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- ABSTRACT

A study is described of the kinetics of reactions.

in which the complexes trans-Ir(CO)X(PPh where X = C1,

nple 302
'Bf and I, are used for the catalytic homogeneous hydro-
genation of oiefins, in particular maleic acid. The
catalytic-activityvis poor in benzene solﬁtions but is en-
hanced in cOordinéting.solvents such as N, Nk-dimethylaceta-.
mide. The kinetics wefevstudied by‘measurements of hydrogen
.uptake_ét various éxperimental.conditions'in which-iridium;'
olefin and hydfogen concentrations were varied.

The rate;law is complex showing_between zero and
first order in each of iridium, substrate and hydrogen con-
centrations. The.dependéncevof3rate on the ﬁalogen followed.
the order i)rBr;>Cl, and quite remarkably traces of oxygen
in.the system.enhance the hydrogenation rate considerably.
Supplementary speotrophotometric studies_ﬁave elucidated
some of the equilibria involved and the mechénisms proposed
shoﬁ the importance of a solvent assisted dissociation step
in making availéble a coordination site oﬁ the transition
metal complek. _ _ |

: A_detaiied path for tﬁe catalytic hydrogenation is

suggested.
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-I. INTRODUCTION

(A) General aim of the work.

The aim of the work described in this thesis is to
- investigate the potentiality of the iridium complexes, |
trans~ir(CO)X(Ph3P)2‘(wheré X.=‘halpgen) as hydrogenation
éatalysts‘for the reduction of éimple organic substrates ih
‘'solution. Where such activation of molecular hydrogen has
been observed, the detailed kinetics'éf the reactions have
been studied wiﬁh a vieQ to elucidating thé_mechanisms
invoived. ‘

| The interest in fhe present}work arbSe from;the fact
that tfans-chlorO—carbonyllbis(triphenyl phosphine)Ir(I) was
féportéd a few years ago by Vaska and DiLuziol to react

reverSibly with hydrogeh to form a molecular dihydride:

C1l(Ph,P

Ir(C0)C1(PhyP 3P )

3P), +Hy == Ir(CO)°H,

It seemed possible that'{h such a system the hydrogen mole-

cule might be activated for chemical reaction.

(B) Homogeneous catalytic Hydrogenation

The study of catalytié properties of transition metal
complexeé,_particularly of>Group VIIT metal ions has attracted
a'great deal of interest in the past few years.  Two recent

reviews-byVHalpernz’3 which covered the literature up to the



end of 1964 have concerned themselves with a vafiety of re-
actions including homogeneous hydrogenation. Very recently

two important papers dealing with detailed kinetic studies
' 4

of a ruthenium (II) catalysed‘hydrogenation system” and a

5

rhodiumA(I) catalysed system” have been published. .

(i) Inorganic Substrates

" The mechanism of these reactions involveé'a rate;
determining heterolytic or homolytic splitting‘of molecular
hydrogen by the. catalytic spe01es, this results in the for-
mation of an intermediate metal hydrlde species which reduces
the substrate in a subsequent fast reaction. An example in-

volving the heterolytic splitting of the hydrogen molecule

is seen in the ruthenium (III) catalyeed'reduction of FeIII
which can be represented as»follows:é’7 |
T ., K1 III,._ S
Ru™"" + Hy === Ru"""H~ + H* (2)
k .
-1
Ru IIIH_ + 2FeIII fast; Ru IIT | 2FeII + H* (3)'

The rate-law is -d[H,]/dt = k,[H,]1[RuT11], whicn becomes pseudo-
first order if the gas uptake measurements are made at constant
.pfessure.

. A system involving homolytic splitting of hydrogen is
the copper (I) catalysed hydrogen reduction of copper (II) in
quinoline solution8 in which the observed rate-law is

-d[Hz]/dt'= k[Hz][GuIJZ, consistent with the rate-determining



step being

T yi, —=2culn ()

2Cu 2

Other metal ion complexes found to activate hydrogen
for the reduction of inorganic substrates by these mechanisms

include those of Copper (II), Silver (I), Rhodium (I11),

Palladium (II) and Cobalt (II)Z; There has been no report

of iridium complexes catalysing the hydrogen reduction of

9

inorganic substrates. Halpern reoorts that Iridium (III)

is not active but gives no detail of the 1nvest1gat10n.

