘the dibenzylic ester 56. Alternatively, the acid anion 51 can react

\
with residual halide (at the interface) to form the ester 56.

b) Reaction of Palladium (o) and Palladium (II) with Vinylic Dibremides -

Joshi.217 has reported that triiron dodecacarbonyl' forms a

‘cumilene camplex in low vield on reaction with vinylic dibromides. It

was Of interest to learn whether such dibromides would react in an
al:xalogcus or different manner with triiron dodecacarbonyl or dicobalt
octacarbonyl an solid support. Unfortunately, neither triircn dodeca—
carbonyl cn basic alumina nor dicobalt octacarbonyl on alumina reacted
with ,&'~dibromostyrene. Even using phase transfer canditions and
dicobalt octacarbonyl or with in situ generated acylcobalt tetracarbonyl

.as catalysts gave recovered starting material.

These results indicate that a more reactive metal complex is
requ:.red to act:l.vate unreactive halides as vmyllc dibromides. A

'l'pallad_um (0) ccxrplex was cons:.dered a suitable candldate for this, and

indeed initial experiments ‘wn.th tetrakis (tr:.phenylphosph:ine) palladium
(O) under phase transfer conditions in a carben moncxide atmosphere
gave a white powder in 40% yield. Tt was identified by melting point
and spectral data as 1,4-diphenyl-~1,3-butadiyne. ‘
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Pd(0) (58) :
R CH = C(Br), o Na0H, - m:c-c=CR+Rc:-1=C(_ooom2+
57 . CgHg , THAHS, 59 ‘ 60
1 atm RCH = CH(COOH) - ‘ |
él- |
P3(0) ' ' ;
ch _ C(Br)2 0, NaOH, ch c'(ooom 5 + RC CH (COOH) @
62 Cellg - THRES 63 . 84
1l atrp :

w -

As the main reaction product was not firmed by insertion of
‘carbon ‘monoxide, it was tlnﬁghﬁ 'probabl:a that carrying ocut the reaction
in nitrogen will mcree_lse-the yield. Bt_.lt when the reaction was per-
formed under nitrogen, the yield of diyne decreased That the reaction
works only under phase transfer catalysis was proved by carrying it
out in hamogenecus medium. Even after refluxing a tetrahydrofuran
solution of tetrakis - (triphenylphosphine) palladium (0) and 8,8'-
dz.bmrostyrene under carbon monoxide for 41 hours, only starting material
was recove.red Perforrmng the reaction under phase transfer catalysis,
but without the metal catalyst, also gave no reaction.

_ The effect of ligands on the palladium (0) catalyzed reaction

was examined using Bis [bis (1,2-diphenylphosphino) ethane) palladlum (?( .
Pd(dpe) , and bis (dibenzylideneacetone) palladium (O}, Pd(dba),, it o
was, found. that Pd(dpe)2 givi_'s the best yield of diynes. While Pd(PPhB) 4

and Pd(dba)2 are also active catalysts, the product yields are lower

and reaction in the case of Pd(dba)2 is slow. It is worthwhile noting
that palladium acetate can also catalyze the conversion of vinylic

dibromides to diynes.

DRSSP PR
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Tﬁe rate of addlta.on of the palladium catalyst and organic
substrate is critical to the success of the reaction. It was fomﬁ__
convenient to add palladium catalyst dissolved in 15 ml benzene in a
15 minute period and then the vinylic dibromides in 50-60 minutes. - _

‘ In one case, the palladium catalyst was added in one portion and
B, B'-dibramo—p-methoxystyrene in ¢ne minute to compare with the yield
that was cbtained by slow addition. The yield in the first case was
only 29% and the product was not clean, whereas on slow addition the
yield increased to 50% and the product was quite pure at the crude stage.

- Changing the solvent from benzene to methylene chloride also
lowered the product f{ield. However, changing the phase transfer catalyst
from tetrahexylamonium hydrogensulfate to benzyltriethylammonium chloride
had little influence on the yield of products. <

The reaction is not very sensitive to steric effects. With
electron denating growp (CH,,OCH;) on the arcmatic ring, the yields of -

diynes were similar to the parent system. However, para—chlorine

substituent gave 1,4-di-p-chlorophenyl-1,3-butadiyne in someyhat reduced -

yield.

The reaction is genera.‘l.l and works even with o,B3-unsaturated
vinylic dibromides (Table 16). The product of the reaction with
C6H5G~I=C(CH3)CH=C (Br)2 gave the anticipated compound CGHSCH=C (CH3)CE

C-CEC-C(CH;)=CHCHg. It was identified by amalytical and spectral

" data (Table 17).

For vinylic dibromides derived from 4-t-butylcyclohexanone and

n-hepatanal carboxylation occurred in benzene to give monoacid in good

J



=104~

19 " oL % Gb ¢ (dp) pa "
(ysaaz)
6V " oL % ¥ (fyaa)pa- )
10 y S0T Mo sz Y (tuaaypa ’
02 " 05 ‘e e ¥ (tyqq)pa "
m .
10~ ‘, . .
8t "wlo-ozo0m0"ooti>  os ‘%o e Y €yamypa  Camo=oPno0bmo-p
9g " o - Whbh oz ¢ (adp)pd "
2v ’ 05 %D e ¢ (eqp) pa "
£ ’ 05 ‘o MEETE }
o . 05 o  w P uaarma o
e ¥ u%5-0z0-020" 14D os - b v VEuaaqypa  Cag=ouotio-p
€6 Coooyo=o®% 05 W= 61 ¢ (adp) pa "
¥S Su%-0z0-0=0"1% oL 95 gy ¢ (adp)pa "
ob S4%>-0z0-0=0%1% - 5 %% v ¥ (Cuaa)pa a0
(e N
‘ 170) JuaaTos yf awmy, - —
% 'PISTA ; A0NpoId Do ‘AR, UOTITPUC) e g6 ‘3IsAtezen’ 29'Ls punodixoD

*s3sATe3ED UNTPRTTRd YITM SOPTWOITQ OTTAUTA JO UOTIORR  *9T oTqel



-105-

————

g5 ’ oL ‘WH oL ¢ (adp) pa y
- HoooD=1Dt TH%-u oL o e Vo  Cam=motudo-u
z p9ld 2 9.9 Z € :
B g0 “-[0=0-"H'O-HO=0"7d]  OL HD - 82 ~“ (000*HD) Pd "
z b9
- 1-d | , ag=o-"1%
6 9sg 0 -("moo-o:0-020"wP0) oL Wb e ¢ (adp) pa- Soolag-'T
. | 2o
; AN 6,/ 9.9 2 (o _ S
¥ [0=D(a)D=HD'H"D] OL H7D 89 (adp) pd =HO (S} O=HD"'H'D
t : .
Le y oL %D e ¢ (ooo* o) pa
w00 e WhH e Cladp)pa  Caed='H%0T0-p
_ﬁougoau
516 .Terroyeu buriTels o9 L T P (€yaa)pa ’
05 .o 28 ‘W ep ¢ (ooot ) pa ’
Yoo | | |
%z -"uPo-0m0-0:0"u’0%D. o8 W 09 ¢ oot pd  Cam=o w00t m-p
(ureq : .
T10) JuaATOS Y’ _aurmy - L
$'PISTA 30NPOId Do ‘AMaL, UOTITRUOD B g8s ‘3IsATered 29'LS punodip
(p,3U00) "9 OTCEL



~106-

*a3sdferen xojsuex) oseyd se posn seM apTAOTUD Eﬁ:gﬁamﬁmﬁ.ﬁahucmm

*3sATe3e0 a3suexy oseyd se posn sem 93eJNSUSHOIPAY unMTUCMIETAXSA-U RI)AL

*OId Jepun 3OU pue UOTITPUCD SNOodusbowoy Iopun auop Sem UuoTyoRal 3T,

TuotyTppe Sswdoap MOTS JO _cmﬁmﬁ joys auo ut ATXornb peppe sem SprwOAqIP OTTAUTA

‘sasydsoune usHOIITU UT UM SeM UOTI0ER]

