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ABSTRACT.

A4 simple and quick method of preparing trans-chlorocarbonyl-
bis(triarylphosphine)rhodium(I) complexes and trans-chloro-
carbonylbis(triphenylarsine)rhodium(I),from rhodium trichloride
trihydrate is described.

The hydroformylation of olefins using compounds of general
formulae EhX(CC)(¥Phs)2 (X = C1, Br ar I; R = alkyl, aryl or
nmixed alkyl-aryl) is described. The dependence of hydro=-

formyletion on the equilibrium
RhX(CO) (FFhs )2 + Ho ===—=10H(CC) (¥Fhs )2 + 1Y

has been demonstrated by using alkyl amines as co-catalysts

when the aminehydrohalide can be recovered from the resction
mixture. This hydrido species is only one of several complexes
in equilibrium in the reaction solution, but it appears that

the active catalytic species is RhHE(CC)2(Prhs)z. This species

9

is formed by addition of carbonmonoxide to KhH(CC)(FPPhs)z, th
latter complex is also formed by dissociationwhen RhH(CC) (¥Phsz)s
is dissolved in organic solvents. An improved method of
preparing RhH(CC) (PPhs)s is described and its reaction with
carbonmonoxide has been investigated. The preparation of the
new rhodium complexes (Rh(CC)2(PFPhs)2)2z and (Rh(CC)3(PPhs)z)e
((where & = ethanol or methylene chloride) and their reactions
with carbonmonoxide, hydrogen and iodine are described.

lydrofornylation of olefins under very mild conditions,



250 and 1 atm. has been demonstrated using RhH(CO) (I'ihs) s,
and ratios of straight- to branch-chain aldehyde as high as
20 have been obtzined.

thE(CC) (PPh3)s has been shown to catalyse double bond
migration in olefins, and hydrogen atom exchange between olefins
and RhE(CC)(IFhs)s are described. These experiments clearly
demonstrate the involvement of the metal hydride in olefin
isomerisation.

Some possible mechanisms for the hydroformylation of
olefins by RhH(CC)(IFhs)s are discussed.

The increased effectivness of pentacarbonyl iron as an
hydroformylation catalyst)when in the presence of triphenyl-
phosphine is demonstrotcd, also hydroformylation with several
ruthenivm ond iridium complexes as catalysts is described and

thelr effectiveness compared with rhodium catalysts is discussed.



INTRCDUCTICE

Although the Fischer-Tropsch process for the conversion
of water gas into hydrocarbons has been known since 1925, it
was not until much later that its dependence on the in situ
formation of metal carbonyls was recognized. The first work
in the application of metal carbonyls as catalysts was not
carried out until the Second World War, when Reppe and his
co-workers pioneered the use of metal carbonyls in organic
synthesis. Reppe (1) used iron, cobalt and nickel carbonyls
to catalyse the carboxylation of acetylene to acrylic acid (2),
olefins to carboxylic acids (3), alcohols to carboxylic acids
(4), and cyclic ethers to dicarboxylic acids (5). In each
case the esters, thioesters, amides and anhydrides were also
obtained by conducting the reaction in the presence of the
appropriate alcohol, mercaptan, amine or carboxylic acid.

Organic synthesis by catglitic carboxylation with metal
carbaonyls has since been greatly extended, and is reviewed to
-the end of 1960 by Bird (6).

Although Reppe postulated that in the formation of
propanol and higher alcohols by the carboxylation of ethylene
in an aqueous alkaline solution of iron pentacarbonyl, that
the reaction proceeds through the intermediate formation of
propionaldehyde, which is either hydrogenated to propanol
or undergoes condensation followed by hydrogenation in the

case of higher alcohols, he did not prepare aldehydes.
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Lat$er workers have shown that the reaction conditions
empioyed would hydrogenate aldehydes to yield alcohols (8);
and by using less alkaline media aldehydes can be obtained by
' this reactio (9).

Roelen was the first to prepare aldehydes by the reaction
of synthesis gas with olefins (10), during 1938, in the course
of an investigation into the Fischer-Tropsch reaction; using
a cobhalt-thorium catalyst. This reaction of an olefin with
synthesis gas, a mixture of carbommonoxide and hydrogen; to
form an aldehyde is often referred to as the "Oxo" synthesis.
However, as the resction may be visuslised as the addition of
formaldehyde (H - CHO) across the olefin double bond, it is
also referred to as the “hydroformylation' reaction,

As usually performed a cobalt catalyst is employed;
other metals have been indicated in the patent literature as
catalysts for the hydroformylation reaction, but have generally
required higher temperatures and pressures than cobalt (see
Page 25). The products of hydroformylation,; of a terminal
olefin is usually a mixture of straight chain aldehyde
containing one carbon atom more than the olefin used, and

its ™ ~methyl isomer

CH3=CHz~CH==CHz + CO + Ha*QCHz-CHQ-Cﬂa-CHQCHO
+ CHs—CHz—?H*CHO

CHs
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The percentage of the aldehyde formed being straight chain,
depends on temperature; pressure and catalyst cbncentration,
but usually varies betweeh'40% and 680  The hydroformylation
of alk-2-enes yields a mixture of asldehydes containing about
5% as straight chain aldehydes

Most of the early work on hydroformylation was not
unnaturally, because of its great industrisl importance,
carried out by industrial chemists. Much of the work,
recorded in the patent literatures, was concerned with
improving yields, recovering the cobalt used and continuocus
flow methods rather tharn atﬁempts to discover the mechanism
of the catalysis.

Roelen had apparently not realised that homogeneous
catalysis was involved. It was not until 1943 that it was
shown to be homogenecus catalysis (12) when it was observed
that when hydroformylating with reduced cobalt on kieselguhr
as catalyst, hydroforﬁylationbwas always accompanied-b& a
céloured reaction mixture at the'end of the reactigﬁ,.aléo
an initiation period was alwajs observed, The same workers
demonstrated, however, that there was no initiation period
if, instead of metalic cobalt, cobalt octacarbonyl was used.
They also proposed a mechanism for the reaction involving
cobalthydrotetracarbonyl, no evidence for this was given.
Natta (13) also showed that when Rancy cobalt is used as

catalyst in the hydroformylation of hex~l-ene the rate of
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of reactian increased with time, as also happens whenh soluble
cobalt salts are used; when the rate approaches that observed
for dicobalt octacarbonyl. The reaction velocity was found
to be proportional to the concentration of cobalt octacarbonyls
Highest rates were observed when using a mixture of cobalt
octacarbonyl and Raney cobalt, from this it was concluded that
the active catalyst was cobalt hydrotetracarbonyl. The rate
of reaction was found to increase at constant carbonmonoxide
pressure with increasing hydrogen pressure and zlso to increase
at constant hydrogen partial pressure with increasing pertial
pressure of carbonmonoxide up to 10 atm. but decrease with
higher partial pressures of carbonmonoxide (14}, Natta
tentatively suggested, because of the absence of firm evidence
for the presence of cobalt hydrotetracarbonyl, the following

reaction sequence to explain these observations:

(Co(CO)i)z + CeHig == (Co2(CO)7CeH12) + CO
2(C02(CO)7CeH1 p) + 2Hz ~—3$2CeH13CEC + (Co(CO)3)y

(Co(CO)3)s + 4C0 =3 2(Co(CO),)2

Martin (15) confirmed the above observation and extended
them to show that although the rate of reaction increases with
increase in the ratio of hydrogzen to carbonmonoxide partizl
pressures, it does so at a déminishing raete of increase as
the ratio increases, to explain this he suggested that an

equilibrium was not maintained between dicobalt octacarbonyl
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and olefin on the one hand and complex and carbonmonoxide on
the other, as suguested in Natta's scheme.

By comparison with amtylene dicobalthexacarbonyl (16);
assigned the structure

A H
‘\C—-*4:/

OC& / \\ ,/CO

QC={ ommmmm —mn Co=CO

it was assuned that the olefin intermediate in hydroformylation

teaction was (17)

KCH——CH K§

AN

O

@)
&

< 4
OC=Come Co=€C
l i
C L

As the ease of formation of this compound, and hence the
rate of hydroformylation, will depend on the configdration of
the olefin about the double bond,the results in Table I were
considered as further evidence for the formation of this

type of compound.
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TABLE 1. Effect of Olefin Structure on Rate of Hydroformylation

using dicobaltoctacarbonyl (18).

Specific Reaction Rate

Olefin .
lO3K5 min
C-C-C-C=C=C 66
C-C-C-C=C~C 19
C-C-C=C-C
i 4.9
C
G-0=C=C 1.4
ccC

As early as 1953 Orchin had prepared aldehydes by the
reaction of cobalt hydrotetracarbonyl with olefins in the
absence of synthesis gas. He also obtained the pyridinium
salt of cobalt hydrotetracarbonyl, (CsHsNH) (Co(ce)¢)” by
treatirg dicobalt octacarboryl in pyridine with synthesis gas
at 230 atm. and a temperature of 120° Cy ises conditions under
which hydroformylation takes places It was also shown that
the presence of bases, such as triethylamine, suppressed the
hydroformylation reaction, presumably by removing cobalt
hydrotetracarbonyl as a salt. This was the first direct
evidence for the presence and the importance of cobalt

hydrotetracarbonyl in the hydroformylation of olefins.
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The bridging olefin complex postulated as ar intermediate

in the hydroformylation reaction wes therefore sometimes formulated

as (9).

e -

N o~ "~
BHCo(CC) ¢ 7= (C0)3Co-H H-Co(CC)s
= P

~ i

~, -

RCH=CHz2

SRS o §-— @]

=

RHG =" Cllz

(C0)3Co=H  H-Co(COJ3

'\\ -

”

1

The double bond iscmerisation of olefins which takes
place during hydroforamylation, and when dicobalt octacarbonyl
and olefin is heated under pressure of carbonmonoxide only,
was considered to be due to the reaction of

RCHpCH—CH>2
i \

(C0)3Co Co(CO) s
AN

C
L
C
with carbonmonoxide to yield dicobalt octacarbonyl and the

most thermodynamically stable forms of the olefin (18).
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RCH2CH ==~ CHa co
i ‘l Rt COQ(CO)B +. RCH=CH~CH3
(Co)sCo Co(CO)s

~
o

oEQ

Further indirect evidence for cobalt hydrotetracarbonyl
being the active catalyst wes the reaction of olefins with
dicobalt octacarbonyl at rcom temperature and elevated pressures
of hydrogen to give 2 moles. of aldehyde for each molie of
dicokalt cctacarbonyl. This reaction wes inhibited by
carbonmonoxide, as also was the formation of cobalt hydro-
tetracarbonyl from dicobalt octacarbonyl and hydrogen (20):
Shortly afterwards the presence of cobalt hydrotetracarbonyl
in the reaction mixture during hydroformylation was demonstrated
(21), by rapid cooling of the rezction vesrel in a Dry-Ice
bath and analysis of the contents, when it was found that as.
much as 62% of the cobalt was present as cobalt hydrotetra-
carbonyl. The rates of reacticn of hex-l-eney hex-2-ene and
cyclohexene with cobalt hydrotetracerbonyl were found to be
comparable to the rates of hydroforgmylation of these olefins
with dicobalt octacarbonyl at 116° C, being 13:6:1 and
11.4:3:1 respectively (22). Two possible mechanisms were
now considered (23) as it now ceenmed firmly established that

HCo(CO), was the active catalytic speciess
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2HCo(CO), + RCH=CHa + CO--—x(HCo(CO).)2~RCH=CH2CO

(HCo(CO) ¢ ) g~RKCH=CHCO ~——=3(Co(CO0) s )2 # RCH2CH2CHO
or alternatively

HCo(CO), + CC + RCH=CHz —- Complex

Complex + HCo(CO)4~~~1Products

Breslow and Heck (24) confirmed the reaction of cobalt
hydrotetracarbonyl with olefin and carbonmonoxide to yield
aldehyde and dicobalt octacerbonyl and pointed out that at
high olefin concentration absorption of carbonmonoxide approached
1l mele: of cerbonmonoxide wer mole. of cobalt hydrotetracarbonyl,
sugresting that at high olefin c¢oncentration all the cobalt
is present as RCH2CH2C0Co(CO) .. They also prepared the
compounds RCo(CO). (25) (where R = methyl, ethyl and benzyl)
from NaCo(CO): and methyl iodide, triethyloxonium fluoroborate
and benzylbromide respectively, which is similar to the method
used in the vreparation of the first knownalkyl metal carbonyl,
methylmanganese pentacarbonyl (26). Methyl cobalt tetra-
carbonyl, which is only stable at low temperstures, was shown
to take up one moles of carbonmonoxide to give a product
identical with that obtained by the reaction MeCOBr and
WaCo(C0) ., which is again similar to the method used for the
preparation of MeCOMn(CO)s (26).  The bond at 5.8 ig the
infra-red spectra of MeCOCo(CO).,, atiributed to an acyl

cobalt linkage 1s also present at lower intensity in
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MGCO(CO)L; sug.esting that MeCo(CO), is in equilibrium
with MeCOCo(CO)3 in solution. MeCOCo(CO)L was shown to
be reduced by cobalt hydrotetracarbonyl to yield acetaldehyde
and dicobalt octacarbonyl; but tbo slowly to be the resction
operating in a normal hydroformylation reaction, MeGOCo(CO).
is also reduced with hydrogen at room temperature and elevated
pressures. As this reduction ie inhibited by high csrbon-
monoxide pressure it suggests that MeCOCo(CO)s and not
MeCOCo(CO), is the species beiny reduced according to the

equation:-
HCo(CO) .= HCo(CO)s + CO

RCH=CHe + HCo(CO) »7==® RCH2CH2C0(CO) 5 -~ B3RCH2CH2C0C0(CO) 3
RCH2CH200C0(C0) 3 ——2-3 ECo(C0)3 + RCH2CH2CHO

with the cobalt present throughout the reaction as the tri-
carbonyls.