(ii) Catalytic Hydrogenation of Olefinic Substrates

Among metal complexes which activate molecular hydro-
gen; only a few appear to be effective catalysts for the
homogeneous hydrogenatlon of. oleflnlc compounds. These have
all been reported quite recently in about the last six years,

)1+ 10, Platlnum,(II)ll

and include complexes. of Ruthenium (II
Cobalt (I1)¥%213, Rhodium (ITI)?, Rhodium (I)”*%, cobalt (1)%°
and Iron (0)16.. Since the present work was started, Vaska

has briefly. reported17 18

that some Iridium (I) complexes
1ncluding the ones that we were studying:Were also active.
Detailed kinetic studies have been reported on three .

of these systems involving Ruthenlum (II)h,_Rhodium (I)5
)12

4

‘and Cobalt (II . It 1s_worthwhlle to consider each of
these, since each differs slightly in the proposed mechanisms
of the hydrogenatlon and hence present a good comparlson of

" the varlous p0351ble mechanlsms.'
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"fHalperﬁ,.Harfod and Jamesl”’10

have reported that the
hydrogenation of olefinic carboxylic acids such as-méleic

and fumaric acids catalysed By chlofofuthénate (II) complexes
'in acidified aqueous solutions takes place.via an initial
rapid formation of a'l:1 Ru (II) olefin V-complex followed

- by reaction of this ‘T-complex with hydfogen in the rate-

~determining step. The mechanism is depicted as follows:

| H N/ HX .
1/ N kl l, ¢ S\
—.Ru—-"+HL ;;?u—— ” rearrangement c
/| k_ ‘ ! !
A v A éu :
\\ 1
+H" d °~C
/ N\
fast '
$§+}{c Cf{eif;— é{’c o
+ X = C:‘/l 1 70N
Figure 1
The rate law for this scheme is
-d[H,]
2 .
& = kl[Hz][RuII(olefln)]

The olefinic substrate itself is thus activated as well as
the hydrogen molecule by coordination to the metal ion.
Simple olefins such as'éthylene and propylene although form-
ing T-complexes with RuII were not hydrogenated; a carboxyl
substituent adjacent to the double bond is reéuired for the
hydrogen reduction. It is suggested that this is associated
;With th€ rearréngeMent step'invqlving‘nucleophilic'attack of-

the hydride ligand on the double bond.



Kﬁiétek, Mador and Seyl_erl2 have reported that
pehtacYano cobalt (II), Co(CN)g-, is a homogeneous catalyst
for the hydrogenation of certain conjugated olefins such as
butadiene, styreﬁe, cihnamiC'acid, etc. Again simple mono-
.olefiné and non-conjugated dienes wére not hydrogenated.
The mechanism proposed for hydrogenation of butadiene is
as follows: |
577

2[co(cu)5)3“ + Hy > 2[HCo(CN) (5)

[HCO(CN) ]

+ C Hg [cl+ 7CO(CN)5 1" | ()

3- o
5 (7)

-[ch 7Co(CN) e [HCo(CN) 3- ——4{~a c,

Hg + 2[CQ(CN)5]

The intermediate [CAH7CO(CN)5]3" has also been prepafed:and
 characterized by Kwiatek and Seylerlg.: Simandi andiNagil3
suggested,_however,_that the Co(CN)g— catalysed hydfbgenation
of cinnémate (PhCH = CHCOE) involved a radical-anion inter-

. mediate: -

_[HCO(CN)513‘ + CgHCH = CHCO3 —

[Co(CN)5]3" + CgHsCH,CHCOS | (@)

CH,CHCO, ————>

| tHCo(CN)5]3‘ + CgH CH,CHCO;