@l al ol ol ob Wi

*9STMISYIO P23Els ssaTun ‘axsydsoune SpTXOUCW UOQIED UT UNI dIaM SUOTIORST 9yl

08 2 (4o00) o@ 05 -3 62 Z (adp) pa "

vg (ool W GL Wr ez ¢ (adp) pa Ca W

(y3eq

: 110)  JUSATOS U’ 8wyl o :
% 'PISTA. Jonpoid D, ‘AU,  UOTITPUOD e gg ‘IsAtezed 29’15 ptmoduo)

(p,3U00) 9T OTqEL



'_—107—

‘ +Hw.m0
-Wlooz
'+ [TO-WlvEL
N ylewllee (0g° L9 e ead urew T R
‘oLz {HD oT3RuwoIR’W) £ L-T"L 40=0"H"DT0)
(b)6z"sS '
' (8)00° €L ﬂsumooﬁwww>
s Y(s)ez 18 ) osTE . (zHB=r'D=D
. P ZT PIT '9E82 €062 03 oyrxo SH'Hp!'P)LEL
“(s)Tr Let (w) €262 ‘(2Hg=0L ‘1D oTjewOIE
(P} 0" €2T ~hvmmﬁﬂﬂavmw> €100 03 oqazo YH/Hp D) . ‘
"(8)€T 09T (w) ZTOE (AW) ™0 (L9’ (BHDO’HY'S)LL°E  TET-0€T *UmmMHHUwU HD)
A v
H
Aaumﬂoﬁwww> .
¢ (Mn) 1622 Y (2H8=r'D=D O3 oy3zIo
LTHD (1) 2962 (TTY) ™ mm.mv}v.oﬁ.h.ammmun
- o)
' Hu“wwm %H,Hmﬁmvﬁ.; io%w‘wwmﬁ%m,w%w £9T-29T N,G-u@
+ - = HO)
S
. I . Amvoow.ﬂ
(s)z6 m¢AMWMMMHMW O=0x+ (m) 09Tz
 (9)TH* 82T (P) T2 62T ‘(M przz Ooon (€67 e Fe deed uranli . e
‘(PITSTeeT | [Wleoz ‘(8)650€ " . OTIEWOIR‘W)EL"L-€0°L 98-58 £0=0"H"D)
' ® . ol el el Syl g
€ : £ . € $9'€9°19'09'65
(~ TOa0) ¥ wmﬁ 9/u ‘S| H|Eu; TOHD)UT m (*TOaD) N :H 90! *deut

SOPTWOIT( OTTAUTA JO UOTIORSIY SY3 WOIF pouTelq) S3oNpoid uorioed Jo sariaadoid

punoduo)

*sTsATele) a93suedy, oseyd Jopy) s3sATeie) unipeired Ytk

LT °Tq8L

T2



it A

-]08-

+ﬁma
-W)s9Z
.+Hz_mmm

(3o1T1ed 1]

hmmHUMW>

669T o
‘obee

hmwMNUmUQ
1 'gsez(TTV)
*geog (1) a

[9e11d Iei)
[-W20L6~066
Je yead ON
squosaxd ST
puoq STqnop
suer) ou)
‘0bg UOCTINITIS
-qns exed
.oooﬁwwwp
‘0022 "
‘0z0¢

~090¢ {x¢) 1Pa

(W) 00972
L1 (M) STTZ

1002270
* (1) 126
' (s)0T62 {TTV)
‘ (w) 000€

(o132WoIRHOT'S) 0€° L
' (HD OTuT3IoTO’HZ

) osog (7 Pa  7s) 2679 (LHD'HY'S)0T"Z  08-6L

2 Am:Uu O=HD

|

N._.Um _

“1°0)

"9
.Amﬂooo,mzz O¢

T

Sy

Huau\amau:uva

9/ (FT0M0 BN Hy 5 4 geuy

.‘U::omEoo

«\\\\

.

*

(P, 3ucO)

LT o198k



—-

-109-

\ ,
LD s
‘41 (HOOO (gP-OSWa uT)
(gP-0swa uf) +C00) -W] [€T°¢ pue g6z
, 9 TH /LY Ty TST/:[(E1D ‘€6°T/02° 19 esyead :
'96° Gy €2 9¥’£8°09  “¢00)-N] utew !suojoxd orreydite . :
‘Op°LET/OT TLT 18T’ (00 'H6 ' *w*2q]9g°€-00"1 , .
'8E°ELT S6° 08T -] 96T ;Qmﬁuu.mm\m.ﬁ_mw.o (P)8LT N.ESQUHOI,.
{HOOD'HT
. 95°LZ (o€ (€ ,c (s)spot 'sygg6’ (HO oTUTFOTO
'65°62'82°62°28°62 + e ' (88) 069720 'HL’s) LG°G¢{€z 19 e
‘Mveeze’ (3)st e (YD (s’°1q) 0ogEQope  TEod Puo’suojoad burx « .
“(PIEL Ly’ (P pE"2TT ~H) 18T HO SraeydyTe’He ‘W) €412
‘(8)Z8° 99T (s)eL 2L ¢ [W]96T (#)00SE ™. -€0°T'(*HD'H6'S)L8°0  LL-9L :ooo:uHOl
__ (0L*L9
7 Je yead urewu)/g*,
+[O°H oo ., 08 (W) iLts-097G ._
-WIBET (SA'IQ)OTLTL N ' “(L9°T'06°09 Jesiead L g
' W19ST (s’*aqn)o0t62 urew’w* xq) L6 Z~£5°0 HOQOHD=HD" "H”D~u
09T
0Tez ‘0922 " a
‘0162 (KD oT3RwOIR'S)8p Y/ .
. _ '596Z(TTY) ‘ZI0¢ ' (HD oTjeouTR!S)gE"
090€’SL0E (W) o ' {HD oTyRWOIR’S) OE" L II-d
? Tolca’Toalnol re
(€ y (€ (€ ¥9'€9'1909°65
(*TO@) YN Oeq 9/ ‘SW T (" TOoHONI 9 (FTO) WM He 5 rideu pimoduon
(P,3UCO) LT OTqe]



=110~

—_—

-xTe uT BUTAIp pue BuTyses Ie3gy ©

+[€(HO0D) ~W) Z0T
! 4. [HOOO
z ~HILHT (HOOO'HZ ‘s 2q) 568’ (£8°L
!+ [OCH-WIbLT o0 pue /£°L9 Je syead
!+ [HO-HISLT. (SA)289T h  uTRW'HD OTUTISIO pue
‘+M1Z6T (s’ agn)zee6e

A\ oTaEWOTR’HY‘W) 0" 6~LT L (P)96T-F6T  ©(HOOO)D=HD HPD

9 .
* (“rom)wa 0 ofu ‘g _ wo’ (Srom)ur o’ (Sromymm

£l L

i

—m—— ey —

Do’ du punodun)

)

(P,3U0D) ~ *LT OTqeL



‘yields. In fact, the reaction proceeds via'decarboxylation of a vinylic
diacid species. Unpublished’results by Dr. V. Galamb in our laboratory
have clearly shown that such vinylic dibromides react at lower temper-
atures to give diacids. The conversion of diacids (§0) to monoacids (51)
using phase transfer catalysis is well—]mé»mzls.

Theremlltscanberationalizedonﬂ;ebasisofthepa;hways
outlined in Schemes 9-11.
Scheme 9 ' (58)
| 4 = .

R4N CH

] _ -
AXCH = CBr, + R4N+PdLn —— a&xC” = CBr, + PdLnH(CH)

.67
2 " _5_5 OH .§.6_ - T
-Br l-HZO
Mcsc-czor & ArC = CBr PdIn
55 8 6
65 Br ArCr=CBr Ve
AXCH = CBr,—— 5 arci=c ——3 e
BdLn 71 C=CHAr
52 7 n
oH Br
.
RN OH l
ArC = C=C = Car
-5—?_ .

The vinylic hydrogen of a dibromostyrene compound should be
sufficiently acidic to be deprotonated under phase transfer conditions
to give the vinylic carbanion (66), which on loss of bromide would form
the bramaJchne (68) . Palladium n'edlated ooup].mg of the létter @ld |

L
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form the diyne (Scheme 9). An oxidative addition pathway (Scheme 10)
is also conceivable but. should occur for the other types of vinylic
dibromides studied. o
The formation of diacids (Scheme 11) may indeed proceed by

sequential axidative addition, carbonyl insertion and then hydroxide
jan cleavage of the palladltm—carbon bond. Tt is, of course, possible
that the dicarbonylation reaction occurs at once. Note that whe.n
R—H the vinylic hydrogen is much less acidic than in the aryl analog _ *
and‘cmsequently deprotondtion by base is a less favored process.
Therefore, the pativep’outlined in Scheme 11 would be-preferred to that

illustrated in Scheme 9.