Orchin in a study of the isomerisation of olefins (27)
showed that‘while cobalt hydroctetracerbonyl was an efficient
catalyst for the isomerisaticn of olefins, the isomerisction
was suppressed 1f carried out under an atmosphere of carbon-
monoxide. Also when cobalt hydrotetracarbonyl was reacted
with low concentrations of olefins to yield aldehydés the
ratib of straight chain aldehyde to branched chain aldehyde
was much higher if the reaction was carried out under cafbon—

monoxide than 1f it was carried out under nitrogens It was



17.
concluded that the olefin and dissolved carbonmonoxide
compete for the cobalt in a nucleophilic displacement of
one of the carbonmonoxide ligands on the cobalt hydrotetra=-
carbonyl, and at low olefin concentration the olefin c:arbonyl
complex under the influence of the carbonmonoxide rapidly
rearranges to an acylcobalt compound which can then be
reduced by uncomplexed cobalt hydrcotetracarbonyl, yielding
aldehyde with little concomitant isomerisation. The high
isomerisation which takes place when the reaction is carried
out under nitrogen, has been sugpested to result from the
frequency of cowplex formaticr and dissociation wheu carbon-
monoxide is not present to aid the rearrangement of the complex.
The most simple and attractive scheme for explaining the
isomerisation of the olefin, consicts of additicn of cobalt
hydrotetracarbonyl to olefin to form en alkyl cobalt tetra-

carbonyl, follewed by splitting out of cobalt hydrotetracarbonyl:-

CHs
. . —) }
RCH2CH=CHz + HCo(CO), «—— RCHCo(CO),

CHs
RCHCo(CO)[?:::ﬂ RCH=CHCHs + RCo(CO),
However in reactions under nitrogen with large excess
of olefin, iv.e. conditions which would maximise the concentration
of alkyl cobalt tetracarbonyl, no equilibrium concenfration of
cobalt hydrctetracarbonyl wes found. Furthermore under the

above scheme ethyl cobalt tetracerbonyl would be expected to



18,
have an eguilibrium concentration of ethylene above it, but no
evidence for this waze found, in fect treatmert of cobalt
hydrotetracarbonyl with ethylene leads to complete disappearernce
of the cobalt hydroctetracarbonyl. The carbormmonoxide inhibition
ic most ezsily explained (29) if the isomerisation nroceeds via
the tricarbonyls rsther than the tetracarbonyls this would
also explain why ethyl cobalt tetracarbounyl iz not in
egquilibrium with hydrocarbenyl and ethylene.

HCo(CO) (T=—=HCo(CO)z + CO

HCo(CO)3 + 1 CHpCH=CHa=——="RCH.CHCHs
&O(CO)Z
ECH2CHCH3 m———=RCH=CHCliz + HCoCOs3
{
Co(CO)s

& further suggection was that isomerisaeticn proceeds
by a donation of metal hydride tc¢ the termins. carbon atom
with concomitant double bond migration and hydrogen abstraction

from the allylic position.

/Co
///”i )
, z .
H ! H
t
o
Ciiz g _CH
N\ | N
N AR
CH

However studies (28) on the catelytic icomerissation of
allylbenzene, which is rspidly isomerised by cobalt hydrotetra-

carbonyl to give traons~propenylmbenzene as the major product,
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" showed that the isomerisaticn procecds at the sswme rate when
catalysed with cobalt hydrotetracarbonyl as with cobalt deutero-
tetracarbvonyl, which is strony evidence thet the breaking of
the Co-H (or Co-D) bond is not involved in the rate determining
step. At the end of the reaction very little deuterated
propenylbenzene had heen formed, and most of the deuterium was
still present ac cobalt deuterotetrscarbonyl. This appears

to rule out the wpossibility of the isomerisstion proceeding

by either formation of an alkyl intermediate and subsequent
splitting out of cobalt hydrotetracarvonyl or a mechanism
involving donztion of the metal hydride to the terminal carbon
atom and hydrogen abstraction frox the 21llylic position.

Our own work on isoumerisetion ucing RhH(CO) (PPhs)s has

provided strong evidence for the involvement of the Rh-H

bond in isomerisution of olefins (see Page 65 ) and it is
possible that because of the difficulties in handling HCo(CO),
and DCQ(CO)L some of the results may not be correct.

Further evidence for the formation of acylcobalt tetra-
carbonyls in the hydroformylation reaction was obteined by
Heck and Breslow (29), when by adding triphenylphosphine
to the reaction mixture of olefins and cobalt hydrotetra-
carbonyl under carbonmonoxide they succecded in isolating
stable crystelline monotriphenylphosphing adducts with
propertice similar to those of acyl. cobalt tricarbonyl-

triphenylphosphine complexes (30), which were obtained by the
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addition of triphenylphosphine to the unstable acyl cobalt tetra-—
carbonyl complexes. By treating these triphenylphosphine acyl
cobalt carbonyl complexes obtzined frcn pent-l-ene and cobalt
hydrotetracarbonyl at ¢° with iodine and methanol they obtained
a mixture of isomeric methyl hexanoates, these were analysed

by G.l.c. and so the syﬂ%try of the zc¢yl group was determined.

CH3(CHz)2CE=CH2 + HCo(CO)  ~———-—>3CH3(CHz).Co(CO),
i +
i CHs
FPhs cHs (cE2) EHCo(Co) .
{ CC
J
CHs (CHz) 4 CCCo(CO) 3FFhs CH3 (CHz) ,CGCo(CO) .
+ ‘ +1°Fh . +
CHs -C0 CHs
CHs (CHz ) 2CIICCCo (CC) 3t Fha CHx (CHz) 2CHCOC0(CO) 4
Iz
iMeOH
N/
CH2(CHz) . COOCH3
+
CHz

CHs (CHz ) 2CHCCOCHS

They found that equimclar amcunts of methyl n-hexanoate
and methyl 2-methylpentanocate were obtained, i.e. approximately
the same ratic of branch- to straight-chain product as is
cbtained in the hydroformylation of pent-l-ene with cobalt
hydrotetracarbonyl at 126° (31). Breslow and Heck found however
that repeating the experiment with isobutylene instead of
pent-l-ene, they obtained methyl trimethylacetate essentially
free of methyl %-methylbutyrate,as in the normel hydroformylation

reaction isobutylene yields almost exclusively methyl 3-methyl-
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butyrate (18), the addition at 0° is essentially the reverse
of that at elevated temperatures. It was also shown that whereas
in the conventional hydroformylation reaction methylacrylate
gives exclusively methyl 3-formylpropionate (32), on treatment
of the.methylacrylate—cobalt hydrotetracarbonyrli~triphenylphosphine
complex obtained at 0° with iodine and methanol a mixture of
dimethyl methylmalonate and dimethyl succirate in a ratio of
5:1 was cbtained, so that the mode of addition is predominantly
the reverse of that at 120°. The suggested explanation for
these results is that in the case of iscbutylene the high electron
density of the double bond leads tc an acidic type addition,
iees Markownikov type addition leading to the branched chain
product,; while the low density double bond in the methyl
acrylate leads predominantly to an hydridic addition and hence
a straight chaia product. A straight chain alk-l-ene is
probably neutral towards hydrocarbonyl addition and hence
approximately eguimolar amouris of branch-and straight-chain
product is obtained. However if the formation of olefin complex,
alkyl intermediate and acyl intermediate is reversible, the
product chtained at elevated temperatures could reflect the
relative stabilities of the intermediates rather than the direction
of the original addition. Evidence for this reversibility at
high temperatures has been obtained from investigation of ethyl
cobalt tetrezcarbonyl. Although ethyl cobalt tetracarbonyl shows
no evidence for discociation at 0—250, injection of a solution

into a Ge.l.c. apparatus with an inlet heated at 220° gave an 8C%
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yield of ethylene with ca. 10/ yield of propionaldehydes
The suggested mechanism for the hydroformylation reaction

which best explains the known facts of the reaction is:i-

. ' Co2(CO)s + Hp mm—m-- SLCo(CO) . eeosl
HCo(CO) L mmmmmmes —=» HCo(CO) 5 + CC ceeal
RCH2CH=CHz + HCo(CO)3 mmrmemmmomeeny HCo(CO) s cead3

RCH2CHICH:

HCo(CO) s

[} + CO PRSI, | RCIiECHZCH‘?CO(CO) 4 o0 04
RCH2CH=CH:2 —

4 +
CHs
RCH2CHCo(CO) .

RCH2CH2C52C0(C0) { ——-w-—} KCH2CH2CH2CO0C0(CO)3  oeeeb

RCH2CH2CH2C0C0(C0)s  + CO ——mmom-d RCH2CH2CH2C0C0(C0),  ++..6

RCH2CH2CH2CO0C0(CO) s + Hz e~y RCH2CH2CH2CHO esnra
+
ECo(CO) s
or
RCH2CH2CH2C0Co(CO) 5 + HCo(CO) p ———— RCH2CH2CE2CHO ceelb
+
Co2(CO)7

Cnly the straight-chain alkyl has been followed through
from egquation 4, equations 5,6,and 7 would also be drawn
showing branch chain alkyl and acyl and hence RCH2CH(CHs)CHO
in the complete scheme.,

Eguation 5 is often refered to as an insertion reaction,

but it could equally well result from the cleavage of the
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cobalt-alkyl bond and a subsequent migration of the alkyl group
There is no direct evidence for either mechanism but a study
of the reaction:-

CH3Mn(CO)s +CO ——-—-~=3 CH3COMn(CO)s

using ¢'* has shown that the carbonmonoxide molecule which
inserts is one which is already attached to manganese (33)i
It has been suggested that in the hydroformylation reaction the

insertion is solvent assisted (34).
RCo(CO), + § ~————3 RCOCo(CO)38

RCOCo(C0)38 + CO=————3 BCOCo(CO), + 8
S5 = Solvent

It is not known whether the final reduction to aldehyde
is by hydrogen ci» cobalt hydrotetracarbonyl, both reactions are
known to occur(24,27,29).

Recently Piacenti (35,36) suggested that the Lranch-chain
aldehyde did nct result from n-alk-l-ene vie isomerisation of
the 2lkyl and acyl intermediztes but that the ratio of isomeric
aldehydes forued was determined by the nzture of the olefin-
HCo(CO), comnlex first formed. His mein evidence for this was
the reaction of ethylorthoformsie with carbonmonoxide and
hydrogen in the presence of Co2(CC)s under conditions employed
for hydrecformylation. This reaction yielded exclusively
l,1-diethoxypropane, no derivatives of isopropionaldehyde were

observed. As the reaction is believed to heave a mechanisn
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involving alkyl and acyl cobalt intermedistes; as in the hydro-
formylation reaction one would expect some branched chain

products 1f these coumpounds were in eqguilibrium,

HC(OCzHs)3 + HCo(CO), - -*HCCOR + RCH + C2HsCo(CO).
C2HsCo(CO) s + CO =3 C2EsCOCO{CO).
C2HsC0Co(CC), + Hez ~——— C2isCHC + HCo(CC),
CoHsCLC + HC(GC2HS) 3 mmmimmeom > CeHsCH(OCzHs)2 + HCOOCz2Hs

Takegami (37,38,39) however has shown that the isomerisation
of the acyltetracarbonyls to be solvent dependent, tetrahydro-
furan for example inhibits the isomerisation, so possibly
orthoformetes clso inhibit the isomerisation.

Although strong nucleophiles such as triphenylphosphine,
and bases such as pyride¢ne and triethylamine stop hydroformylation
under mild conditions through formation of HCo(CC)3FPhs and
PyH+(Co(CC)4)-, they have been claimed to increase the rate of
reaction and the ratio of straight- to branch-chain aldehyde
under the drastic conditions normally used industrially (4C).

Roos and Crchin (41) showed that the rate of reaction of
pent-l=-ene with cobalt hydrotetracarbonyl was increased by the
addition of the weak nuclecophile beunzonitrile, also the ratio
of straight-chain to branch-chsin aldehyde was increaced in

o

reactions at 25 andl atm. carbonmonoxide. (on earlier patent

(42) nad claimed incremsed yieclds of stroight-chain aldehyde
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using ketones zs solvent). Roos and Crchin suggested that the
weak nucleophile (benzonitrile) complexes weakly with the acyl
tricarbonyl in competition with the strong nucleophile carbon-
monoxide, and cleavage of this tricarbonyl by cobalt hydrotetra-
carbonyl is rapid. Whereas excess carbonmonoxide fixes the

RCO0Co(CL) 3L + HCo(Cu) (- wCHU + Co2{(CU)7L
cobalt in the unreactive tetracarbonyl state and retards
cleavage with HCo(CC)..

In view of the zreat industrizl importance of the hydro-
formylation reaction in the preparation of aldchydes, which cen
be reduced to the industrially meore important Jdcohols, (indeed
industrially the reaction conditions cre often arrntnged so that
the aldchydc formed is immediatly converted to its corresponding
alcohol) it is not surprising that larse patent literature has
grown up claiming complexes of other metals as catalystse
txcent for rhodiuvm which will Dbe discussed loter, all have
required nuch more drastic conditions - higher tcmperatures and
higher pressures than those regquired for cobalt.

Fentacarbonyl iron has been used both alone when very
vigorous conditions were necded and promoted with cobalt when
it ic clzimed comporable conditicons te those used in the con-
ventional hydroformylation reaction may be employed (43). From
the examples given in these patents it is difficult to decide
on the role of the pentacerbonyl iron zs the yielde are close

to those that would be expected from the prescence of the cobalt



alone. Some of these patents elso indicate tetracarbonyl
nickel as an hydroformyletion cotalyst.

Rutheniuz carbonyl catalysts of unspecificd stoichiometry
(44), usually prepared in situ by the reaction of synthesis gas
on ruthenium chleoride, have also been indicated, and claimed to
give greater ratios of stroight-chain aldehyde than cobalts

Fatents exist claining the use ol soluble catalysts of
group VIII metals, formed by the interaction of a metal salt
and donor lizands such as amines, phosvhites and phosphines (45).
Examples of all the group VIT1 metals are given but no stoichio-
metric compounds were charccterised and some of the clasins must

bhe regoarded as spurious.
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CHAFTER I.

PREPARATION CF CHLCRUCARBCHYLRIS(TRIARYLPHOSPHINE)RHODIUM(I)

COMPLEXES .

The chlorocarbonylbis(tertiaryphosphine)rhodium(I) complexes
have usuzally been prepared by the action of the appropriate
phosphine on rhodium cerbonyl chloride, kh2(CO),Clz,(46,47,48).
This method while simpler than those involving the interaction
of tertiary phosphine and rhodium trichloride trihydrate in hot
alcoholic solutions of potassium hydroxide, both in the presence
(49,50) and absence of carbommonoxide (51),suffers from the
dissadvantage of using rhodium carbonyl chloride a2s a precurser.
While rhodium carbonyl chloride can casily be prepared by the
interaction of cearbommonoxide and rhodium trichloride trihydrate
at 105-110° (52), the method is slow, also the overall reaction
to obtain the chlorocarbonylbis(triarylphosphine)rhodium(L) from
%hCl3z.3H20 (the commercially availzble formof rhodium) is a two
stage process.

It is known that &hC1l(1Phs)s, prepared by refluxing RhCls.3Hz2C
with a large cxcess of triphenylphosphine in ethanol (53,54), is
an effective reogent for the decarboxylotion of aldechydes (55,56)
resulting in the formation of chlorocarbonylbis(triphenylphosphine)~
rhodium(I) and saturated hydrocarbon.