Scheme 11
R R Br R Br
AN 6  \. / o N\ /
C=C Br2 —-:——} cC=C —_— c=¢C "
/ TN A
4 R Bd (OH) R’ C—Pa (0H)
R ) In I 1n
82 72 10
+
RN OH
R\ coH R
/c =C ¢ ¢ \c=c/ i
R' COcH VRN .
63 R' g4 OOCH

{
: j
In canclusion, palladium (0) compounds can, by phase transfer 'i
. i
techniques, induce the conversion of vinylic dibromides to diynes or 1
acids, subject to the nature of the substrate and solvent. '

A
]

R
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¥ CHAPTER IV

N

EXPERIMENTAL SECTION

-t

General Coamments

Infrared spectra were recorded using a Unicam SP-1100. A
NICULET MX-1, FT IR spectrometer was used to locate- more precisely the
pos:.t.lons of tie bands of selected products. All IR detenmnat:.ons were
calibrated using polystyrene film.

'LH nuclear magnetic rescnance (NMR) spegtra were detenmned on a .
Varian T—GO or Va.r:.an 3608 NMR spectraneter as solut.lons in CDCl3
(unless othermse stated) with tetrarrethylsmlane (TMS) as the internal
standard. 1% NYR.were recorled at 20 Miz with a Varian FT-20 spectro-
meter. ‘

Mass spectra were cbtained with-an AEI MS902-S or VG7070-E mass
spectrometers. Gas liquid chromatography was carried out mlril'th‘ a GOW-MAC
instrument having a thermal conductivj,ty_ detector and: heliufﬁ carrier
gas. High pressure liquid chromatography was performed on Waters Prep
LC/System 500A. Melting points (uncorrected) were obtained with a
Fischer-Johns hot-stage 'apparatus. Microanalysesl were performed by:
Canadian Microanalytical Service Ltd., 5704 University Boulevard,
Vancouver, B.C., and by Schwarzkopf Mlcroanalyt.lcal Laboratory, Woodside,
New York. |

The glassware was either dried at 115°C for at least 4h,

assembled het, and allowed to cool under a purge of prepurified nitrogen,



hypodermic syringes fitted with stainless-steel needles or by a dropping
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or the reaction flask was degassed and filled with nitrogen three -
times.

The reactions were carried out under nitrogen, carbon monoxide

or QO/H, atmosphere in round-bottomed flasks fitted with side arms

_closed with quick fit joints or capped with rubber septa and were stirred .

macnetically us:mé oven—driéd, teflon—coated stirring bars. All trans- .

fers of liquids and solutions of organametallic reagenté were done with

funnel with quick fit joints. Solids were added either in a glove-bag -
under nitrogen atmosphere or under a fast stream of gas. -
Thin iayef chramatography (tlc) was routinely employed to monitor
reactions and colum chromatography separations, and to check the purity
of products. It was pe:rfonred on precoated silica gel plates SIL G-25
UV25 4r whereas preparative tlc was dong on glass plates coated with MN-
Kieselgel G/UV25 4 (both products manufactured by Macherey-Nagel & Co.,
West Gen@y) ... Spots were made visible by inspecticn under UV light,
by keeping them in an iodine chamber, or by sp;aying the plates with
5% sulfuric acid in ethanol:
Column chromatography was generally. performed with silica gel 60
(E. Merck A.G., West Germany). Florisil and alumina for _chraratoéraphy
were purchased from-J.T. Baker Chemical Co. and Bio-Rad Laboratories

respectively.
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Section I: Fe3 (CO) 12 on Almm.na

<

(a) Reaction with Nitrobenzenes
1. Gene.yation of Hydrido Species: Reaction of Fe, (CO)lz‘with Basic .
Alumina. _ -

Basic alumina (Woelm, 20g) was dried by heating overnight at
"1500C under reduced pressure (3-6.muHg). -Anhydrous hexane .(60-75 mL) ,
and triiron dodecacarbonyl (1.007 g, 2.0 mroi; Pressure Chemical Carpany)
were added to the cooled alumina in the glove-bag. The mixture, which
was green dL.1e to the color of triiron dodecacarbonyl, was stirred at
'room temperature (nitrogen atmosphere) for 2 hours or till the color
of the solid turned red whereas the liquid became colorless.

The formation of dark red color shows theé generation of tri-
nuclear iren hydride, HFe,(CO) 11‘-" This species was used J.n situ for
further reaction. |
2. Reaction of Fe,(CO),, with Neutral Alumina

Essentially the same conditions as in(l) were employed; the
difference being the use of neutral alumina (20g, Bioréd AG7, 100-200. .
mesh) instead of basic alumina. The :ed color generated was slightly
Lighter than in(1).

3. Reaction of Nitrobenzenes with Triiraon Dodecacarbonyl on Basic
 Alumina ' |

Nitroarenes were purchased frcm Aldrich Chemical Co. or Eastman
Organic Chemicals and were used as such. . | L

The red coloretli. species was generated as in(l). The nitro
_compound (2 mol) was added, ei_ther as such'o.x" in dry benzene (10 ml),
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under a fast flow of nitrogen. The reaction mixture was stirred over-
night (20-24h) at room temperature. _ ! : \

The mixture was filtered, and trituration of the solid residue
with ehter or ethyl acetate was done until the solid was free of organic
campound (s) (detected by UV lamp or tlc). The washingé were added’ to
the flitrate. The crude product (amine) obtained by rotary evapcration
of the filtrate was processed in the following manner for the reactions
using different nitro substrates. (Spectral data and melting or boiling
points of the products are listed in Tab;Qs..ana 6.)

3.1 p-Nitrotoluene '

The crude product was separated fram the green .iron complex and .
vellow campound by colum chromatography on.a.silica gel colum. . Elution
with hexane-ether (2:1) gave Fe;(CO),, follcmé by 0.013g (6%) p-
azotoluene and 0.143g (643) of p-toluidine,

3.2 m-Nitrotoluene .

Silica gel chrmatograpﬁy usmg hexane—ether (4:1) as eluant_ gave

m-azotoluene (0:020g, 8%) followed by m-toluidine (0.095g, 40%).
3.3 ,o—Nitroan:‘Esole

* The products were isolated from preparative thin layer chremato-
g'raphy [hexahe-ether (3:2)] and were identifiea as o—azoaniscle (0.0l4g,
6%)] and 0- anisidine (0.127 g, 51%).
3.4 p-Nitrcanisole

The crude product was worked-up by silica gel colum chromato-
graphy with hexane-ether (5:1, 3:1 and 1:1) as eluant to give 0.195g (7%)

p—azoanq'.soie followed by‘0.198g (73%) p-anisidine.

- . . -
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>
3.‘5 p—~Chloronitrcbenzene

Column chramatography of the crude on a silica gel colum
[eluant shexane-ether (4:1 and 1:1) gave p-chloroaniline (0.178g, 70%).
3.6 p-Nitrobenzophenone |

“The crude product was chromatographed on a silica gel colum
with hexane-ether (4:1 and 1:1).. The major product was identified as
o-amincbenzophenone (072689, 68%).

3.7 2-Nitrofluorene |

Chramatography of the product on silica gel with hexane-ether
afforded 0.306g (79%) of 2-aminofluorene.
3.8 p-Nitrobenzoic acid ‘

The produéts fram the reaction of p—hitrobe.nzoic acid were
adsorbed Q};; the alumina and could not be extracted by organic solvgants.
3.9 Reaction of..Cholest-4-en-3-one with 6 |

dwoles£—4-en—3-one (0.544g, 1.41 mmwl) was added to the red
species generated by the procedure given inf{l). After 18 hours stirriﬁg
under nitrogen at roam temperature, trituration with ethy;l acetate and
filtration, crude product was obtained. Workup by silica gel colum
chromatography gave recovered starting material.

3.10 Other Attempted Reactions of Substrates with 6 *' . .

| Similarly starting material was recovered on attempted reaction
of 6 with B,8'-dibramostyrene, azobenzene, p,p'-dimethoxybenzophencne,
dibenzothiophene and phthalazin-e. : .

]

-~
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.4. Aliphatic Nitro Compounds
4.1 Preparation of 1-Nitroadamantane from 1-Amino Adémantanezlg

A solution of l-amino adarrantane (3.03g, 20 mmol; Aldr:.ch -
C‘nem:.cal Co.) in chloroform (130 ml) was added. slowly (30 minutes) to.
m—chloroperbenzoic acid (24.20g, 140 mmol) in chloroform (100 ). The
nu.:d:ure was refluxed with stirring under nitrogen for 10 minutes. The .
. solution was cooled, and washed with 10% aq. N;'?.I-ISO3 (4x20 ml), saturated
sodium bicarbonate (2x200 mL) and then water (200 nL). The chloroform®
| layer was dx;ied and evaporated at room temperature in vacuo to give ::he
crude product. 1-Nitroadamantane was further purified by sublimation ;
at/, 80°C at 10 lnm Hg for 12 h. .Yield: 2.759,: 76%. )
4.2 l-Nitrooctane was c_:abﬁained from Dr. B /,Despemux and 2—nitropropa;1e
. was purchased from Aldrich Chemical Co. '

4. 3 React.l.on. of Aliphatic Nitro Compounds with Triiron Dodecacarbonyl
on Alumina - : 4 :

The method follo&gea was essentially that described in B3). The
reaction product was distilied in thé case of 2-nitropropane. The
distillate was analyzed by GIC (10% DEGS on chramosorb ) and showed
no 2-propy1 amine. |

tn us:Lng l-nitrooctane or l'-nltroada.rrantane also the corresponding
reduced produgé 1-amino octane or l-amino adamantane was not formed.

The identifica of the prQducts was not pi.u:sued.
5.1 Reaction of p-Nitrotoluene with Alumma

The blank reaction vas Tun as stated in(3) without using triiron .

dodecaé:arbbnyl. After the reaction p-nitrotolué.ne was recovered and no

p-toluidine was formed.
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5.2 Reaction of Stilbene Epoxide. with Alumina

The reaction of trans stilbene epoxide (0.302 g, 1.54 mmol) with
alumina in h%:a.ne at roam temperature for 20 hours did not give any
starting material. The products formed were identified as diphenyl-
acetaldehyde and desoxybe.nzo:.n.

bB) Reaction with Azoxybenze.nes and N-Oxides

6. Reaction of Azoxybenze.nes and N-oxide with Fe, (CO) 12 on Neutral
Alumina

Azoxybenzenes and heterocyclic N_-oxides were purchased frcm
Eastman Organic Chemicals or Aldrich Chemical Co., and used as,received.

The red trinuclear iron pyd.ride was generated as described in(2).
The azoxy campound or N-oxide (2-4 mmol) was added either as a sclid or
after dissolving in benzene (10 nL). Stirring was continued for 20 hours
at room temperature. The mixture was filté:‘ed, the solid was treated
with ether or methylene chl_t.ar_ide, and the washings were added‘ to‘_the
filtrate. The crude product was cbtained on rotary e,{ra-poration. |
Purification was achieved using Solum or thin layer chramatography as
' described below. '
6.1 Azoxybenzene

The residue was chromatographed on Florisil (J.T. Baker Chemical
Co., sofioo mesh) with hexane as eluant to give 0.249 g (6i%) of pure
azobenzene. (Refer to Table 6 for its characterization.)
6.2 4,4'-Azoxyanisole |

Column chromatography on Florisil (eluant-hexane) afforded pure

2
- R

4,4'-azoanisole (0.232 g, 68%).
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6.3 4,4’-Azoxyphenetole
Coimm chramatography (eluant: hexane) of the crude on Florisil

afforded pure azo compound (0.304 g, 59%) and some unreacted 4,4'-
- azoxyphenetole (0.136 g, 31%).
6.4 Quinoline N—oxide
The liquid cbtained was found to be pure quinoline (0.258 g,
79%) . o
6.5 4-Picoline N-oxide
The crude product was dried under reduced pressure to cbtain

?ure 4-picoline (0.20‘5 g, 86%).

Section II. Coz (C‘D)8 on Alumina

(2) Reaction with Nitrobenzenes

7. Reaction of Nitroarenes w:Lth Co, (CO) é/A12'03

Alumina (20 g, Fischer adsorption, 80-200 mesh) was dried by
heating overnight at 150°C under reduced pressure (3-6 rm Hg). Dicobalt
octacarbonyl was purchased from Strem Chemicals, Inc.. A mixture of
dicobalt octacarbonyl (1.026 g, 3.0 rmol) and cooled alumina in deoxy- °
genéted hexane (60—75 mL)} was stirred at room’ temperature for two hours.
This resulted in the fdrmation of a deep red mixture. To this mixture
was added the nitroarene (2-3 mmol) dissolved in the minimm amount of ‘
dry benzene o:_tetrarydfgfuran, and stirring was continued for 20-22 |
hours. The mixture was filtereé; ‘the oxide was- treated with ether or
ethyl acetate until it was free of product(s), and the washings were -'

added to the filtrate. The crude product, cbtained by the rotary

-
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evaporation of the filtrate, vas purified by colum chromatography on
silica gel u;ing hexane-ether as 'eluant or- by recrystaillization. See
Tables 5,6 for characterization data. S )

The prmdure adopted for working-up ﬂ:e reactlon of Hxilvz.dual
nitroarenes with Co (CO)S/A]. 0, (19).1s descr:.bed below.
7.1 p~Nitrotoluene

The reaction mixture was chromatographed on silica gel with hexane—
ether (4:1 and the polarity was increased by using more ether). The
first fraction obtained was 4,4'-azotoluene (0.023 g, 68) and the second
fraction was p~toluidine (0.216 g, 60%).
7.2 p-Nitroanisocle

The reaction mixture was purified by silica gel chromatography
using ﬁexane—etrler (3:1 to 1:1). A yellow solid, eluted first, was
4,4*-azcanisole {0 013 g, 5%). Further elution gave recovered p-nitro- g
toluene (0.011 ‘g, 0.07 mmol; 3%) and then 0.170 g (62%) of p—anlsm.me.
7.3 p—Chlorom.tmbe.nzene ‘

p-Chloroaniline (0.310 g, 62%) was obtained by silica gel :
chromatography using hexane—ether (2:1) as eluant. '
7.4 p-Nitrcbenzophenone

Column chramatography [silica gel, hexane-ether (2:1)] was
pe.rforfredr to give 0.227 g (71%) of pure 4-am.1'nobenzophenone.
7.5 m-Nitrotoluene B - - e

Workup by silica gel colum chramatography with \hexéne-ethe;
(2:1) _gave 0.22‘4g' (70%) m-toluidine.
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. 7.6 2-Nitrofluorene
The crude amine was purified by colum chromatography [silica
gel; using hexane-ether (2:1, v/v)] to give 0.272 g (77%) of 2-
- aminoflucrene. ' 7
é. Reaction of C0; (CO) g with Partially Dehydroxylated Alumina
Almna was heated overnight in a furnace at 550°C. After cooling ’

in a desiccator, it was transferred under a n:Ltrogen aﬁmsphere, to a

100 mL round bottom flask. It was then fur\the.r heated overnight at. 150°C

under reduced pressure (2 mm Hg). -

Dicobalt octacarbonyl (1.026 g, 3 mmol) and hexane were stirred
with the alumina for 2 hours to obtain the red colored sSpecies (193).

‘ The nitroarene was added to it and the reaction was run for meﬁrs.

' Filtration, followed by trituration of the solid with ethyl acetate and
flash evaporagion‘of hexane-ethyl acetate solvent gave the crude product.
Workup was effected in the following manner for the various nitro
reactions. ‘

8.1 4-Nitrotoluene 7 ‘
p-Nitrotoluene (0.41 g, 2.72 mmol) afforded the crude (0.288 g)
product, which on silica gel chromatography [hexane-ether (2:1 and then.