These reactions have been zdapted to give a2 rapid method

for the »revarstion of 1hC1(CQO)(PPhi)z, by adding acgueous
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formaldehyde (4C% "/v) to & refluxing solution of RhCls«3H20 and
¢xcess triphenylphosphine in ethanol. The reaction hes been usec
to prepare triphenylarsine)tris(p—methylphenyl)phosphine and
tris(p—fluorophenyl)phosphine znzlogues in yields over 85%.

The formezldehyde probably zcts 2s a reducing agent as well
&8s a stouvrce of carbonmonoxide, because, whereas both triphenyl-
phosphine and p~fluorophenylphosphine react with RhCls.3H2C in
refluxing ethenol to yicld RhCl1(fihs)s and RhCl(P(p—FCeHL)z)J
respectively, with the triarylphosnhine undoubtedle acting as a
reducing agent, RhC1(F(p-MeCeH;)3)s cannot be prepsred from the
interaction of rhodium trichloride with excess tris p-tolyl-~
phosphine in refluxing ethancl,good yields of RhC1(CC) (F(p-MeCels)s)2
can be obteined on cddition of formoldehyde to the solution.
The interaction of excess tri p~tolylphosphine with REhCliz.3H20
zives, cofter removal of the c¢thanol and washing with ether to
remove excess unrcacted phosvhine, a yellow powder which gives
non-stoichiometric anrclysis, but with high (gg. 1C%) chlorine
content, sug; esting thot the rhodium is still wmrescnt in the
tri-valent state.

Adcition of formeldehyde solution to a refluxing solution
of RhCls.3H2C (1 mole) and triphenylphosphine (2 moles) in ethanol

gives no Rh(CC)C1(PFhs) 2.
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CHAPTLR 2.

HYDROFCRMYLATION USING CCHPFLLXES OF HRHODIUM

4) Introduction

Patents (57) have been in existence for some time claiming
that, the use of rhodium-cobalt or addition of rhodium salts)
enables hydroformylation to be conducted under less drestic
conditions than when using cobslt =zlone. It is assumed that
the catalyst is HRh(CO), produced in situ by reductive carbonyl=~
ation as in the cobelt case. Direct comparisons of pure rhodium
and cobalt carbonyls (58, 59) as hydroformylation catalysts
have shown thet rates of hydroformyletion ere significantly
higher (x 10% to 10*) when using rhodium. Rhodium however
gives worse ratios of straight chain to brench chain aldehyde
than cobalt (59) possibly because rhodium carbonyl is reported
to hydroformylate alk-p-enes faster than alk-l~enes and to
isomerise alk-l-enes tc elk-2-enes to a much greater extent
than cobult (59). Rhodivm carbonyl has been used
preparatively in a number of cases (60) . However no rhodium
compounds, other than the gimple carbonyls have been used,
and nothing is known about the mechanism,or the stoichiometry

of the rhodium complexes that actually caztalyse hydroformylation.
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3) Hydroformyletion of alkenes using trans-chlorocarbonyl

bis(triphenylphosphine)rhodium(I) and similer complexes

(i) Cualitative studies. This work began with studies on

chlorotris(triphenylvhosphine)rhodium(I), which is an exceedingly
effective catalyst for the homogenecous hydrogenation of olefins
(61), it had already been shown (62) that triphenylphosphine,
pyrideéne and stannous chloride complexes of rhodium cetalysed
the hydroformylation of olefins under cuite mild conditions
(cas 70°%, 100 atms.). Since it was known that RhC1(PPhs)s:
and carbonmonoxide react rapidly (61) to give trans~RhC1(CO)=-
(PPhs)2 and that triphenyl hosphine complexes of rhodium(III)
are reduced to this compound by carbonmonoxide znd hydrogen,
it appeared thet the carbonyl species was the actual catalyst.
This complex may not only be recovered quantitatively from the
reaction mixture when hydroformylating with RhCL(PPhsz)s but it
can be used directly at temperatures » 55° and pressures? 10 atms.

When carrying out hydroformylation reactions with these
complexes carbommonoxide was always introduced into the catalyst/
olefin solution before addition of hydrogen to avoid hydrogenation
and isomerisetion of the olefin (see Pagze 50). The reactions
were usually carried out in benzene, when the product was always
the aldehyde, none of the corresponding alcohol or acetal formed
by the reactions

RCHC + Hz -v=—-em-—» RCH20H

2RCH20H + RCHO === RCH(OCH:2R):z

N
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was dectected. If however the reaction is carried out in
ethanol or a benzene-ethanol mixture some of the aldehyde
is recovered as its diethyl acetal
RCHC + 2CzHsCH'z_inz:==== RCH(C(C2Hs) 2

The use of cthanol was avoided where possible as the
formation of acetals is an undcsirable complication in the
estimation of aldchyde. Although none of ghe aldehyde was
reduced to alcohol during the hydroforamylation, the corresponding
alcohols could be obtained by reduction of the reaction
mixtures at the end of the hydroformylation by the use of Hz clone
at pressures above 50 atms. and temperatures above 100°,

£ number of olefins were hydroformylated using trans-
EhC1(CO) (¥Phs)e, There was no significent difference in the
ratlos of straight- to branch-chain zldehyde when using
alk-l-enes remaining ca. 2.7, except in the case of propene,
(cee Table 2).

Using complexes of gerncral formulae RhX(CC)(FRsz)2 where
£ =Cl, Br or T, and R== aryl or alkyl, for the hydroformylation
of pent-l-ene their was no significant differcnce in the ratio
of straight- to branch-chain aldehyde, some variation in yield,
i.e. rate of reaction was observed. However the ratio of
straight- to branch-chain aldehyde was approximately halved when
the corresponding triphenylarsine coaplex RhC1(CC)(4isFhs)z was
used as catalyst (sec Table 3).

Although very little hydroformylation occured using RhCls-

(CC) (FPhsz)2, ca. 50k of it was rcduced to the normally effective
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hydroformylation catalyst 2hC1(CC) (¥Phs)oe during the reaction.

TABLLE 2., Hydroformylation of verious olefins using trans-
bis(triphenylphosphine)chlorocarhonylrhodium(I). Cotalyst

7.2 x 1¢7° mole in benzene, (4wl.). Clefin C.C27 aole, (ml.).
Temperature 800; time 17 hrs. Total pressure 10C etms. with

CO:llz ratio 1:1.

£ldehyde:
Llkene Conversion 7 Straight-chain
Branch-chain

propene 100 1.8
but-l~=ene 1¢0 27
pent-l-ene 100 2.8
hex-l-ene 1ce 2.8

cis/trans pent-2-ene 100 all branched

cis/trans hex-2-enc 1C0 211 branched
cyclohexene 43a cyclohexaldehyde
a

Unreacted olefin was present as cyclohexene only.



TABLE 3. Hydroformylation of pent-l-ene using

carbonylbis(tertiaryphosphine)rhodium(I)complexes.
-3

7.2 x 1C

mole in benzene, (4ml.).

o .
Temwperature 70 ; time 16 hrs.

335

trans-halogeno-

Catalyst,

Pent-l-ene, 0,027 mole (3ml.)

Total pressure 1CO atm. CC:Hz=1l:1.

) Aldehyde:
Catalyst Conversions straight
branched
RhC1(CC) (PPhs) 2 100 2.7
RhC1(PPhs) s 1C0 2.8
RhBr(CC) (FPhs) 2 100 2.8
RhI(CO) (FPhs) 2 83° 2.7
RhC1(CC) (LsPh3) 2 100 1.3
RhC1(CC) (PEts) o 38P 2.6
RhC1(CO) (PEt2Fh) 92° 2.7
phc1(co) (P(p- ueCeH;) ) 2 100 2.8
RhC1(CC) (P(p-2ieCCsHy)3) 2 100 2.7
RhC1(CC) (F(p-¥CeH,)s)2 100 247
2RhC13(CO) (PPhs)2 5° -
RhCl3s (FEt2Fh)s none detected -
Rh2(CC),Cla 30° 0
RhC13.35H20% ca.8cC 7

a) hC1(CO)(¥Phs)2 recovered at end of reaction

b) Recovered olefin was exclusively pent-l-ene

c) Recovered olefin was predominantly cis/trans pent-2-ene
a) Reaction carried out in benzene=-ethancl, presumably an

in situ formation of
monoxide is introduced;

valeraldehyde was present as

7h2(CC).Clz occurs when the carbon-
part of the hexaldehyde and o(-methyl-

their diethyl acetals,
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(2) Cuantitative studies. These were carried out by hydro-
formylating a solution of pent-l-ene (25 ml., 0.229 mole) in
henzene (225 ml.), using an autoclave Titted with a device for
removing liquid samples. (See experermental for full details
of procedure). Samples were taken at intervals and the
concentration of went-l-ene in these sauples was determined by
CGelucy Teking the concentration of pent-l-ene at time O to be
a mole LT', and concentration st time t to be a-x mole L3
plots of t vs 1n Eﬁi:ﬁl:l were obtained, where x is mole Ly’

of pent-l-ene converted to aldehyde.

a)s Effect of catalyst concentrution. Three hydnoformylations

of pent-l-ene were carried out ot 70° under a total pressure of

1600 peseis (67 atms.). The oucntities of tranarRhCl(CO)(Pth)z

- - -3
used were; 200 uz. (1.16 x 10 > aole L.'),400;mg. (2432 % 10

mole LT') and 8CC mg., (4.64 x 107> mole ILV'), The results

are tabulated in tcble 4.

From firure 1 (paze 37) it can be observed that the plots

]

- .
of t vs ln_@(afx) do not pess through the origin, i.e. thed€ is

z substantiel inhibition period.

The pleots of the slopes of the lines (k), 1.16 x 1077
mole LT , 1+36 x 107%; 2,32 x 137 ,mole LT', 2,78 x 10°;
and 4.64 x 10672 mole L7', 5.71 x 1C™° sect': (Figure 2 page 38)
shows that the rate is pseudo first order with respect to
catalyst over the range of concentration studied. The ratio of

straight- to branch-chain aldehyde remained constant for all

three concentrations. In a1l somples the hydrocarbon wes
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present exclusively as pent-l-enec.

TABLE 4.  Iffect of concentration of trans-khCl(CC)(FPhs)z
on rat of hydroforuvlation. Pent-l-ene (25 ml., 0.916 mole LT')
in bengzene (225 ml,) Temperature 700. Total wnressure 1000

PeSei. Hz:C0 = 1:1.

(i) 1.16 x 1077 mole L7'

Time hrs. X ln ym= t (sec. x 1077)

1 C.014 G.C039 3.6
2 0.049 0.0555 7.2
3 0.067 C.0762 10.8
4 0.102 G.1177 14.4
5 ¢.107 0.1241 18.0
6.5 C.203 C.2508 2344
7 0,203 0.2508 25.2
8 0.247 0.3141 28,

9 0.283 0.3696 32.4

10.1 0315 O.4212 36.4
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(ii) 2.32 x 10~ mole LT'

Time hrs. x 1n (5%;7 b (sect % 107%)
1 0.022 0.0246 3.6
2 0.153 0.1831 742
3 0.124 0.1458 10.8
4 0.213 0.2646 14.4
5 0.269 0.3478 18,0
5.5 0.301 0.3984 : 19.8
6 0.331 0.4486 21.6
6.5 U.372 C.5214 23,4

(iii) 4.64 x 107> mole LT’

t (sec. x 10™°)

Time hrs. x In 7=
1 0.052 0.0583 3.6
2 0.155 0.1887 742
3 0.354 0,4878 10.8
4 0.440 0,6543 14.4
4,75 0.513 0.8205 17.1
5.5 0.583 1.0119 19.8
6.25 0.636 1.1850 22.5

7 C.677 1.3436 25.2




a 10
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Figure 1. Effect of Concentration of trans-RhC1(CO)(PPhs)z.

0 1.16 x 10-> mole L.~!'
B 2.32 x 103 mole'L.'1

x 4.64 x 10”2 mole L.-'

t (sec. x 107°),
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b). Effect of increasing the partial pressure of carbonmonoxide.

Two hydroformylations of pent-l-ene were carried out under a

total pressure of 12CC p.s.i. (80 atms.). The gas aixtures
used were Ha:CC:N2, 1:1:1 and H2:C0,1:2. Mitrogen was used in

the first reaction so that the total pressure was the same in

both cases. The results are tabulated in Table 5.

TABLE 5, Effect of partial pressure of carbonmonoxide.
Pent-l-ene (25 ml., 0.916 mole LT') in benzene (225 ml.).
Catalyst trans-RhC1(CO)(PPhs)z (800 mg., 4.64 x 1077 mole L7').

Temperature 700. Total pressure 1200 p.s.i.

(1) Hp:CO:Na, 1:1:1.

Time hrs. % 1n-—= t (sec. x 10 %)
2 0.093 0.1069 7.2
3 0.192 C.2351 10.3
4 0.313 C.4130 14.4
5.3 0.420 0.6135 19.2

6.3 0.512 0.8188 22.8
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(ii) He:CO, 1:2.

Time hrs. x 1n 2 t (sec. x 1077)
2 0.056 0.0631 742
3 0.080 0,.0919 10.8
4 0.146 0.1739 14.4
5 0,222 C.2777 18.0
6 0.284 0.3710 21l.6
7 0.329 0.4447 25.2

From Figure 3 (Poge 41) it cen be observed that again
the plots of £ vs. 1n ala-x)”"' do not pass through the origin.
The plots of the slopes of the lines (k) show that increasing
the partial pressure of czrbonmonoxide has an inhibiting
effect on the reaction, k = 2.5 x 10"° see ' for the reaction
with the high partial pressure of carbonmonoxide, which is
little more than half that found for the reaction where the
partial pressure of the CO and Hz were ecual, (k = 4,5 x

_5).

c) Effect of variations of X in trans-RhX(CC) (PPhs)2

Two experiments were carried out using trans=RhBr(CO)=
(PPh3)2 and trans=RhI(CC)(PPhs)az. The same catalyst
concentration (4.64 x 1072 mole., 17') and the same conditions

were employed as outlined from trans~RhC1(CO) (PFhs)2 in Table 5(i).



Figure 3. Effect of Inéreasing the Partial Pressure of Carbonmonoxide.
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The results for trans-RhBr(CO)(PPhs)z are tabulated in Table 6.
The rate of reaction using trans-RhI(CO)(PPhs)2 was too slow
to obtain a plot as only 157 of the pent-l-ene was converted
to aldehydes after 6 hours, compared with 35% and 50/ for the
bromide and chloride respectively.
TABLE 6. Trans-RhBr(CO)(Pth)z as hydroformylation catalyst.
Pent-l-ene (25 ml., 0.916 mole. I ') in benzene (225 ml.)
catalyst trans-RhBr (CO) (PPhs)2 (850 mg. 4.64 x 1072 mole.