* 1:1)] gave 0.050 g (14%) p-azotoluene and 0.122 g (38%) of p-toluidine. '
8.2 4-Nitroanisole |

p-Nitroanisole (0.408 g, 2.67 mml) afforded 0.358 g of crude
product. Silica gel chromatography of the crude on elution with hesane-
ether (3:1 to 1:1) gave 0.073 g {23%) 4,4'-azoanisole and 0.129 g (39%)-

of p—anisidine .
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9. Feaction of p-Nitrotoluene with 19 in Carbon Monoxide Atmosphere
The procedure adopted was essentially the same as- givep in(8),
the difference being the use of carbon monoxide instead of nitrogen.
~ Yorkup involved chromatography on silica gel with hexane-ether
(2:1 to 1:1) and then pure ether. The products were 4,4'-azotoluene "
(0.051 g, 15%), p-toluidine (0.105 g, 35%), and an ‘unidentified product
(0.029 q). |

10.1 Reaction of p—N:.trotoluene with Dicobalt Octaca.rbonyl and S:.llca
Gel - o

Use of silica gel instead of alumina as the refractory oxide, Bt
and following the procedure reported in(7), also afforded a red species.
Subsequent reaction with p-nitrotoluene and workup ' {as in 7.1) gave
0.120 g (40%) of p-toluidine. '

10.2 Reaction of p-Nitrotoluene with COZJCO) /Florisil

Use of florisil instead of alumina (in 7) in reaction with p—
. nitrotoluene (as in 7.1) gave 0.120 g (35%) of p~toluidine. ‘
11. Reaction of p-Nitrotoluene with Co 4 (CO)12 on Alumina

Tetracobalt dodecacarbonyl was purchased.from Strem Chemicals,
Inc. and was used as such under nitrogen atmosphere.

Folllwing the procedure given in{7) but using tetraccbalt
‘dodecacarbonyl (0.673 g, 1.18 mmol) instead of dicobalt octacarbonyl
also generated the red colour. Its reacticn with p-hitrotoluene
(0.4035 g, 2.7 nfrol) afforded 0.143 g (45%) of p-toluidine.



..._.....__......_; iy ey - rm————— -~ —— e — o -

12. Reaction of p—Nitrotolueﬁe with [Co, (ob)sfpsu3)2] on Alumina

Bis (tri n-butylphosphine) dicobalt hexacarbonyl was supplied by
Pr. M. Salisova.

The same procedure as reported in (7) was adopted with bis (tfi n; _
butylphosphine) diccbalt hexacarbonyl (0.485 g, 0.69 mmol) being used
instead of dicabalt octacarbonyl. The Sdlor of the liquid layer tuxmed .
light orange and the solid became lemon colored after 4 hours of
stirring at room temperature. Addition of p—nitrotoluene {0.153 g,

1.00 mmol) , stirring for 20 hours under mm, followed Ly the usual
workup (see 7.1) gave 0.009 g (7%) of p-toluidine and 0.090 g (59%) of
p—nitrctoluel"le.'

13. Other Attempted Reactions of Substrates with Co, (CU)S/Al203

Reaction of the red species (19) with cholestj4—en-3-one (0.546 g,
1.42 mwol), 8,8'~dibromo p-methoxystyrene (0.743 g, 2.55 mmol),
phthalazine (0.402, 3.09 mmol), p—MeGZGH4C=NC6H5 (0.412 g, 2.12 mmol),
or ethyl phenyl sulfoxide (0.505 g, 3.40 mmol) gave back almost all of
the starting material on workup. - ‘ o

(b) Reaction with a-Halosulfcoxides

14. Reaction of c-Halosulfoxide with Co, (C0) o/AL,05
Alumina (20 g, Fischer adsorption, 80-200 mesh) was dried over-
night at 150°C under reduced pressure (3—-6 mm Hg). Cooled alumina,
hexane (60-75 mL) and dicobalt octacarbonyl (3 mmol) were transferred
to a 3 necked flask i.n;j;de a glove bag under a nitrogen atmosphere.
' he mixture was stirred at room temperature for 2 hours until the
. adsorbentiturned red’ ;Ac{:ually the red color appears within 5 minutes.)

B .
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The a-halosulfaxide (2-5 mmol) was then added under a fast flow of
nitrogen and the mixture was allowed to stir overnight . (ca. 20 hours).
The workup involved filtration, and trituration of the solid with ‘ether
and ethyl acetate. The filtrate was concentrated using a rotafy
evaporator. - . .

The crude product was further pur:.fled in the following manner
for the dlffe.rent a-halosulfoxides.
14.1 a—Chlorcnethyl phenyl sulfoxide

Column chramatography (silica gel, hexane-ether) gave 0.055 g \
(13%) of methyl phenyl sulfoxide and 0.473 g (84%) starting material
(28 was recovered. ' ;
14.2 o-Bromomethyl phe:n'yl sulfoxide

The crude’ product was dissovled in ethylacetate and methanol anc}

filtered through a short pad of celite. The campound was furthe/r/'

. l/'\/
- purified by preparative thin layer chramatography using/hexane-ethyl
g 7

acetate (1:4). The fast moving campound was identified to be

CgHgS (0) CH,CH,S (0)CH, (0.042 g, 78). . The major product (0.386 g, 80%)

‘was methyl phenyl sulfoxide. <

14.3 o~Bromomethyl 4-chlorophenyl sulfoxide ‘
The crude product was allowed to stand overnight. It was then
filte.red;'_thxough a small pad of celite after dissolving in a mixture of

‘ethyl acetate and methanol. The filtrate on rotary evaporation gave

0.370 g (100%) pure p—chlorophenyl methyl sulfoxide.
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14.4 o-Bromoethyl phenyl sulfoxide
The crude product was dissolved in ethyl acetate and methanol
and then passed through celite. Rotary evaporation of the %iltrate
followed by purification of the resulting 6il'by preparative thin layer
: cﬂrmatography gave 0.196 g (50%) ethyl phenyl sulfoxide and 0.133 g of
an unidentified product: 1 ew (CDC1,), 61.86(ad, 3H,J=6.5H2;J=2.0Hz) ,
4.70(qt,1H,J=6 .5Hz) ,7.33-7.93 (m,5H,armoatic CH; main peak at §7.60),
IR(CHCL,) , Vg o 1090(s),1076 (sh),1055(s),1033(sh)em ~.
14.5 o-Brommethyl benzyl sulfoxide | |
Filtration through a short colum of celite gave pure benzyl
methyl sulfox.lde (0.321 g,I 1.38 mmol) in quantitative yield.
146 o-Bromomethyl naphthyl sulfoxide -

The crude product was allowed to stand in-air and then filtered

through a pad of celite after dissolving in ethyl acetate and chloroform.

The filtrate on rotary evaporation gave methyl naphthyl sulfoxide

{0.380 g, 2.00 mmcl) in quantitative yield.

15. Reaction of o.'-(‘.'hlorcnethyl phenyl sulfoxide with 19 under ultrasound

The same procedure as given in (14) was followed but the reaction

<

was agitated for 2 hours in the ‘bath of an ultrasonic laboratory

cleane;v; along with mechanical stirring. Workup afforded 0.105 g (23%)

methyl phenyl sulfoxide and rest of the starting material was recovered.

16.1 Preparation of 2-Naphthyl methyl sulfide from 2-naphthalene thiol
Potassium hydroxide (14 g, 0.25 mole) and methyl iodide (14.2 g,
0.1 mole) dissolved in 50 mb methanol were added dropwise to a solution

of. 2-naphthalene thiol. (16.g, 0.1 mole) in methanol _(40Q mL): The

g =

T
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 reaction was stirred overnight under a nitrogen atmosphere. The
precipitate was filtered and the filtrate was diluted with water (200 mL).
The mixture was extracted with five equal porticns of methylene chloride
(250 mL) . 'The combined organ:.c extract was washed wlth 10% ‘potassium
hydroxide (4x25 mL) , wate.r (3x25 mL) and then dr:.ed over magnesz.mn
sulfate. Filtration through a short pad of glass wool and evaporation

r.;>f so‘lvent gave crude sulfide in 82.5% yield.

16.2 Preparation of 2'—Napl:1thyl methyl sulfoxide fram 2-naphthalene
methyl sulfide _

A solution of t-butanol (10 nL) and glacial acetic acid (7 mi)
was added in a smgle port:l.on to a rapidly stirred bleach {Javex)
solut.lon (135 mL) at 0°C, and stirring was cont:.nued for 3 minutes.
The entire reaction mixture was poured into a separatory funnel. The
lower agueous \orgapic layer was washed‘fi_'rst with a 30 mL portion of
10% aqueous soc;imn carbonate and then with 25 mL of water. The-product
was dried over 0.5 g of calcium chloride and filtered.

The resulting t-butyl hypochlorite?’ was added dropwise to a
well stirred solution of the crude sulfide (0.045 mole) in a 500 i
methyilene chloride - methanol (4:1, v/v) maintained at -78°C. The
resulting selution was warmed to roan temperature; at -40°C, -sodium
carbenate (1 g) was added to it. The solution was stirred at room temp-
erature for 1 hour and then filtered. The filtrate was rotary evaporated
and the concentrate was dissolved in watef and then extracted with
methylene chlor:.de. The extracts were dried over magnesium sulfate and
‘the solvent evaporated to give crude sulfoxide in 100% yield. The solid |
was recyrstallized from ether-hexane affo;ding 2-naphthyl methyl sulfoxide

in 67% {yield;
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16.3 Preparation of a~bromo 2-naphthyl methyl sulfoxlde from
2-naphthyl methyl sulfoxide

A solution of bromine (6.4 g, 0.04{mol) in anhydrous acetonitrile
(40 mL), cooled to -20°C, was added dropwise to a stirred solution of

the sulfoxide (3.8 g, 0.02 mol) and anhydrous pyridine-acetonitrile

(50 mL, 1:4 v/v) at -40°C. After 1 hour at —40°C, the mixture was stirred

at rocm terpe.rature for 20 hou.rs Acetonitrile was removed under reduced

pressure, the res:.due was dissolved in chloroform (100 mL), washed with

'an aqueous solution of sodium thiosulfate, and then With agqueous sulfuric

acid. Evaporation gave the crude a-bramosulfoxide in 96% vield. Purif-
ication by colum chramatography [silica gel, ether-hexane (1:1)]
afforded 70% of the pure a-bromosulfoxide.
16.4 Preparation of o-Bromosulfoxide fram SuZ-Lf.oxides

Sulfoxides were purchased fram Patish Chemical Co.. Bromination
was carried cut ElthE'I as detalled in (16 3) or by the use of N-
bromosuceinimide. Benzyl methyl sulfoxlde was brozmnated by the first
orocedure?? L and 4~chlorophenyl methyl sulfoxide, methyl phenyl sulfoxide
and ethyl phenyl sulfoxide were braminated by using the N-bromosuccinimide
procedufezzz. | - | -
17. Reaction of o-Bromo p-methoxyacetophenone with 19

bicobalt octacarbonyl was reacted with alumina as given in (14).
a-Bromo p—rethoxyacetophencne was added instead of q—halosulfoxide.
Workup, which involved filtration and colum chromatography [silica gel,
hexane-ethyl acetate (3:1)] gave 0.328 g (75%) p—nethoxyacetophe.none.

4
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- Section III. Mo(CO), on Alumina

(@) Reaction with Azoxybenzenes and N

18. Reaction of Azoxybenzenes or N-;:_:ddes with Mo(CO) (/A1,0,

 Alumina (30 g, Fischer A-540, 80-200 mesh) was dried overnight
at 350°C. After cooling to room tegperature in a desiccator, it was
suspended in dry hexane (150 nl) containing molybdenum hexacarbonyl
(2.64 g; 10.0 mmol, Pressure Chemical Company) under a nitrogen atmos-
phere. The hexane was removed by use of a rotary evaporator. Solid
Mo(C0) ¢/Al,0, was heated for 1 hour at 105°C. The N-oxide or azoxy
compound (3.0 nmol) was added to the cooled solid, alang with 1,2-
dmethoxyethane (60-75 mL), and the reaction mixture was s*.;irréd at .
reflux overnight .(ca. 20 hours). The mixture was cooled and filtered,
the solid-residue was treated with ether or methylene chloride, and
then washing was added to the filtrate. Concentration of the filtrate
gave the crude product, which was purifiea by chramatographic techniqués
(florisil, silica gel) for the various reactions, as follows.
18.1 Azoxybenzene

‘ Columm chrmatography [florisil, hexane and hexane-ether (5: l)]
gave 0.172 g (31%) of azchenzene. ’
18.2 4,4'-Azoxyanisole

The crude product was purified by colum chromatography on

florisil with hexane-methylene.chloride (9:1) to give 0.247 g (34%) of

4,4'-azoanisole and 0.225 g (29%) starting material.
e
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18.3 4,4'-Azophenetole

Chromatography on florisil using hexane as the eluant afforded
0 123 g (15%) of 4,4"' —azophenetole aJ.ong with 84% azoxybe.nzene
(0 729 g, 2.54 mrol) .

18.4 Ql.u'nolj_ne N-oxide . _

Colum chrcxﬁaitography [silica gel; hexane-ether (1:1)] and
subséquent preparative thin layer chramatography gave a yellow oil.
This was identified to be quinoline (0.159 g, 41%).

18.5 4-Picoline N-oxide

The crude product was purlfled by colum chranatography on a
" Silica gel colum. ' Elution with ether-hexane (1:2) afforded 0.125 g
(32%) of 4—p1cpl:.ne.

In another experiment,” 4-picoline N-okide (0.477 g, 4.4 mmol)
was added to the s;ubcarbonyl molybdenum species (generated by the
procedure give.n in 18). The crude obtained after d:Lst:LllatJ.on was
analyzed by gas chromatography (20% versamid 900 on chromosorb W) .

The yield of 4-piooline was . 45%. ¢
18.6 Nicotinamide N-oxide _

Purification by preparative thm layer chromatography [ethanol-

hexane (1:1}] gave 0.260 g (71%) nicoti.namidé.'

. (b) Desulfurization by Molybdenum Hexacarbonyl on Solid Support

19. Reaction of Sulfur Ccmta:.n:.ng Ccmpounds with Mo{C0) 6/A12 3
After bemg dried cvern:.ght at 350—400°C, alumina (30 g, different.
types) was suspended ‘in hexane (150 ml) containing molybdentm hexa-

carbonyl (1 to 15 mmol). The hexane was removed by rotary evaporation,
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and the Mo (QO) 6/AJ. was heated for 1 hour at 110°C (oil-bath

273
temperature). The sulfur, cmtaini.hg campound (2-3 mmel) was added
either as such or élong with a solvent (dimethoxyethane, toluene or
xylene). The reaction mixture was stirred at 25-130° overnight (20
hours) . Workup, after filtration, involved with diffe.rr:nt camounds
are given below. Details of the exper:.mental conditions are given in
Table 1l. -

19.1 Reaction of 2—Naphthalene thiol with metal carbonvls on
Jdnorganigoxide -

Colum’ tography [silica gel, he:r:ane—benzené {3:1)] was
used to separate the disulfides (0.187 g, 38%) from other pn:xiucts
19.2 React:.og of tr:.phenylm‘d'xyl mercap MO{CO) 6 O morgam.c

oxide _

The crude product was purified by column chromatography fsilica
gel, hexane-ether (5:1)]. The second fraction was found to be
triphenylmethane (0.338°g, 69%). b

19.3 Reaction of Dibenzothiophene with metal carbonyls on inorganic
supports
Silica gel chromatography with 4:1 hexane-ether gave back the
start:i.ng material as the major product. .
19.25— Reaction of Thicketone with metal carbonyls on inQrganic support |
The corresponding ketone (0.244 g, 41%) was isolated after silica’
gel coltmﬁ chramatography dmethylene .¢chloride—ether (1:1)7. . !
19.5 Reaction f thicbenzanilide with metal carbonyls on alumina
~ Colum chramatography [silica gel, hexane-methylene chloride
(1:1) to increasing polarity with ether and methanol] gave benzanilide
(0.093 g, 16%) as cne of the products. |
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20. Reaction of crude oil with Mo(OO)é/AlZOB
Alumina (20-30 g, different types), dried overnight at 350-400°C
. was cooled to room temperature. Molybdenum hexacarbonyl (LA0 or 15
mmol) in hexane (150 mL) was added to it in a glove bag maintained in
a nitrogen atrro‘sphere. The solvent was removed by flash evaporation
and the white 'solid was activated by heating for 1 to 2 hdurs at 110°C
(0il bath). After cooling the solid, crude oil (1 mL to 50 mL) was
added as such or in hexane (10-50 ml) under the fast £{ow of.gas
(nitrogen or CO/H,). The mixture was stirred overnight (18-24 hours)
at 60-70°C. The solution was allowed to stand for 30 minutes and the
licuid was collected and then sent for analysis. |
21, Re,:action of crude oil with l‘rk:a(CO)6 on inorganic supperts
 'Essentially the same procedure as in (20) above was -adopted except
.that silica gel, magﬁesiuml oxide.or florisil was used as ‘adsorbent

;nstead o:f alumina.