™). Tenperature 70°. Total pressure 1200 pes.i. H2:CO:N2

= J:1:1.
Time hrs. % 1n —= t (sces x 10 °)
1 0. 27 0. 296 3.6
2 0.096 0.1104 742
3 C.125 0.1467 10.8
4 0.192 0.2351 14.4
5 C.261 0.3352 186.0
6.75 0.40% 0.5800 24.3
75 0,426 0.6254 27.0

A comparison of plots of 1n ala-x) " ve t for x = Cl

and Br is shown in Figure 4, The rate of reaction is imn
the order x = Cl,YBr,; I. The ratio of straight- o branch=
,; /

chain aldehyde remained constant and no isomerisction or

hydropenation of the pent-l-ene occurred.
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(a) Effect of vsriation of R in trans-RhC1(CO)(PRs)z.  Threce
complexes were used, R = p-FCeH,, CeHs= and p-MeOCeHz~-. These
three were chosen so that no steric factors would be introduced
in the change of ligand, but changes of-fr-acidity would be
introduced. The complexes when R = p=FCsHi;-, and R = p-MeOCeH(~
were run at the seame catalyst concentration and conditions as
outlined for trans-RhC1(CO)(PPhs)z in Table 5. The results
are tabulsted in Table 7.
TABLE 7. Effect of variation of R in trans-RhC1(CC)(PRs3)2
pent-l~-ene (25 ml., 0.916 mole. 17') in benzene (225 ml.).
Temperature 700. Total pressure 120C p.s.i. H2:C0:Ne = 1:1.

(i) trans-RhC1{(CO) (P(p-FCsHy)3)2

Time hrs. x in ?E%ET t (sec. x 107 °)
2 0.074 0.0846 7.2
2 3 C.093 0.1069 10.8
4 0,153 0.1887 14,4
5 0.184 0.2239 15.0
6 0.224 0.2806 21.6

7 0.313 0.4179 : 252
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(ii) trans=RhC1(CO) (P(p-MeOCsH,)3)2

t (sec. x 10=?)

Time hrs. x 1n TE%ET
2 0.1337 0.1579 742
3 0.2382 0.4466 10.8
4 C.3939 0.5817 - 14.4
4.5 0.4351 0.6439 16.2
5 0.5102 0.8135 18.0
5.5 0.5551 049309 19.8
6 045899 1.0331 21.6
6.5 C.6385 1.1960 23.4

Trom figure 5 (pnge 46) it cnn be seen thnt the order of
reacction is p-MeOCeHL—I> CaH5—1>p$CsHL—. The ratio of stroight-
to broanch-chnin ~ldehyde rem~ined cie 247 in 11 three cases;
5nd no igomerisation of the pent-l-ene occurred.

(e) Effect of tempernture. A recction wons corried out ot SOO,
the smme olefin concentration, cotelyst conceﬁtration and
pressure was used os outlined in trble 4. (See Teble 8).

Increacsing the temperoture by 16° approximmtely doubles
the r-te of rerction (see figure 6, pnge 47). The slopes of
the plots (k) ot 70° and 80° were 2.78 x 10~° sec™' and 5.71
x 10™° gecT', respectively. The dinhibition period wns still
present ot the higher tempernture, but the rotio of stroight-

to branch-chein nldehyde wos not affected, neither wos there

ony isomerisation or hydrogenntion of the pent-l-ene.
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TABLE 8, Effect of temperr~ture. Pent-l-ene (25 mls, 0,196
mole L7') in benzene (225 wl.) Tempercture 80°. Totnl

pressure 1000 pes.is Hz2:C0 = 1:1.

Time hrs. x in TZ§§7‘ t (sec. x 107?)
1 0.049 0.,0555 346
2 G.109 0.1267 742
3 0.223 G.2791 10,8
4 0.313 0.4550 1444
4,5 C.425 0.6239 16.2
5.5 0.514 0.8233 1948

(3) Dffcct of ndditives.

(~) Crrbondisulphide. To an hydroformyloation of pent-l-ene
catnlysed by RhC1(CC) (Pit2Ph)2 wos ndded crrbondisulphide.

The solution ~t the end of the renction was the normnl yellow
colour, no red colorntion due to the formation of the diethyl-
phenylphosphine~corbondisulphide complex was observed. The
The diethylphenylphosphine ~nnlogue wos used because triphenyl-
phosphine does not form o complex with crrbondisulphides.

(b) Propyliodide. To ~n hydroformylation of pent-l-ene
catalysed by RhCL(CC)(PEtzPh)z wes ndded propyliodide. At
the end of the rerction no diethylphenylpnropylphosphonium
iodide wrs rccovered from the reaction mixture. The diethyl-
phenylphosvhine w-s used becnuse triphenylphosphine only

undersoes quoternisation re~ctions with grent difficulty.
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(¢) Hydrosen chloride. Hydrozen chloride grs wns possed

for ~ few seconds into » solution of RhC1(CO)(PPhs). (50 mg.,
7.2 X 10_5 mole.) ~nc pent-l-ene (3 ml., 0.027 nole.) in

benzene (4 m2.).  After herting this solution ot 80° for .
16 hours under o totnll pressure of 10C ~tms. with CO:Hz rntio

of 1:1, no rldehyde wrs detectoble by Gelecs

(d) Hydrogen chloride acceptors. Addition of orgrnic boses,

esge triethylominc ~nd pyridéne cruses ~ grent increrse in
rote of hydwformyl-tion using RhC1(CC)(PPhs)z os cntalyst,
the rotio of strnight to bronch chwin nldehyde is however
unnltered. Two recctions in the rutoclnve fitted with the
sampling device were crhrricd out using RhC1(CG){(PPhs)e
(400 mge, 4.64 x 16 ° mole. L-1), pent=l=cne (25 ml., 0.916
mole., I™") ona 225 ml. solvent, ot 700 under o tot:l pressure
1200 meseie, Ho:CC:Np = 1:1:14 Using pure pyridene oc solvent,
95% conversion of pent-l-ene to hexrldehydes took plrce in
105 wmin.; wusing triethylomine C.7 mole. L”' in benzene aos
solvent, 95% conversior took plece in 75 minutes; under these
conditions in pure benszene 5C% conversion tcokes plece in
360 minutes. The recctien is ~lmost complete during the time
of the inhibition period observed in the renctions without
brsee.

Addition of brse ~lso lowers the temper-ture ~t which
hydroformyl-tion is ecctelysed by RhC1(CC)(PPhs)a2, coe 57 of

the pent-l-cne wos hydroformyl-ted when o~ golution of RhC1(CO)-
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(PPhs)2 (50 mg., 7.2 x 107° mole.), pent-l-enc (3 ml.,
0.027 mole.) ~nd triethyl-mine (2 Gay, 002 mole.) in benzene
(4 ml.), was kept -t room tempercture 20-25° for 18 hourse
under 100 atms. CO + Hz (ratio = 1:1). Therc is no detectnble
hydroformyl-tion in the cbsence of omine under these conditions.

In ~11 the nbove experiments the rotio of straight- to
brnanch~ chain ~ldehyde wos not significnuntly different from
thnt obtrined in the nbsence of rminc, ~lso the unre-cted
hydroc-rbon wrs exclusively pent-l-ene.

At the end of these b-se rssisted hydroformyl-~tions the
recction mixture wrs very pnle yellow, in contrnst to the
deeper yellow solution of RhC1(CC)(PPhs). obscrved in the
~bsence of brsec. Very finc white needle like crystols were
observed in suswpension in thc renction mixture which were
removed by filtr~tion nnd wrshed with hot benzenes
Identific~tion by M.¥Pt. ond I.R., showed them to be, in the
cose of the pyridenc rssisted renctions pyridenium=-hydrochloride
and in the cnse of the triethyl-mine renctions, triethyloam-
moniumchloride. The prie yellow solutions however ropidly
drrkened on exposure to ~ir, turning bl-ck; disol~tion of
the complex prescnt in this pnle yellow solution hrs mnot
been possible. However if on excess of triphenylphosphine
is ~dded ot the stort of the rerction, the solution is mno
longer ~ir scnsitive =t the end of the rerction and the well

known complex RhiI(CO)(PPhs)s (63) c~n be isol-ted.  Repecting
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the cxperiment with RhBr(CO)(PPhs)2 ~nd RhI(CC)(PPhs)» glves
RhHCO(PPh1)3 ~nd tricthylemmonium bromide =nd iodide respectively.

o conversion of 1thC1(CO)(PPhs). to RhH(CO)(PPhs)s occurred
when hydrogen wrs pussed through n refluxing solution of BhCl-
(CO)(PPhs)2 ~t 1 ntm. in benzenc-tricthylermine solutions in
the presence of excess triphenylphosphine.

If ~ benzenc solution of RhH(CO)(PPhs)s is tre-ted with
HC1 grs ~t 1 ntm. it is ropidly ond quentitrotively converted
to RhC1(CO)(PPhs)z. Also tremtment of = solution of RhH(CC)-
(PPh3)s (50 mge, 5.4 x 1077 mole.) with triethyleomnonium-
chloride (100 mg., 7.3 x 10 * mole.) in triethylamine (2 ml.,
C.0l4 molc.) and.bonzeno 4 ml. for 18 hours ot 70° under Ha
(60 atmss) o mixturc of RhH(CO)(PPhs)s and RhC1(CO)(PPhs)2
is obtrined.

Q
4) Isomeristion of olefins with trons~chlorocrnrbonylbisg=

(triphenylvhosvhine)rhodium(I) ..

In the presence of hydrogen ~lone trans-RhC1(CO) (PPhs) 2

in benzene c-trlyses hydrogen~tion ~nd isomeris-tion of
~lkenes under conditions that rendily give hydroformylc tion,
iee. 60 ~tms. cnd 70%°;  even under 1 otm. of hydrogen ot
70° in se-led gloss tubos double bond migrotion is cotnlysed
(Teble 9).

This isomeris-tion of olefin is suppresccd in the presence
of crrbommcnoxide, no pent-2-cne hrs been dectected in nny of

the s mples rn-lyscd during the qu-ntit-tive studices.
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TABLE 9. Hydrogen~tion ~nd isomerisntion of pent-l-c¢ne
using RBhC1(CG) (PPhs)2 in benzene ~t 70°. Moler rntio

crtalyst/pent-l-cne = 0.0027. Yields 7.

Conditions Pent-l-ene Pent-2-ene Pentene
60 ~tm. Hz, 1.25 hrs. - 90 10
60 ~tm. CO, 1.25 hrs. 100 - -

1 ~tmn. Hzy 18 hrs. 10 90 -
1 atm. Nz, 16 hrs. 100 - -

Rh2(C0)4Clz however c-trlyses the isomeris tion of alk-
l-enes in the prescence of hydrogen-c-rbonmonoxide mixtures
(sce Teble 3, Page 33). Alsc in on hydroformyl~tion using
Rh2(CO) 4 Cle 7.2 x 10" ° mole. =nd pent-l-cne (3 ml. C.027
mole.) ot 70° under 100 ~tms. Hz + CO rntio 1:1, nfter 6
hours rerction,the unreccted olefin (74%) consisted of cis.-
pent—2-cne (26%) trans-pent-2-cne (67%) ond pent-l-cnc (7%) .

5) Discussion.

If it is rssumed thnt the first reaction of RhC1(CO)(PPhs)e
under hydroformylation conditions is (by comparison with the
iridiuvm snnlogue (64)) ngdition of hydrogen.

BRCL(CO) (PPhz)2 + He &= = RhH2C1(CO)(FPhs)2
The rhodivm is then co~ordinnégly soturnted and theiz is no
point of nttcck for olefin, so it would apnear thrt one or
nore of the lignnds must be dissocinted from the conwnlex before

recction with olefin ¢~n occur. Loss of carbonmonoxide would
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be surprising under the high pressures of carbonmonoxide
employed, also no evidence for loss of phosphine was obtained.

The inbibition period always observed in the absence of
base must be compared with the inhibition period observed (12) in
the cobalt system when using metalic cobalt. It suggests that
RhC1(CC)(PPh3)2 is not the active catalyst. The reactions in
the presence of HC1 (when no hydroformylation occurred) and of
organic base (when the catalytic activity was mreatly enhanced,
and base hydrochloride was formed) clearly show that the following
equilibria are set up in the reaction mixture, and that hydro-
formylation, hydrogenation and isomerisation reactions are due

to the tormation of the hydride species.

RhC1(CC) (FPhs)2 + Hpe=—=RhH(CO)(PPhs)s + HC1 el
RhC1(CO)(PPhs)2 + EtsN + He y= == RhH(CC)(PPh3)2
+ EtsNLCL ved?

RhH(CO) (FPhs )2 + PPhs;==—==—==“RhH(CO) (PPh3) > eee3

In the absence of amine equilibrium .(1l) will be set up,
but on opening the autoclave and releasing the hydrogen, only
RhC1(CC)(PPhs)2 will be recovered. Equilibrium .(2) will be set
up in the presence of amine but in this case cooling and releasing
the hydrogen will lead to recovery of the eguilibrium mixture.
The dissociation of Rh(CO)H(PPhs)s .(3) is well known (63).

As the same active catalytic intermediate RhHE(CG) (PPhs) 2

is formed regardless of the nature of X in RhX(CO)(PPhs)z it
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must be concluded that effect of varying X is to pmove the

position of the equilibrium in the reaction.

RhX(CU) (FPPhs) 2 + Ha

== RhH(CO) (PPhs). + X

Whether the variation in catelytic activity observed
when R in RhC1(CC)(PR3)2 was changed is due to it having an
effect on the position of the eguilibrium in this weactiom, or
whether the nature of R in RhH(CO)(FRz)2 effects the catalytic
activity of this species iz not known.

Study of the ruthenium complex RuClz(PPhs)s has yielded
another example of base catalysed hydride formation (65).

Although in the presence of hydrogen alone 0RhC1(CC) (PPhs)2
catalyses both isomerisation and hydrogenation of olefins, no
isomerisation of olefins takes place in the presence of carbon-
monoxide, so the branch-chain aldehyde is not formed by

isomerisation of alk-l-ene to give alk-2-ene followed by

hyaroformylation of the alkk~2-ene to give branch-chain aldehyde.

Thisis ot however the case with Rh2(CC),Cl2z when the unreacted

BN

Aaw

olefin is recovered as the alk-2-ene; the greater yield of
branch-chain aldehyde, here as in the reactions using rhodium
carbonyl (58) is evidently due to more facile isomerisation,
followed by hydroformyglaztion of the isomeriscd olefins.

There is no isomerisation of straight-chain adehydes
under hydroformylation conditions in the presence of LhC1(CO)-

(IPhs) 2, so that branch-chain aldehyde does not arise this way.
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A) Hydroformylation of Alkenes using hydridocarbonyltris-

(triphenylphospline)rhodium(I)

(1) Preparation and reactions of hydridocarbonyltris(triphenyl-

phosphine)rhodiua(I).

Hydridocarhonyltris(triphenylphosphine)rhodium(I) was
first prepared by Vaska (63) by the addition of hydrazine to
a suspeﬁsion of Eggggfchlorocarbonylbis(triphenylphosphine)-
rhodium(I) in a solution of excess triphenylphosphine in
ethanol. It was however found that the reaction proceeded
much more quickly and smoothly if sodium borochydride was used
instead of hydrazine. The iridium analogue hydridocarbonyl-
tris(triphenylphosphine)iridium(I) is also prepered more
easily by the addition of sodium bonohydride rather than
hydrazine to a suspension of trans-chlorocarbonylbis{tri-
phenylphosphine)iridium(I) in a solution of excess triphenyl-
phosphine in ethanol. Vaska also showed by molecular weight
determinations that whereas the iridium analogue was undissocizted
in solution the rhodium analogue was highly dissociated in
benzene solution giving molecular weights approximately half
that calculated.

The n.m.r. of the rhodium analogue gives a broad line
at € 19.9, this hydride line is undoubtedly broad due to the

rapid equilibrium in solution:-

hY

RhﬁCO(PPh;)z 3 RhHCC(PPhs )2 + PPhs




o 5.
" If the n.m.r, 15 examined in a‘l;w M.Pt; solvent, e.g.

' CH2Cl2 at low femperafure, below =10° a quartet with relative
intensities 1:3}3:1 split by 14 c.p.s. is observed (see Figu#e

?). This is consistent with a square planar trans structure

for the dissociated;species.

PPhs - ' co.

¢l/;///’”f/Rh\\\\PPn%

The hydride being split by the rhodium and the two cis -
phosphines. ' |

FIGURE 7.

Y

Nem.r, spectra at 100 Mc/sec. in

methylene chloride at -20° of

Rhﬁ(co)(bPh;)s.

LaPlaca (66) has shown the undissociated RhH(CO) (PFh3)s,
in the solid state to have.a trigandl bipyramid structure
_with the three phosphines in the plam® and the hydrogen and

carbonmonoxide above and below the pladiw.




When carbonmonoxide is passed through a solution of
RhH(CO) (FPha)s in benzene the high field line due to the
hydride in the n.m.r. decreases in size and finally disappears.
The solution I,R. shows a strong absorption at 1770 cm '
besides absorption at 190C~200C cm . If the passage of
carbonmonoxide is continued and the benzene allowed to
evaporate away, a yellow crystalline solid is obtained.
This compound is very unstable and elemental analysis has not
been possible.  The I.R. in nujol shows |/ CO 2017 (w),
1992 (str), 1800 (w), 1770 (str) em ', no Rh-H stretch was
obtained. The interaction of RhD(CO)(PPhs)s with ‘CO gives a
compound with identical snectrum. By examination of the
gas above the soluticn using mass spectrometry, it was shown
that deugiium is lost when carbonmonoxide interacts with
RhB(CO) (PPhs )3, If however after carbonmonoxide has been
passed for ca 15 min. and the solution obtained which shows
the strong absorption at 1770 cm_i, hydrogen is passed
through the solution, or if the yellow unstable compound
(see above) is immediately after filtration dissolved in
a solution of triphenylphosphine in benzene and hydrogen
passed through the solution the parent compound RhH(CO)-
(PPh3)3 is obtained.

The unstable yellow complex is apparently a dimeric

specles formulated as:
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0
i
c\\\\
(Pth)z(CO)Rh{<j:j;;)Rh(CO)(PPhs)z
C
il
0

isoelectronic with dicobalt octacarbonyl (67), and is formed
by the reversible reactions.
RhH(CO) (PPhs) 3 === RhH(CO) (PPhs) 2 + PPhs
+ 2C0

2RNE(CO) (PPhs) 2 & > (Rh(CO)2(PPhs)2)2
+ Ho

If cerbonmonoxide is passed through a benzene solution
of RnH(CO)(PPhs)s for ca 15 min., ethanol added and the
solution evaporated in a stream of nitrogen, a deep red
solution is obtained, from which red crystals are precipitated.
These crystals slowly decompose but not rapidly enough to
prevent elemental analysis being carried out. It has only
one carbonyl stretching frequency in the I.R, Vv €O = 1720 cm .
A similar compound can be obtained if carbomnmonoxide is passed
through a solufion of RUHCO(PPhs)s in CH2Clg for ca 15 min.,
then the solution evaporated in a stream of nitrogen, the
solution immediately turns red and red crystals are obtained,

they also only have one carbonyl stretching frequency in the

I.R.,f CO = 1739 cm 'e These compounds are formulated as:
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(PPhs)ZSRh<f;- ~ - "RhS(PPhs)e

/

formed by the reaction
(Rh(CO)2(PPh3)2)2 + 25 > (RhS(CO) (PPhs)2)2 + 2CO
where 8 = ethanol or methylenechloride.

Evidence for the structure of these compounds has come
from their reactions with hydropgen, carbonmonoxide and iodine.
Benzcne solutions of these complexes (a) in the presence of
triphenylphosphine ahsorb one mole. of hydrogern per mole of
complex to give RhH(CO)(PPhs)s, (b) absorb two moles of
carbonmonoxide per mole. of complex to give a solution with
an I,R. ppectrum identical with that obtained by passing
carbonmonoxide through a benzene solution of RhH(CO)(PPhs)s

and (c¢) interaction with iodine gives RhI(CO)(PPhs)-:

(a) (RhS(CO)(PPhz)2)z + 2PPhs + Hp-——=2RhH(CO) (PPhs)s + 25

(b) (RhS(CO)(PPhz)2)2 + 2C0O > (Rh{(CO)2(PPhs)2)2 + 28

(¢) (RhS(CO)(PPh3s)2)2 + Ip —3 2RhI(CO)(PPh3)s + 28

The n.m.r. of benzene solutions of (RhCE2C12(CO)(PPhs)z)2
and ®hEtOH(CO) (PPhs)2)2 give a spectrum of methylene chloride

and ethanol respcctively, identical with that observed for free
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methylene chloride and ethanol in benzene solution, suggesting
that the CHz2Clz and ethanol is free in solution.

When carbommonoxide is bubbled through a benzene solution
of IrH(CO)(PPhs)s, a slow reaction takes place, and the stable
complex IrH(CO)2(PPhs)2 is obtained  Ir-E = 203C cm ', / CO

1975 and 1910 cm .

(2) Hydrofornylation =t elevated pressures.

Following the discovery of the formation of the hydride
species by the interaction of hydrogen and trans-RhC1(CO)-

(PPhs )2, RhH(CO)(PPhs)s was used directly as an hydroformylation
catalyst. A solution of RhH(CO)(PPhs)s (65 mg., 7.2 x 10 °
mole.) in pent-l-cne (3 ml. 0.027 mole.) and benzene (4 ml.)
was kept at 25° for 17 hours under a total pressure of 100

atme with CO:Hz ratio 1:1325% of the pent-l-ene was hydro-
formylated, & rotio of straight- to branch- chain aldehyde of
2 was obtained.

Two reactions were corricd out in an autoclave fitted
with a device for taking samples during the reaction. Both
reactions were carried out using a solution of RhE(CO) (PPh3) 3
(260 mg. 1.16 x 10 > mole. L ') and pent-l-ene (25 ml. 0.916
mole. L ') in benzene (225 ml.) at 500. Both reactions were
pressurised to 1200 p,s.i., with (a) CO:Hz:Nz = 1:1:1 and (b)
CO:Hz = 2:1.  The solution of éh(CO)(PPh:)z was saturated with
carbonmonoxide before adding olefin, to prevent isomerisationa

Plots of 1n a(a-x) ' vs t were obtained as before (Page 34).
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The results are tabulated in Table 10.
TABLL 10. Hydroformylation of Pent-l-ene using RhH(CC) (PPhs) 3,
Catalyst (260 mg. 1.16 x 10 ° mole. L ') olefin 25 ml. (0.916
riolce L‘1), Benzene 225 ml. Temperature 700. Total pressure
1200 peseie

(i) H2:CO:Nz = 1:1:1.

Time hrs. x 1n ala~-x)"" t(sec, x 10 °)
0.5 0.029 C.03%22 1.5
1 0,061, 0.0810 546
1.6 0,091 0.1043% 547
2.25 0.143 0.,1700 81
2.75 0.180 0.2190 947
4 C.239 0.3020 14.4

(ii) CO:Hp = 2:1

©

Time hrs. X 1n —== t(sec. x 10 °)
0.5 0.014 0.0157 1.8
1 0,027 0.,0295 346
2 0.059 0.0668 742
3 0.087 0.0984 10,8
4 0.116 - 0.1356 1444

From Figure % (Page 6#) it can be seen that using



Figure §. Hydroformylation of Pent-l-ene using RhH(CO)(PPhs)s.
oua b n ' - - Ratio H2:CO:Nz = 1:1:1
- . Ratio H2:CO = 1:2
1n __T(a-x .
0.3 |
> - + )
0.2 [
O.l ]
s [ Y 1 | SRS § & —_— e b —_
5 , 10 | 15

+ (sec. x 107°).
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RhH(CO) (PPhs)3s as catolyst the plot of t vs In ala-x) ' now

At S Smmaln s S e

passes through the origin, suggesting that this is the active
catalyst or immedirtely gives the =active catalyst on treatment
of its solution with hydrogen znd carbonmonoxidc. Alsc from
the slopes of the lines (k) it can be scen that the rate is
approximately halved (Hz:CCuNz= 1:1:1, 20.8 x 10°° sec. |,
CO:Hz = 2:1, 9.4 x 10 ° sec. ') when the nvartisl pressure of
carbonmonoxide is doubled, (cf. effect of high partial pressure
of carbonmonoxide on rate of catalysis with RhC1(CO)(PPh3)2)
(see Page 39).

(3) Hydroformylotion at 1 =atm.

RhH(CO) (PPh3)3 is also on effective catalyst for the
hydroformylation of olefinz at room temperanture and 1 atm.
pressure. When o mixture of hydrogen and carbonmonoxide is
bubbled through o benzene solution of alkene containing
RhH(CO) (PPh3)3, rapid hydroformylation occurs, however both
the rate of reaction and the ratio of straight- to branch-
chain aldehyde is effected by the ratio of hydrogen to carbon-
monoxide so reproducible results couldbnot be obtained by this
method. This is perhaps not surprising considering the
lability of theeguilibria involved. Reprecducible results
for comparfitive purposes werc obtained by saturating with
carbonmonoxide =t 25° for 20 min. o solution of RhH(CO)(PPhs)s
(100 mgs 1.1 x 10 * mole.) in benzene (2 ml.) to convert it all

to the dimer (Rh(CO)z2(PPhs)z)p,the olefin (1.8 x 107~ mole.)
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was then added and hydrogen bubbled slowly into the solution
for 10 nmin. although thc rcecaction was apparently complete after
ca 2 nin. The solution was then analysed by G.l.ce. Because
of the small amount of aldehyde to be dectected, thc benzene
used was purified by means of the nickel clathrete compound,
Ni(CN)zNH3C6H6,. (68) to remove toluene and xylenes which
interfercd with the estimotion of aldehyde. The solution
was soturated with carbonmonoxide before adding the olefin
because RhH(CG) (PPhiz)s is an cxtremely effective catalyst
for the isomerisation of olefins. This process on o~ solution
of RhH{CO)(PPhz)s can apparcntly be repcated indefinitely
without loss of catalyst. |

Using this technigue clk-l-cne gave 95% of the straight
chain nldehyde. The yield of aldehyde on catalyst, assuming
one mole aldehyde per mole rhodium was a fraction over 10CP,
this is probably due to some of the carbonmonoxide dissolved
in the benzene being involved in the reaction. The yield by
assuming that one of the carbonmonoxides on each rhodium and
all the carbonmonoxide disgolved in the benzene could be converted
to aldchyde was of the order of 90, One would hardly expect
yields of 10C% on cerbonmonoxide as some of the carbommonoxide
in solution would be guickly swept out by the hydrogen during
the convgrsion of the carbomionoxide on the rhodium to aldehyde.
Addition of cxcess triphenylphosphine suppresses the reaction

and lower yields of aldehyde based on rhodium are obtained.
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It is possible that this recaction nay heve utility in
preparative organic chemistry, where it is rcgouired to convert
R-CH = CHz to R-CHE2CH2CHO without subjecting the rest of the
molecule (R) to extrcmes of temperaturc or herch chemicals.
Cis-alk~2-enes reacted slower then alk-l-enc and trans-
alk-2~cnes reacted slower thon cis-alk-2-enes. £11 alk-2=-enes

exanined gave cxclusively branched chhin aldehyde (see Table 11).

TABLE 11. Hydroformylution at 25° cnd 1 atm. using RhH(CG)-
(PPhs)s (1 x 10 * mole) in benzenc (2 ml.). Solution saturated
with corbonmonoxide (20 min.) prior to introduction of olefin
(1.8 x 107 molo); hydropgen was then bubbled for 10 min.

Yield asswies one mole aldechyde per mole rhodiumn.

ATkene Yiela % Aldchyde:
Straigzht
Branchcea
pent-l-ene 104 20
pent-l-cne (a) 23 20
cis-pent-2-ecne 61 (v)
trens-pent-2-ene 10 (b)
hex-l=ene 102 21

cis + trans-hoex=-
2-cne 43 (b)

(2) 9.5 x 10 * mole (i.e. 9 fold excess) triphenylphosphine
present.

(b) all brrnched.
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Hydroformnylation under the above conditions, of a mixture
of hex-l-ene and cis/trans-hex—-2-cne, gave a ratio of straight-
to branch-chein aldchyde ‘of 1§, suresting that the hex-l-cne
had reacted prefercntinlly, as hex-1=-cne alone gave a ratio
of 21.

Hydroformylation of hex-l-ene ot 1 atm. but ot 50° gove o
ratio of straight- to bronch-chein aldehyde of only co 9,
while when alk-l-ene was added to & benzene solution of
RhH(CO) (PPh3)3 which hed been snturcted with carbonmonoxide
and while at 250 the solution wes quickly pressuriscd to
30 atms. with hydrogen, a rotio of 10 was obtained.