O

22. . Preparation of different types (activity grade) of alumina
i) Alumina (30 g, Woelm acid) was taken in a ‘conical fiask and the .
necessary amount of water was added. 'The solid was shaken with a
glass rod to break up the lumps. The resulting deactJ.vated alumina was
allowed to stand for 2 or 20 hours in a stOppefed vessel.
- Activity grade of alimina I 1T I WV

Water (8 w/w) addition 0 3.6 10 - 15

ii)  Freshly distilled BF,(Et,0), (2 ml) and hexane (5 or 10 xl) were

added to 20 g alumina (Weelm aci(.d, activity grade I) in.a glové bag.

\Jl
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The lumps were broken and the solid was allowed to stand in a stoppered
flask for 2 hours. It was used'as such or after the resulting alumina

was further activated by heating to 400°C overnight.

1

23. Mod:.fxg icn of silica gel
\ .
Dil tg\hydrochloric acid (5 N, 3 nL) was added to silica gel

(30 g, lysed Reagent, 60-200 mesh). It was allowed to stand

=

for 2 hours and then heated overnight (ca. 16 hours) at 400°C.

Section IV. Phase Transfer Catalysis

(a) Reaction of CpCo (CO) , with Benzyl Bromides

24. Reaction of cyclopentadienyl cobalt carbonyl with benzyl bromide
under phase transfer conditions

‘ An aquecus solution of 5N sodium hydroxide (20 mL), tetra
n—hexylarrmnium bré:mide (0.1 g, 0.2 nmol), and benzene (20 nlL) were
stirred under a nitrogen atmosphere. The gas was then switched to carbén
monoxide. Cyclopentadienyl cobalt dicarbonyl (3.5 mmol, Strem Chemicals, |
Inc.) was added through the sepfmn by syringe. The solution was stirred
overnighg{18-20 hours) at 45°C under carbon monoxide. After cooling
to rocxn‘tenperature benzyl bromide (3.0-5.5 mmol) and benzene (2 miL)
were added by syringe. The reaction mixture was stirred under carbon
monoxide at 40-45°C for 45-48 hours and then exposed to air. ‘

"}‘he two phases were separated, and the organic layer was dried
over magnesium sulfate and concentrated at reduced pres,s'ure. The
organic extract was further purified by filtration through celite
followed by colum chromatography on silica gél. The campounds having
similar Rf values were further purified by preparative thin layer

chromatography .
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The aqueous layer was neutralized with 5N hydrochloric acid
(ca. 20 mL) and the resulting organic acid was extracted with e
(3x50 mL), ‘dried (MgSO,), and then isolated by rotary evaporation of
the ether. ) ) g

‘The workup w:.th individual experiments are described below.
24.1 a—Brcno—O—xylene (40. Ar=o—CH,C.H,) '

The crude product (0.793 g) was separated into different fractions
by colum chromatography [silica gel, hexane-methylene chloride (6:1) ,
methylene chloride-ethyl acetate (1:5).and ethyl acetate]. Fraction I ’
was 42 (0.077 g, 8%) and fraction IIT 45 (0.055 g, 9%). Fraction II .

was further purified by preparative thin layer chramatography [silica

‘gel, hexane-methylene chloride (1:1}]. The top fraction fram prepar-

ative tlc was identified as 44 (0.108 g, 17%) and the lowexr fraction
was the ketone 43 (0.149 g, 26%). The aquecus phase afforded ArCH,COOH
46 (0.190 g, 26%). '

The data for the characterization of the reactifn products are
given in Table 15. | |
24.2 40 {Ar=p-CH,C/H,) |

Column chromatography on silica gel with hexane-methylene chloride
(7:1) to ether-methylene chloride (l:i) gave three main fractions.
Fractions 1 and 2 were further purified by preparative thin layer
.chranatography. They were found to be 42 (0.135 g, 24%) and 43
{0.247 g, 38%) respéctively.'

The acid 46 {0.219 g, 27%) was obﬁained from the agueous phase.
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'I’hecrudenmcturewasseparatedbycollmmchrmatogr hy

[silica gel, he)gane-ethyl ,aceta‘te (25:1 to increasing polarity)].

Fra;:tion I was 43 (0.052 g, 17%). Fraction II was further purified by

preparative thin layer -chramatography to éive 5_3_ (0.108 g; 31%) and 44
(0.038 g, 10%).. Alcohol 45 (_0.010 g, 3%} was cbtained by %mrification .
of fract::.on IV of the colum chrcmatography.
The ac:Ld 46 (0.063 g, 15%) was obtained fram the aqueous phase.
24.4 40 (Ar=2-C, H.) -
The reaction mixture fram the organic layer was divided into
different portions_ by colum chromatography [silica gel, hexane—ethyl

acetate (30:1 to increasing polarity)]. Further purification of each

' fraction was carried out by preparative thin layer chramatography

affordmg 41 (0. 027 g, 4%), 42 (0.076 g, 11%), 43 (0.024 g, 3%),.___
(0.132 g, 17%) and 45 (0.112 g, 15%). ,
The agueous phase afforded the acid 46 (0.292 g, 33%).
24.5 40 (Ar=;6H5)- | ) _
The crude product from‘the organic layer was chromatographed ‘

on silica gel with hexane—ethyl acetate (30:1 to increasing polarity)

used as the eluant. Differe:nt fractions from column chromatography

were further purified by preparative thin layer E:hrinatography. The
following compounds were isolated: 42 (0.107 g, 24%), 43 (0. 132 g, 26%),
44 (0.118 g, 21%), and 45 {0.069 g, 13%)..

Acid 46 (0.088 g, 13%) was cbtained from the aqueois phase.

. Y,

=~
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(b) Reaction of Palladium (0) and Palladium -(XI) with Vinylic
Dibromides

,25. Preparation of l,l—dibrm'oolefine fraom aldehyde5223

To carbon tetrabromide (16.5 ¢, 0.05 mole) in dry methylene -
chloride (250 mL - distilled from P205) was added triphenylphosphine

(26.2 g, 0.1 mole) giving an orange—red solutlon. Within 2-3 minutes,

the aldehyde (0.05 mole) was added in portions to the stirred solution,

which caused the fading of the coloxr. After 5 mj.nutes, an aliquot
showed no carbonyl band in the infra-red spectrim.

After 15 minutes of stirring, the solution was washed with water,

dried and methylene chlor:.de was removed us:.ng a rotary evaporator.

The residue cbtained was triturated with hexane. Triphenylphosphine
oxide (ca. 0.1 mole) was filtered off and the hexane extract was con-
centrated to give crude 1,l-dibranoalkene. . The compound was further
purified by column chromatography (silica or elumi.na, hexane eluant)
or distillation under reduced pressure.

In one case, .ésﬂsmzc(m3)ai=c (Br.)z was purifie'd by high pressure

liquid chromatography with 90:1 (hexane:ethyl acetate) 'as eluvant. The

campounds were characterized by spectroscopic tecrmlques Details are

glven in Table 18.

25.1 Preparation of 1, l—dJ_brcrroolefJ.n from ketone224

W

A mixture of carbon tetrabromide (7.43 g, .22.4 mmol), dry benzene

(700 L), triphenylphosphine (11.74 g, 44.8 mwol) and 4-t-putylcyglo-

hexanar=(1.357 g, 8 8 mmol) was sta.rred ‘at reflux, under n:.trogen for 18 hours.

After allowing the mixture to cool to rocm temperature, solld(mate.rlal was

removed by vaccum fJ.l’c:cat:Lcmf and the solv-e.nt was then removed under

~



-137-

reduced pressure.