(4) Hydrogen ntom exchange and olefin isomerisction using

hydridocarbonyltris(triphenylphosphine)rhodiun(I).

When = solution of RhD(CO)(PPhs)s (24 mg., 2.6 x 10 "mole)
in benzene (0.3 nl.) is treated with pent-l-cne or hex-I-ene
(9 = 107° molec) at 250, the high field line in the nem.re
ca 19 due to the Rh-H grows with an apparent holf life of
ca 20 scce The addition of triphenylphosphine (70 ng., 2.6
x 10 4 molc, i.e. 9 fold excess) reduced the rate of excheange
and an half life of ca 45 nin. was obtained. This strongly
suggests that the exchonge reactions proceed via the dissociated
species RhH(CO)(PPhs)z and not RhH(CO)(PPhs)s.
g’ Pent~-2-cnc 2lso undergoes exchange reactions with RhD(CO) -
(PPh3)3, using conditions exactly es outlined for pent—l-ene)

in the abscnce of cxcess triphenylphosphine an half life of

co. 60 min. wos obtained.
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Although pent-l-ene is isomerised by solutions of Rh(CO)H~-
(¥Phs)s to a nixture of cis aond trans pent-2-cnc, the rate of
isomerisotion is considerably slower than the rate of cxchange
indicating that cvery reaction between slk-l-cne and catalyst
docs not lecad to isoucrisation. Samples of o solution of
RhH{CO) (FPh3)35 (50 mge, 5.2 x 10" °nole) and pent-l-cne (1 ml.,

9 x 10~21o0le) in benzene (411.) were taken ot intervels and

cnalysed by Geleco. The percentage of the pent-l-cne isorierised
to cis/trans-pent-2-cnc was:- 4ain., 6%; 12 min., 18.5%; 31 min.,
29%; 47 min., 37.5%; and 84 min., 47.5% (sce figure 3, page 67).

Like the exchange reactions isomerisation is inhibited by
excess triphenylphosphine, addition of triphenylphosphine (140 ng.,
5.2 x 107 *mole, i.e. 9 fold cxcesm), rcduced the isonerisotion
to 13% in 22 hrs. Again indicating that the dissociated
species RhH(CO)(FPhs)2 ond not RhH(CO)(PPhs)s is the catalyst.
Cis-pent=2-ene is isomerised to trans-pent-2Z-ene but this isonecris-
ation is very slow, under the some conditions used for pent-l-cne
only ca. 1% of thc cis-pent-2-cne was isorieriscd to traonse
pent-2-cne in 60 nin. No pent-l-cne was detected in the pent-
2=c¢cne isomerisation reactions.

These experiments indicate that an alkyl intermediatce is
forncd reversibly with the dissociated hydrido Spccicé vie an
hydrido=l=-alkene intcernediate (69, 70}.

In the absence of rotation in the intermedinte hydridoJTT

-alkene coniplex hydrogen abstraction can only occur fron the
J~carbon of the Rh-CH2CH2R group, which would lead to kitsxctkrwsi

alk-l-ene, and the isomerisation must be attributed to the direct
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addition to give an Rh~CH(CHs)CH2R group from which hydrogen

coan be abstrected cither fromﬂLCHs to reform the «lk-l-enc or

from the @-methylene group to give clk=2~cne.

gt
H gHa
| b
(Ph3P)2(CO)RhH + RCH2CH = CHz;::__‘i(PmP)g(CO)RH cavs }E
| |
1 CH2
CH2R
-/
(Ph3P) 2 (CO)Rh——CH
\\ ,
CHs (Ph3P) 2 (CO)RhCH2CH2CH2R

The fornztion Sf the alkyl intcrmedinte hos not been
proved spcctroscoﬁicnlly. A benzene solution of RhH(CO)-
(PPh3)s under 40 ctmu. of ethylenc in an men.r. tubc shows
no Rh-CzHs spectrw. This contrcst with the dotectioﬁ of
the ~lkyl producecd by interoction of C2H, with RhHC12(PPhs)»

(70) ©ond (RuHC1(PPhs)z)2 (65), susgesting thot the rcaction

(Ph3P)2(CO)RhE + CoH, == -——(Ph3P)2(CO)RhC2Hs
couilbrium lics well to the left,
These observations and suggested nechenisms agree with

those of Cramer (71) published during the coursc of this work.
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(5) Discussion.

The generally accepted steps involved in the hydroformyl-
ation of alkenes using cobalt catalysts have been outlined in
the introduction.

For the rhodiun system under investigation the following
observations require explanation:

(a) There is no isomerisation or hydrogenation of alkenes under
hydroformylation conditions.

(b) The selectivity for alk-l-enes is not so pronounced in the
hydroformylation reaction as for isomerisation and hydrogen
atom exchange.

(c) The yields of straight chain aldehyde from alk-l-enes are
exceptionally high at 250 and 1 atn. pressure, but are lower

at higher temperatures and pressures.

(d) A1l of the known catalytic reactions of RhE(CC)(FPhs)s are
inhibited by excess triphenylphosphine, and hydroformylation is
also inhibited by increased partial pressure of carbonmonoxide.
(e) The difference in behaviour of RhH(CO)(¥Ph3)s compered to
pure rhodiuwm carbonyl and to cebalt and iridium catalysts.

The basic steps of the uechanism for hydroformylation with
cobalt can be adgapted with little change. Thus it can be
assunied that there are always cis site transfers of the hydride
group to coordinated alkene, of the alkyl group so produced to
coordinated carbonnonoxide to form an acyl group, and of hydride

to acyl to give aldehyde.
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It seems reascnable to propose that the rate determining
step is that involving oxidative c¢is addition of wolecular
hydrogen to a square rhodium(I) acyl couplex, since the other
species involved are rhodium(I) species, this is the only step
which involves a change in both the oxidation state of the metal
as well as a change in the coordination nunber. This step will
be especially scnsitive to the nature of the metal and the
ligands bound to it (61). The ease of oxidisability would be
expected to be in the order Co< Rh<’Ir; for a given metal, and
the effect of ligands should be CC7<P%alkyl)3 <ﬁ%aryl)3 and,
considering the substituted aryls, substitution by an electron
withdrawing group e.g. para-fluorc, should allow less facile
activation of hydrogen than an electron releasing group Cegs
para-acthoxy.

Two main éﬁemes which cannot be distinguished with the
present information can be devised. Scheme 1 (page 71),
involves an associative attack of alkene on the dicarbonyl
species RhII(CO)2(TPhs)s (72). Scheme 2 (page 72), involves
a dissociative mechanism similer to the dissociation of cobalt
hydridotetracarbonyl toc cobalt hydridotricarbonyl postulated for
the cobalt systen. In schenc 2 cither triphenylphosphine or

carbonnonoxide could be the group which disgociates.

Initial addition of the hydrido species to_alkenes. The hydrogen
atom cxchange and isomerisation reactions of alkenes procced

via attack of the alkene on the species RhE(CU) (I'fhs)2 (Schene 1,4).
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In the nresence of carbonmonoxide however the specics Rh(CC)2(Frhs)e2
(Scheme 1,B; Scheme 2,4) predominates (72) but although in this
case, the initizl attack of alkene forms an alkyl, the tramsfer
reaction to give acyl (Scheme 1, B~I; Scheme 2, E-»F) must be
gso fast that exchange and isomerisation reactions are not
coripetative.

In the reversible addition (69,70,71) of LpyM-H to alkene
to give an alkyl comaplex, there are two wain factors which are
not independent.

(a) The dircction of addition nmay be Markownikov or anti-
Markownikov and only the forumer leads to isomerisation. It
ricny be assumed that the direction of addition will dcepend in
part on the mnolarity of the iM-H bond. The presence on the
metal of ligends of hi:hj/-a¢idity such aw carbonmonoxide which
o +
will increase the polarity in the dircction M -H (in the
extreme case the anion ig formed e¢.g. Co(CG)Z), and so increase
the extent of Markownikov addition. The information for this
is only based on qualitetive observations. HCo(CC). is a
strong acid in water whereas CoH(CO)s PPhs has an acid dissociation
constant of only ca. 1077, The former is known (29) to react
with nent-l-ene to give apnroximately equal amounts of the
isonmeric acyl cobalt carbonyls. Comparahle studies are not
available for the phosphine complex, but it is reported in the
patent literature (4C) that hydroformyletion by octacarbonyl

dicobalt in the presence of tertiaryphosnhines, where phosphine
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substituted carbonyl specics will be involved, gives much
highcr ratic of straight- to branch-chain aldehyde.

(b) The prescnce of bulky ligands such as RsP can generate
gubstential steric inhibition to the formation of thp metal
alkyl, expecielly where R is aryl, and such inhibition will
not arise in the pure carbonyl species. The steric
interaction will be at & nmaximum when such groups are trans
to each other and mutually cis to the hydrido group or the
alkyl formed from it as in Scheme 1, A, When RaP groups
are cis as in Schenc 1, B, the steric inhibition to alkyl
formetion will be minimised. The high selectivity in
hydrogern atom exchange is probably due to this steric
hinderance in the RhH(CO)(PPhs)z species. The steric
effect could either operute in the approuch of the alkcene
to form aon intermediate alkene complex, or in the tronsfer
step to form the alkyl group.

As the alkene approaches the square complex it could
experience repulsion from the phenyl groups of the trans-

PPhs groups which by rotating will be sweeping out a cone

/
as can be seen below: C
=T
\‘ ~ C/é'/ )
. . ,
/’.}( v
0 0y
g N1 P\
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Thus the orientation of the bound alkene and the subsequent
shift to the four centre transition state could be determined,
since free rotation could be prevented. However in the
approach of the alkene and formation of the alkene complex,
the groups on the alkenc will be bending away and back from
the direction of approach, also the triphenylphosphine ligands

will be moving towards their positions in the pentacoordinate

intermediate hydrido alkene complex.

In passing frou the hydrido alkene couplex to the sguare
alkyl intermediate the triphenylphosphine ligends will be
returning to their square trans positions, with the 2lkyl group
mutually cis to them. It would appcar that unless this. alkyl
group is one with ano-methylcne group, i.e., Rh-CHez- formed by
cnti-Markownikov addition, there will be steric hindarence due
to the bulky phosvhine groups. Markownikov addition to RCH=CH:
or addition of elk-2-cne or cycloalkene,will lead to formotion
of a kh-CH(R')-, or worse, xh-C(R')(r'')-, the steric hindarance

. .. 1 e
will be a ninimum for R = Cis,



764

// | ;éf{:
/ ~ (- \
|
- (-
|
This is consistent with the observation that although the
rate of isomerisation of pent-l-ene to pent-2-ene ( which can
only ocour by Markownikov addition) is much slower than
hydrcpyen atom exchange of pent-l-ene (which can occur by both
Markownikov and anti-Markownikov addition), it is faster than
the hydrogzen atom exchange reactions of pent-2-enes. The
observation that pent-l-ene is isomerised to a mixture of
equal amounts of cis and trans pent-2-enes suggests that
there is rotation round the Rh-C bond in the alkyl group

Rh=CH(CHs )CH2C2Hs.

The directicn of addition will be affected by a combination

of electronic and steric factors, both being governed by the
nature of the metal and the ligands. At high temperature

a decrease in the importance of steric factors would be
expected.

Associative vs dissocistive mechanisme. It would appeer

unlikely in the hydroformylation mechanism that the initial



774

attack of the olefin is on the sguare species EgggnghH(CO)~
(PPhs)2, were this so, an higher selectivity towards RCH = CHa
would be exnected as in the hydrogen atom transfer reactionss

If 1% i= assumed that the olefin does not make a direct
attack on the Rh-H bond but the alkyl intermedinte is formed
via an hydrido alkene complex therc are two ways in which an
olefin can attack RhH(CG)2(PPhs)e. The assoclative attack
(Scheme 1) is the siuplest. The mein objection to this
scheme is that for a a4° species the effective atomic nuanber
rule is thus exceeded, but it should be remembered that this
ig a very short lived species.

The agsoclative step accounts for the small specificity
in hydroformylation between alk-l-ene and alk-2-enes, because
of the reduction of steric hinderance in the formation of the
alkyl from RhI(CO)2(PPhs)z (Scheme 1, B—C), where the PhsP
groups are cis.

Considering the dissociative pathway for the initial
attack it is clear that we cannot accept attack on a square
complex RhH(CO)(PPhs)2 with trans phosphine groups for the
reasons discussed above. If one carbonmonoxide dissociates
from RhH(CO)2(PPhs)z it is required that the resulting transient
species should have cis phosphines. Since there seems no
reason why the dissociation of RhH(CO)(PPhs)s in solution
should not also produce & cis-phosphine species, in which case

selectivity in hydrogen atom exchanges would not occury it
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seems more reasonable to prepose a dissociation of a phosphine
molecule as in Scheme 2. (Although no evidence for dissociation
of PEtzPh was found when RHC1(CO)(PEtzPh) wes used as catalyst
it should be remembered that the CS2 complex of phosphines is
in equilibrium with CS52 and phosphine in solution, and in the
presence of HCl and propyliodide the diethylphenylphosphoniuil~

chloride would be formed much more readily than diethylphenyf—

the critical square acyl intermediste Rh(COR )(CO)(PPhs)z,
which then undergoes oxidative nddition of hydrogen, than
Scheme 1, but has the advantazge thet only 4 and 5 coordinate
rhodium(I) species are involved. Either scheme, if it is
assumed that alkyl transfer to carbonilonoxide to give acyl

is much faster than the oxidative addition of hydrogen to

the alkyl or to the reaction leading to double bond migration
is consistent with the lack of hydrogenation and isomerisation
of alkene under hydroformylation conditions.

Inhibition. It would appear fron the hydrogen atom exchange
and iscmerisation experiments that excess triphenylphosphine
suppresses the dissociction of RhH(CO)(PPhs)s so that any
process depending on the presence of RhH(CO)(PPhs)z will be
inhibited. Similarly carbonitonoxide could inhibit hydro-
formylation by formation of the yellow dimer, (Rh(CO)z2(PPhis)z)z
but probably more likely is inhibition in the reactions Schgme

1, L~%G, Scheme 2, F—H, which would block the rate-determining
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oxidative addition reaction.

Aldehyde ratios. A mixture of straight and branched chain

aldchyde can be obtained frowm an alk-l-ene either by initial
addition to give terminal or secoundary alkyls, or by isomerisation
of alkyl or acyl intermediates, irrespective of the initial
direction of the addition.

The latter type of reaction would proceed via the equil=

ibria hydrides—=—""alkylw——=acyl so that a straight chain alkyl
or acyl would eliminate aolk-l-ene while a branched alkyl could
eliminate either alk-~l-ene or alk-2-ene, so if this were a
significant pathway for branched aldehyde formotiomn, the
unconverted alkene should countain alk-2-eney especially as
alk=2=-ene is hydroformylated less readily than alk-l-ene. It
is possible however that the elimincted alkene could remain
coordinnted imn the hydridoJWZalkene intermediate.

If it is assuned that in the hydroformylation of pent-l-ecne
at 25° and 1 atm., where the straight- to branch-chain aldehyde
ratio is ca. 20, that the mode of initial addition is the deter-
mining Tactor, support for this is provided by the fall in the
ratio to ca. 9 at 50°, The free energy of activation for anti-
Markownikov addition of LpyRh=-H to an alk-l-ene will be slightly
smaller, (byﬁlEa) than that for Markownikov addition. Since
the addition ratio will be proportional to e Ea/RT, the ratio
should decrease with increasing temperature, as observed.

If the aldehyde ratio were dependent on acyl re-arrzngement,
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the opposite would probably be exnected, as in the cobalt
system,; temperature increases nre believed (37, 38, 39) to
favour terminal acyl, which are more difficult to isomerise
than their branch chain isomers.

The observation that the rotio of straight-to branch-
chain cldehyde is only of the order of 3, in reczctions conducted
under pressures of carbonmonoxide and hydrogen even ot room
temperoture could be due to the dissociative scheme being
the one in oweretion and mechenisms involving both loss of
triphenylphosphine and carbonmonoxide being possible3depending
on the reaction conditions. The reactions under 1 atm. were
conducted with fairly concentrated solutions of RhH(CC)(PPFhs)s
where the concertration of triphenylphosphine in solution will
be relatively high compared with the concentration of corbon-
monoxide, however in the high pressure recactions, where more
dilute solutions of RhH(CC)(PPhs)x were used, the concentration
of triphenylphosphine will he very small compered with the
concentration of carbonmonoxide. In the first case Scheme 2
could be operating with loss of corbonmonoxide to give sguare
hydridocarbonyl species with c¢ls triphenylphosphines, while
at higher pressures triphenylphosphine could be lost yielding
a square hydridodicarbonyltriphenylphosphine specics. The
forner spccies would from the argument developcd on Poge 74
give a less pol:ur Rh-H bond rnd less chonce of Markownikov

addition, wherers the lntter species would give - more polar
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Rh-H bond ond more chionce of Morkownikov aodditiomns This still
does not however explain why when a high pressure of hydrogen
is introduced to o solution of RhHCO(PPhs)s snturnted with
cnrbonmonoxide to which alk-l~ene has been added a lower
ratio of straight choin aldehyde is obtnined than when
hydrogen is introduced slowly at 1 atm.

The difference in behaviour between rhodium and iridium

catalysta will he discussed in Chapter 3.
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CHADTER 3.

HYDROFORMYLOTICW USING CCHMPLEXES OF COTHiR MEWALS

1) Iridium

Although iridium complexes have been indicated in the
patent literature (45) as hydroformylation catalysts no
stolchiometric complexes were characterised. The simple
iridium carbonyls have been compared with cobalt carbonyls
and rhodium carbonyls (50) and found to be less effective
than either,

Following the successful hydroformylation of olefins
with trans-RhC1(CG)(PFhs)a2, hydroformylation of pentene-1
was attempted using the iridium analogue EggggferI(CO)(Pth)a,
using conditicns under which hydreoformylation readily occurs
with the rhodium analogue, i.e. 16 hours at 8¢° under 10C atu.
of H2:CO (1:1) the hexacoordinate Irli2C1(C0Q)(PPhs)2 complex
was recovered, znd very 1ittle¢ aldehyde was ol tnincd. e
It was subsequently reported (73) that more drastic conditions,
i.e. temperatures of 140° are required.

Although treating IrC1(CO)(PPhs)z in the presence of
triphenylphosphine and triethylamine with hydrogen (100 atm. )
at 70° for 16 hours gives an approximate eguimolar mixture
of IrH(CO)(PPhs)s and IrH2C1(CO)(PPhs)z (the rhodium analogue

under these conditions gives an almost quantitative yield of
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RhHE(CO) (PFhs)3), failure of the reaction:-
IrC1(CO} (P¥ha) 2 + Hp m—=—2IrH(CC)(PPhs)s + HCL

to lie further enough to the right hand side is not the only
reason for its poor p@rformance as an hydroformylation catalyst,
as Ir#(C0)(TPhs)s is also a poor hydroformylation catalyste
A solution of IrH(CC)(Prhs)s (50 mg., 7 x 10”7 mole) and pent-l-ene
(3 ml., 0.027 mole) in benzene (4 ml.), yielded only 1C% aldehyde
after 16 hours at 80° under a total pressure of 1C0 atms.
Ha2:CO = 1:1.
2) Iron.

The obse#vation that pentacarbonyl iron is a poor hydro-
formylation catalyst (43) was confirmed. Lfter 16 hours at
110° under a total pressure of 100 atms. of a 1:1 mixture of
carbonmonoxide and hydrogen, a solution of pent-l-ene (3 ml.,
G.027 mole) in benzene (4ml.) in the wresence of Fe(CC)s
(C.4 wl., 0.GC3 mole) wes hydroformylated to an extent of only
45, Ing reaction carried out under identical conditions
except for the addition of trichenylphosphine (1 z.) the yield
of aldehyde was increased to 31%. A small amount of yellow
solid was isoclated from the reaction mixture whose I.R. and
melting point indicated a mixture of bis(triphenylphosphine)—
tricarbonyliron and triphenylphosphinetetracarbonyliron.
Cotton has reported (76) that a mixture of bis(triphenylphosphine)-

tricarbonyliron and trinhenylphosphinetetracarbonyliron is
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obtained on heath@g pentacarbonyl iron with trivphenylphosihine
at 110°. In view of these reactions Fe(CO)s3(I'Fhs)2 and
Fe(CC) . (Pths) were used alone as hydreoformylation catalysts,
they were found to give markedly increased yields of éldehyde
compared with Fe(CC)s under the same conditions. The Fe(CC)s-
(FPhs)2 and the Fe(CO0),.(:ths) can be recovered unchanged at the
end of the reaction. The ratic of straight- to branch-chain
aldehyde was ca. 2.7 in all cases. (Sce table 12).

3) Ruthenium.

Unspecified rutheniwn carbonyl complcxes have been indicated
(44) in the patent literature as hydroformylation catalysts.
Following the success of the ruthenium complexes tri(triphenyl-
phosphine)dichlororuthenium(II) and tctrakis(triphenylphosphine)-
dichlororuthenium(Il) as catalysts for the homogencous hydrogenr
ation of olefins (65,77) they were tried without success as
hydroformylation catalysts. However, they react rapidly with
carbonsnonoxide to give the stable, hexacoordinate dicarbonyl
complex uClz(CO)2(¥rhs)e.

This reaction of carbonmonoxide with RuClz(FFhz)s, has
becn used fto give a quicker route to the effective hydroform-
ylation catalyst (77) Lu(CC)s(FFhs)a. This complex was first
prepared by Collman (78) by the interaction of carbonmonoxide
and RuClz(CC)2(¥%hs)2, in the presecnce of zinc, with dimethyl-
formamide &s solvent. The iuClz(Ct)2(PFhs)2 was prepared by

treating hydrated ruthenium chloride, in a wmethanocl solution
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of triphenylphosvhine with carbonmonoxide at 6C p.s.i. for
30 hours. Ru(CO)s(PPhs)z can however be prepared by the
interaction of carbonmonoxide and RuClz(PPhsz)s in the presence
of zinc in dimethylformamide. RuCl2(PPhs)s cen easily be
prepared by the interaction of hydrated ruthenium trichloride
and trihenylphosphine in methanol (79).
TABLE 12. Hydroformylation by iron and ruthenium complexes.
Pent-l-ene (3 ml., 0.027 mole), benzene (4 ml.), LOC atms.

Hz:CO = 1:1,110° for 16 hours.

Complex mole ratio 2%%%%%%£ conversion %°

Fe(CC)s 0.11 4
Fe(CO)s + PPhs 0.11 31
Fo(CO) 4 PPhs 0.0044 30
Fe(C0)3(PPhs)2 0.0028 37
RuClz2(PPhs)s 0.0015 5
RuClz(PPhs) 0.0015 5
Ru(CO)s(PPhs)2 0.0026 80

& In all cases straight- to branch-chain aldehyde ratio is

ca 247,
Ru(CO)3(PPh3)2 is the most efficient ruthenium hydro=
formylation catalyst that has yet been mported. An 80F yield
of aldehyde was obtained on treating & solution of pent~l-ene

(3 ml., 0.027 mole) in benzene (4 ml.) in the presence of
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Ru(Co)s(PPhs)z (50 Mey, 7 X 10~ ° mole), at 110° for 16 hours
under 10C atms. H2:C0 (1s1). (See Table 12).

4) Wickel.

Despite patent claims (45), no detectable amounts of
aldehydes were obtoined using the nickel complexes NiX2(PRs3) 2,
where X = C1 or Br, R = n-C,Hgq or Cz2Hs, at temperatures up
to 1950 and a total pressure of 100 atms., HzaCO = 1:1.

5) Differences between cobalt, rhodium and iridium as

hydroformylation catalysts.

The low activity of the iridium complexes compared to
the analogous rhodium complexes is most probably due to the
greater stability of pentacoordinate iridium(I) and ectahedral
iridium(III) species. Thus dissociation to provide sites
for activation of substrates probably occurs to a much smaller
degree than in the corresponding rhodium complexes.

Indeed, although RhH(CO)(PPhs)3 is dissociated in benzene
solution, IrH(CO)(PPhz)s is not (63) also the dicarbonyl,
IrH(CO)2(PPh3)2 is stable, and can be easily prepared by
passing carbonmonoxide into a benzene sollution of IrH(CO)-
(PPhz)s, the analogous rhodium compound RhH(CO) 2(PPhs)2 has
only been observed in solution inequilbrium with other rhodium
species (72), also an acyl species Ir(COCH3)(CO)z2(PPhz)a2
comparable to G of Scheme 1 has been characterised (74), a

stablc methoxycarbonyl, Ir(COzMe)(CO)2(PPhs)s is also known

(75).
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The main reason for the greater activity of rhodium carbonyl
catalysts than cobalt carbonyl catalysts (58) is probably due
to the greater easc of oxidative addition of hydrogen to the
rhodium(I)} acyl complexes. If the suggestion (80) that the
larger size reduces the crowding of the ligands were true,
iridium would be expected to be even better, which it is not.

Whereas no acyl intermediates have been isolated from the
rhodium systems nor have they been observed spectroscopically,
the acyl cobalt tetracarbonyls have been observed spectro-
scopically (24) and the triphenylphosphine acyl cobaltecarbonyl
complexes have been prepared (29, 30), suggesting that these
species are more stable than those of rhodium and hence require

more drastic conditions for dissociations
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EXPERIMENTALS.,

1), Apparatus.

Simple elemental microanalyses were by the Microanalytical
Laboratories of Imperial College. M.m.r. were carried out
on a Varian Associates 43100 Spectrometer at 56.4 lic/sec.,
unless otherwise stated. Infra-red spectra were recorded in
nujol mulls on a Grubb Parsons Spectromaster unless otherwise
- stated. Mass~spectra were obtained by using an A.E.I. MS-9
spectrometer. Vapour phase chromatographs were obtained from
a Perkin Elmer F.ll gas Chromatograph with flame ionisation
detection. The stationary phase was carbowax for aldehydes,
squaline and silver nitrate-diethyleneglycol for hydrocarbonsjy
calibrations were made using standard samples. llelting points
were determined on a Kofler hot stage and are uncorrected.

2). Materials.,

The rhodium chloride, RhCl3.3H2C was from Johnson Matthey
Ltde; the only transition metael impurity is believed to be
possiﬁkyea trace of iridium (81). Trinhenylphosphine (Albright
& Wilson Ltd.) was recrystallised from benzene-ethanol before
use. The other phosphines were vprepared by the Grignarg
reaction. The but-l-ene (Matheson Lecture bettle) and propylene
(I.C.I.) were used without purification. 411 other olefins
were from kock-Light, they were freed from peroxides by passage
through an alumina column and distillation over sodium. The

benzene used in the low pFessure hydroformylation reactions was
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purified via the nickel clathrate compound (68), to remove
small amounts of toluenc and xylene which interferred in the
estimation of yilelds of aldehydes by G.l.c.

2). Preparations.

(a)o Bis(triphenylphosphine)carbonylchlororhodium(l).

To a solution of triphenylphosphine (7.2 g., 0.027 mole)
in hot ethanol (30C ml.) was added a solution of rhodium tri-
chloride trihydrate (2 g. 0.C075 mole) in ethanol (7C ml.),
when the solution cleared , sufficient formaldehyde solution
40% /vy HCHO (ca. 10 ml.) was added to give a pale yellow
solution from which crystals of RhC1l(CO)(FPhs)2 seperated out.
The yellow microcrystals were obtained by filtration and recryst-
allised from henzene, Yield 4.54 g. (85% on rhodium trichloride).
(Found: C, 64.7; H, 4.5; Cl, 5.C. C37H30C10P2Rh requires C, 64.4;
H, 4.4; C1, 5.1%).

Lp). Bis(triphenylphosphine)carbonylbromorhodium(I).

This was prepared in essentially cuantitative yield by
the interszction of carbonmonoxide and tris(triphenylphosphine)-
bromorhodium{(I). (Found: C, 6C.4; H, 4,2; Br, 10,6, C37H308rC~
V2Rh requires C, 6C.4: H, 4.1; Br, 1C0.9%).

(c). Bis(triphenylphosphine)earbonyliodorhodium(I).

This was prepared in essentially gquantitative yield by the
interaction of carbonmonoxide and tris(triphenylphosphine)iodo-
rhodiun(I). (Found: C,57.1; H, 4.0; I, 16.1. C3vH30IOP2Rh

requires C, 56.8; H, 3.8; I, 16.2%).
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(d). Bis(triethylphosphine)carbonylchlororhodium(I), bis-

(diethylﬁpenylphosphine)carbonylchlororhodium(l) and big=

(trifp-methoxyphenylphosphine)carbonylchlororhodium(l).

These were prepared by the interaction of the appropriate
phosphine with Rh(CO)2C1)2 (47)}.

(e) Bis(tri=-p-methylphenylphosphine)carbonylchlororhodium(I).