The residue was extracted with 2L hexane, filtered, and solvent wes

again removed in ‘vécuo. The resulting solid was chrcmafographed on

alumina giving 27565 g (8.3 mmol) of the pure dibromoethylene derivative (62)
in 948 yield. (Refer to Table 18 for characterization.)

25.2 Preparatlon of tetrak:.s(tr:.pl'xenylphosphme)-palladlmn (O) fram
palladium dichloride

The ocmplex was prepared according to the procedure of Coulsonzzs-.

Bis [blS(l 2—diphenylphosphino)ethane] -palladium was purchased
frcm Aldrich Chemical Ccmpany, and Bis (dabenzylldeneacetone)-pallad.lm
- was donated by Dr. T. Izumi.

26. Reaction of 1,l-dibramoolefins with palladlmn (0) catalysts under
*  phase transfer catalysis

In a flask maintained under nitrogen atmosphere, sodium hydroxide
(3 g}, water (15 mL) and the phas;a transfer catalyst (0.2 to'0.4 mmol)
were stirred. The gas was changed to carbon monoxide and palladium (O)
catalyst (0.08-0.1 mmwl) in benzene (IS nl) wes added dropwise (ca.
'15 minutes). In the case of Pd(dpe)z., 1 ml of methylene chloride was
added to dissolve the catalyst; before adding 15 mL of ‘benzene. The
solution was stirred vigorously for 3-4 hours at room temperature.
a,a'~Dibramoolefin (3-5 mrol) was dissolved in 3-4 ml of benzene and -
' added slowly by dxoppmg fumnel (ca. 1 h) . The reaction mixture was
stirred for 2 hours at rocm temperature and then wermed to 50-70° (oil
bath}) and it was kept stirring till the start.mg material was used up.

The reaction was followed by tlc (hexane). - The usual reaction time was
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: around 40 hours. Different reaction conditions are listed in Table 16
(daapter III).
The layers were separated, and the organic phase lwas washed with
25 nL of water. The aqueous phase was treated with ether (25 ni).
The combined orgenic porticns were dried over magnesium sulfate and \_\\__/
then chromatographed on silica gel or alumina to give the pure product.
The product was characterized by spect-roscb'pic. techniques (Table 17).
The aqueous layer was neutralized with dilute hydrochloric acid
(5N) and then extracted with ether (3x50 nlL). The ether extract was
dried over magnesium sulfate and rotary evaporated to yield the product.
_ The workup performed in indivifual experiments are listed below.

# : .
26.1 Reaction of 8,B8'-dibromos e with catalytic amount of
[PA(PPh,) ,]

The crude product from the organic layer was chrmgtographed

- °

(silica gel with hexane} to give l,4-diphenyl-l,3—butadiyne (0.166 g,
40%), when tétirakis(triphenylphosphjne) palladium (0.108 g, 0.09 mmol)
catalyst was used against 1.083 g (4.1 mmol) :::fL vinylic dibromide (57,
RCcH:). : _ S .
26.2 Reaction of 8,8'-dibromostyrene 57 IR=p—MeC6H4-) with Pd(dpe)2
The crude product was purified by column chm;natography (silica
gel, hexane eluant) to obtain the corresponding diyne (0.194 g, 1.01
mmol) in 56% yield. ‘
26.3 Reaction of B,B'-dibramostyrene 57 (R=p—MeOCéH4-) with Pd(dpe),
Colum chromatography [silica gel, hexane-ether ,(30:-1)] gave the
diyne (0.28 g, 1.07 mwol) shewing the yield to be 61%. - |

-
-
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26.4 Reaction of 57 (Rep-CIC.H,-) with PFd(dpe)
Column chromatography (alumina-hexane) of the crude from the
organic layer gave the diyne (0.187 g, 41%).
26.5 Reaction of 57 [ReCH CH=C(CH,)-] with-PdIdpe)
The diyne (0.194 g, 41%) was cbtained by colum chromatography
(silica gel-hexane) of the crude product.
26.6 Reaction of bifunctionalized vinylic dibreomides with Pd(dpe)z
The mixture was filteredlandwashedwithwate.randether._ The
dark brown solid was .dried under vacuum to obtain a compound (P-1).
The campound wai further washed with ammonium hydroxide, water
and ether and then dried in air. ’

' 26.7 FReaction of bifunctionalized vinylic dibromides with palladium

acetate
- The organic phase was filtered and the black residue was washed
with water and ether. The filtrate was rotary evaporated to obtain
the product referred as P-2.
27.1 Reaction of 62 with Pd (dpe) ,

The procedure given in (26) was followed. Bd(dpe), (0.119 g,

- 0.15 mmol) and 62 v:'u'uylic dibroniide (0.868. g, 2.80 mmol) were reacted

at 70°C for 23 hours under carbon monoxide.

The aqueous phasc_a was neutralized with dilute hydrochloric acid
ard then the organic product was extracted with éther (3x50 ml). The.
campound after removal of the solvent was found to be 4 tert-butyl-

cyclchexylidene acetic acid 64 (0.463 g, 84%).

-
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27.2 Teaction of Cgl);H=C(Br), 57 (R-CGHy3-) with P(dpe),,
The catalyst Pd(dpe), '(0.105 g, 0.13 mol) and the vinylic
'dibromide (0.981 g, 3.6 mmol) were reacted for 70 hours at 70°C under
. a carbon monoxide gt_.msphe.re. The agueous phase afforded 2-nonenoic
acid 61 (0.312 g, 55%).

28. Reactlon of vinylic dlbmdes with palladium acetate under phase
transfer condlta.ons .

The procedure is similar to the one given in (26), except that
palladium acetate was weighed in air and dissolved in 1 mL of methylene -
chloride.

- 29. Reaction of 1, l-d:.brcxroolefms with i(dpe), in tertiary amyl
alcohol '

The procedure is essentially the same as’ (26) , with tert-amyl
alcohol used as the solvent instead of benzene and the reaction time
was less. . - | .

Bis [bis(l,2-diphenylphosphino)-ethane]palladium (0.119 g, 0.15
mol) was dissolved in 1 nL of methylene chloride and then added along

“with tert-amyl alcchol (15 mL) to a mixture of 30% agueous sodium
hydroxide and benzyltriethylammonium chloride (0.11 g, 0.5 mmol).
After 4 hours of stirring under carben xronox:.de 1-1-dibramoolefin 57
(R=C6H5) (0.441 g, 1.70 mmwl) in 2 mi of t-amyl alcohol was added
drop-by-drop over a period of cne hour. The reaction was run for
19 hours at 50°C.

Workup involved acidification of the aquecs phase with dilute

hydrochloric acid and extraction of the product by ether (3x50 mL).
. Y, .

-
- .
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The product was dried over magnesium sulfate, filtered and rotary
evaporated. The final compound, isolated in 93% yield, was
benzylidenemalonic acid (0.303 g, 1.58 zrml) .

- Similarly using an aliphatic vinylic dibromide 62 (0.856 g,
2.7 mmol) also gave the corresp;vond.ing d;itcarboxylic acid 63 (0.455 g,
1.90 mmol) in 80% yield.
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mednacy of tetracarbonylcobaltate anion. ‘ There was a need to
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CLAIMS TO ORIGINAL RESEARCH

The reductive potentlal .of hydride species generated by
immobilizing trluon dodecacarbonyl, on alumina has not been

studied before. The present work is a first application for

‘utilizing this species.

The generation of a red hydriée of cobélt carbonyl oﬁ alumina, to
my knowledge, has not been reported before. The applicétion - £ .
this in situ generated species for the selective dehalogenétq‘.eﬁ

of a—halosulfox:.des and the reduct:.on of nltroarenes is also new.

The use of molybdenum hexacarbonyl on florisil for desulfunzat:.on

of oil constitutes a new combination and the results clea.rly
indicate the potéential of thlS pranising method.

The mechanism of carbonﬁation of benzyl bramides with dicobalt .
octaciarbcnyl under phase transfer Vcatalysis requires the inter-
<
study 'the effect of a stabilizing cyclopentadlenyl ligand on a -
mononuclear cobalt carbonyl for understanding this inportant

- reaction.

The coupling of vinylic dibromides to form diyries in one
step using a palladium (0) catalyst under PTC has not been previously
achieved. |

The dicarbonylation of vinylic dibromides under phase transfer

catalysis is original and useful.
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