To a hot solution of para=-tolylphosphine (1.8 g., ©.C053
mole) in ethanol (80ml.) was added a solution of RhCls.3H=20
(0.5 ge, 0.0019 mole) in ethanol (3C ml.), when the solution
cleared, formaldehyde solution 40% Y /v HCHO (ca. 4 ml.) was
added until a pale yellow solution was obtained, from which
microcrystals of RhCL{CO)((p-MeCeH;)3F)2 separated out, these
were removed by filtration and recrystallysed from benzene.
Yield 1.25 g. (84% on rhodium trichloride). (Found: C, 66.5;
H,5.3; Cl, 4.5. C.3H,.2C1l0P2Rh requires C, 66.4; H, 5.4; Cl,
4,6%) .

(f) Reaction of rhodium trichloride and para-methylphenyl-

phosphine.

To a hot solution of para-methylphenylphosphine (4 g.,
0.C012 mole) in ethanol (90 ml.) was added a solution of RhCliz-
3H20 (0.5 g., 0.0019 mole) in ethanol (4G ml.), a burgundy red
solution was obtained on refluxing this solution, but no crystals
were deposited, even after 3.5 hours at reflux. The solvent
was removed by evaporation under reduced pressure and the result-

ing vellow-brown solid after washing with ether gsve non-stoic-

1 ; : .
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hiometric analysis. (Found: €, 61.12; H, 5.42; Cl, 10.17%).

(z). Bis(tri-p-fluorophenylphosphine)carbonylchlororhodium(I),

To a hot solution of para=-fluorophenylphosphine (1.85 ga,
0.0053 mole) in ethanol (3C ml.) was added a solution of rhodium
trichloride (U.5 g., 0.0C019 mole) in ethanol (30 ml.), when the
solution cleared formaldehyde solution 4C% /v HCHO (ea. 4ml.)
was added until a pale yellow solution was obtained from which
microcrystals of RhCl(CO)((p—FCsHL)zP)z were deposited, these were
removed by filtration and recrystallysed from benzene. Yield
1.3 g. (86% on rhodium trichloride), m.p. 162-163°, 1/ CO =
1984 em~'.  (Found: C, 55.8; H, 3.3; Cl, 4.4. C37H2,F6C1lOP2Rh
requires C,55.6; H, 3.0; Cl, 4.5%).

(h). Tris(tri=p=flucropbenylphosphine)chlororhodium{I).,

To a hot solution of para-fluorophenylphosphine (3.6 g.,
C.0106 mole) in ethanol (90 ml.) was added a solution of
RhCl3.3H2U (0.5 g., 0.0019 mole) in ethanol (20 ml.). On
refluxing the burgundy red solution that was obtained, orange
crystals were obtained after ca. 2 min. at reflux. These were
removed by filtration and washed with ethanol. Yield 1.85 g.
(90% on rhodium trichloride). (Found: C, 59.83 H, 3,7; P, 8.6
Cl, 3.1. Cs5.H3¢FsC1lPsRh requires C, 59.6; H, 3.3; P, 8.6;

Cl, 3.3%).

{i). Bis(triphenylarsine)carbonylchlororhodium(I).

To a hot solution of triphenylarsine (2.05 g., 0.C053mole)

in ethanol (100ml.) was added a solution of rhodium trichloride
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(0.5 g., C.C019 mole) in ethanol (20 ml.), 5 ml. of formalde-

hyde solution 40k w/v HCHO was immediately added, a pale yellow
solution was obtained from which yellow crystals of RhC1(CO)=
(AsPhs)2 were obtained, these were removed by filtration and
recrystallised from benzene. Yield: 1.15 g (78% on rhodium
trichloride), (Found: C, 56.7; H, 3.6; Cl, 4.3, C37H30Cl~
OAs2Rh requires C, 57.0; H, 3.9; Ci, 4.6%).

(i) Tris(triphenylphosphine)carbonylhydridorhodium(I).

To a stirred, hesmted suspension of bis(triphenylphosphine)—
carbonylchlororhodium(I) (1 g., 0.00l4 mole) in a solution of
triphenylphosphine (1.5 g., 0.0057 mole) in ethanol (1CO ml,)
was added sodium borohydride in ethanol until a sample of the
yellow precipitate contained no RhC1(CO)(PPhs)z (Analysed by
I.R.). The yellow precipitate was removed by filtration and
recrystallised from benzéne-ethanol. Yield 1.2 g. (9Uf).
(Found: C, 72.6; H, 5.C; P, 10.2. CssH,eP30Rh reguires C, 72.7;
H, 5.0; P, 10.1%).

(k). Reactions of tris(triphenylphosphine)hydridocarbonyl—

rhodium(T) with carbonmonoxide.

Carbonmonoxide freed from iron carbonyls by passage through

active carbon was passed into a solution of RhH(CC)(IPhs)s in

benzene for ca. 2C min., on evaporating the benzene at room
temperature in a stream of carbonmonoxide an unstable yellow
compound was obtained. (f ¢c 2017, 1992, 1800, and 1770 ecm™').

¥o elemental analysis was obtained.
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A solution of RhD(CO)(¥Phs)s (prepared by passing deuterium
through a benzene solution of 1thH(CO)(IPhs)s until the Rh-H
stretch disappeared in the I.R., removing the benzene and
recrystallising from benzene-ethanol) in benzene was introduced
into a glass tube sealed at one end and fitted with a tap at
the other end. The solution after being de-gassed by careful
evacuation was frozen in liquid nitrogen and evacuated, carbon-
monoxide was introduced to a pressure of ca. C.75 atm. After
warming to room temperature the tube was vigerously shaken for
20 minutes. Examination of the gas in the tube by mass
spectra showed the presence of deuterium. The I.R. of the
benzene solution remaining in the tube after treatment with more
carbonmonoxide was identical with that of a benzene solution
of RhH(CC){(PPhz)s treated with carbonmonoxide, zlso the same
yellow solid was obtained on evaporating the benzene in 2
stream of carbormonoxide.

(1), Bisﬁq-dicarbonylbis(triphenylphosphine)ethanoldirhodium(O).

Ethanol was added to the yellow solution obtained by
passing carbommonoxide through a benzene solution of RhH(CO)-
(PPh3)3. A stream of nitrozen was then passed through this
solution which immediately went red, on evaporating off the
benzene in a stream of nitrogen the product was obtained as
a red crystalline solid. (4/CO 172C cm™'). (Found: C, 66.6;
H, 5.3; P, 8.9; ¢, 4.3. C7gH72P,0.Rhz requires C, 66.8;

H, 5.2; P, 8.8 0, 4.6%),
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(m). Pis-g-dicarbonyl(bistriphenylphosphine)methylenechloride=

dirhodium(C).

Cerbonmonoxide was passed through a methylene chloride
solution of RMH(CO)(Pihs)s for ca. 15 min., nitrogen was then
bubbled throuzh the solution which immediately changed from
yellow to. red. Cn evaporating the methylene chloride in a
stream of nitrogen, the product was obtained as a red crystalline
solid  (4/CC 1739 en™').  (Found: C, 61.5; H, 4.4; P, 8.2;

Cl, 9¢6. C76He(PiCl,C2Rh2 requires C, 61.4; H, 4.4; P, 8.4;
Cl, 9.6%),

(n). Rezctions of bis-u-dicarbonyl(bistriphenylphosphine)-

me thylene chlorid»>d8irhodium(C).

(1). With carbonmonoxide. (th(CQ) (FFPhs) 2CH2C12) 2 (0.12 g)

wag added to benzene (5 ml.) in a catalytic hydrogenation
apparatus under an atmosphere of ocarbommonoxide, the solution
repidly chonzed from red to yellow ond %.62 cc. (ot M.T.P.) of
corbonimonoxide wns absorked.' For the absorPtion of one corbon-
monoxide per rhodium, 3.63 cc. (ot M.T.F.) of corbonmonoxide
would be required. The solution I.E. was identicol with thet
obtaired by pressing corbommonoxide through ¢ solution of

RRH(CO) (PTh3) 3.

(ii). With hydrogen in_the presence of triphenylphosphine.

(Rh(CO) (PFh3)2CH2C12) 2 10,1574 ¢.) wns rdded to : benzene (5 ml.)
in o cntolytic hydrogzen~tion npperc-tus, the benzene contained

triphenylphosphine (0.25 g.), under o ctmosphere of hydrogen.
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2.26 cc. of hydrogen (at N.T.F.} was absorbed. Jor the
absorption of one mole of hydrogen per mole of complex 2.38 cc.
( at ¥.T..) of hydrogen is required. At the end of the
reaction the solution which had changed from red to yellow was
evaporated to dryness and the resulting yellow solid was washed
with ether to yield zhH(CC)(PFhz)s (C.155 g., 81% theory).

(iii)e With iodine. A solution of iodine in benzene

was added carefully to a benzene solution of (Rh(CO)(¥Phs)ea~
CHz2Cl2)2 (0.2 g.). The red colour of the solution graduslly
disgieared, a yellow solution was obtained , from which
RhI(CC)(PPhs)z (C.18 g., 86% theory) was obtained.

(o) s Tris(triphenylphosphine)carbonylhydridoiridium(I).

To a stirred heated suspension of IrCl(CO)(FPhzlz (C.5 g.,
0.C0064 mole) in a solution of triphenylphosphine (1 g.,
0.0038 mole) in ethanol (10C ml.), was added sodium borohydride
in ethanol. The addition of sodium borohydride was continued
until a sample of the precipitate contained no IrCl(CO)(PPhs)e
(Analysed by I.R.). The product was obtained by filtration
and recrystallised from benzene-ethanol. Yield C.59 g., 91%
theory). (Found: €, 65.0; H, 4.5: T, 9.1, CssH,eP30Ir
requires C, 65.8; H, 4.65 P, 9.2%).

(p). Bis(triphenylphosphine)dicarbonylhydridoiridium(I).

This was obtained as a white crystalline solid in essent-
ially quantitative yield, by the interaction of tris(triphenyl-

phosnhine )carbonylhydridoiridium(I) and carbonmonoxide in benzene.
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(F#-H 2030 em™'; CO 1975, 1910 cm~'). (Found: C, 59.2;
H, 4.1; C, 4.0; P, 8.1. Cssliz1C2F2Ir requires C, 59.0; H, 4.0;
0, 4.1; P, 8.C%).

(q). Bis(triphenylphosphine)tricarbonylruthenium(0).

A solution of tris(triphenylphosphine)dichlororuthenium(IT)
(C.5 g.) in dimethylformamide (10 ml.) in the presence of zinc
dust (1.C g.) was kept at 100° for 20 hours under 1CC atus. of
carbommonoxide. After cooling and filtering, the dimethyl-~
formamide was evaporated off under reduced pressure and the
product washed with ether. Yield 0.33 g. (88%). (Found:
C, 65.8; H, 4.2; C, 6.9; P, 8.7. C3olzoC3l2ku requires C, 66.0;
H, 4.3; 0, 6.8; 1", 8.7%).

4). Hydroformylation reactions.

(a}. These were normally carried out in 25 nl. stainless steel
autoclaves (Baskerville and Lindsay Ltd.). Fach reaction was
carried out at least twice in different autoclaves, to guard
against spurious results due to small amounts of catalyst left
in the autoclaves from previous reactions. The autoclave with
solvent, alkene and catalyst was flushed with carbommonoxide
and then pressurised to the required level, the carbommcnoxide
was always introduced before the hydrogen. The autoclave was
heated in an electrie oven without agitation. After the
required reaction time the autocleve was cooled and the products
analysed immediately by G.l.c.

(b). The rate studies on pent-l-ene were carried out using a
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arr Series 450C one-litre autoclave (stainless steel type 316)
fitted with a stirrer and dip-leyg which enabled sanples to be
withdrawn from the autoclave duriné the reaction. The catalyst,
pent-l-ene, benzene and amine where reguired were introduced,
after a carbonmonoxide purge, carbonmonoxide was introduced
to the requircd pressure. The autoclave was raised to the
desired temperature.and the hydrogen and where necessary nitrogen
were introduced. Immediately before introducing the hydrogen
a liquid sample was removed and checked by Gsl.c. for double
bond migration in the pent-l-ene. FTurther liquid samples were
taken at intervals (ca. 1 ml.) and the conversion of pent-l=ene
to aldehyde was calculated by G.l.c, analysis,2nd the unrezcted
hydrocarbon was checked for hydrogenation and double bond
migration by G.l.c. After cach sample was taken a small amount
of either hydrogen or carbonmonoxide wes introduced down the
dip~leg, to ensure that the next sample token was not contamin-
ated with solution which hed been left in the cocl part of the
dip-leg when the previous sample had been taken.
(c). Atmosphoric reactions were carried out in sample tubes
fitted with self sealing serum caps. Goses were introduced
through thin-bore stoinless steel tubing and liquids from
nypodermic syringes.

The RLH(CC)(PPhs)s and triphenylphosphine where necessary
were weighéd into a sample tube, which was sealed with a serum

cap and purged with carbonmonoxide using thin-bore tubing.
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Benzene was then introduced_via an hypodermic syringe and the
passage of carbonmonoxide was continued for 2C min. to convert
all the rhodium to the dimeric species (Rh(CO)2(:This)z)z2.
Alkene was then introduced using a 1CC w L. Hamilton syringe,
Iiydrogen was then bubbled through this solution for 10 min.
The solutior was then analysed for aldehydes by G.l.c.

él;_Hydrogen atom exchange reactions.

4 solution of RhD(CC)(¥Phs)s with triphenylphosphine,
where necessary; in benzene in a nen.r. tube, was set in the
spectrometer, the alkene was injected into this solution using
a 10ML. Hamilton syringe. The growth of the line at < 19,
due to the RRh-H was observed.

6). Isomerisation reactions.

The Rht(CO)(FPhs}s with triphenylvhosphine where necessary

was weitzhed into a sample tube, which was sealed with a serunm

cape The tube was purged with nitrogen and the benzene and
alkene were introduced via hypodermic syringes. Samples were

renoved at intervals through the serum cap and analysed by G.l.c.

7). Reactions of RhH(CC)(FIhs)s with ethylene.

RhH(CC) (PFhs)s (24 mg., 2.6 x 1C°° mole) in benzene (G.3 ml.)
in a thick walled n.m.r. tube was attached to a vacuum line and
sufficient ethylene was condensed in to give a pressure of
ca. 40 stms. at room temperature. The tube was then sealed

with a flame and examipged by n.me.r. o Rh-C2Hs spectrum was

observed. The exneriment was repeated with a small amount of
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carbonmonoxide bubbled through the solution before introducing

the ethylene, no Rh~-Czlis or Rh-CC-Cells spectrum was observed.
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