[Co(CN) 5127 + CgyCHCHCO (9)

Wilkinson et a15 have recently reported thét chloro,

tris—(triphenYl phosphine) rhodium (I) in benzene solution



is an active catalyst for homogeneous hydrogenation of a
variety of olefinic compounds (but not ethylene itself).
Anvimportént feature of the catalysis involves the dis-

sociation of the RhCl(PhBP)B’complex in solution to give a
solvated species RhCl(PhBP)Z(S), (where S = solvent), which
has a sit;'for coordination of thé olefin or hydrbgen by
displacement of the solvent, and separate_reactions with
both molecular hydrogen and ethylene have yielded'the
crystalling,derivapives RhC1(PPhy)sH, and RhC1(PPhy),CoH, .
The system is summarized in the following reaction scheme:

Ky

RNCL(PPhy),(S) + H, —==== H,RhC1(PPh,),(S)

K, ]Lolefin . k' l+ olefin
~ RhC1(PPh,), olefin —=——> RhC1(PPh.),(S) + paraffin
Hi PRyl 026 H, 3)2(8)
Figure 2

The authors have shown that the attack of hYdrogen‘on the
plefin complex does not oécur, which leaves the formation
of paraffin solely due to attack of the olefin 6n the
dihydride complex formed in an initial'rapid equilibrium.
The uncomplexedlolefin is thought to attack the dihydride
at the vacant site to give a transition state in which both'
hydrogeh and olefin are bound to the metal. The rate-law
of this mechanistic scheme—is

k'Klp[Y][RhCl(PPhB)Z(S)]

..' Rate =
S 1+ Klp + KZ[Y]



"~ where Y = sﬁbstrate and p = concentration of hydrogeh in
Solution. |
Related and of‘interest is a reporﬁ by Jameé and

Rempellh that rhodium trichloride trihydrate~invdimethylace-
tamide solution is an efficient catélys; for the homogeneous
hydrogenation of ethylen¢ itself as well'ééAsubstituted
ethylenés such as maléic acid. Kinetic studies indicate
that hfdrogen initially feducés Rhodiﬁm (III) to the uni-
véiént state which-rapidly forms a‘¢omplex with the oléfin
substrate and the mechanismAis,thought to be similar to that
for the Rutheniu@ (I1) catalyséd'system (figure 1).

~ In each of the above cases hydrido hetallic species
are,indicated as reaction ihtermediates and Halpérn2 has sug-
gested that the catalytic activity of the hydride complex is
~controlled by its thermodynamic stability and lability; that
is, if the intermediate'is unstable it will notvbe formed
‘readily while_if its stability is too great its subsequent
transformation té the products will be slow. Three routes
are thus fecognized for the formation of the hydrido inter-
mediates during the hydrogenation of the olefin::
(a) heterolytic spiitﬁing of hjdrogén,‘e.g.,

rull(olefin) + H, ——— Rt (olefin) + H

(b) homolytic splitting of hydrogen, e.g;;

: I1

2cot(cn)3- 111

5+ H2'———~952HC? _ (CN)%‘ and -



(c) addition of hydrogen to form a dihydride, e.g.,

RBCL(PPhy ), (STH2 ——— 1, RNC1(PPR,),
An interesting feature of thééé olefin hydrégenatiqn re-
actions is whether both of the reactants (hydrogen, olefin)
'_6r just the hydfogen need to be éctivatéd by ﬁhe central
métal atom. The Rhodium (I) and Cobalt (II) systems indicate
the latter whereas the olefin in the Rutheniﬁm (II) system
iS<undbubtedly'activated as well. All three mechanisms at
some stage involve the_addition of a metal hydride-to the
olefin, i.e., - o

M-H +3C=C7 _____ M-3C-C/-H
and many such hydrohetallation reaétioﬁs have beén observed

directly, e.g., with HPLCL(PEty),? 221, HMn(co) 2,

3.23 o 2k | 25
5~ » [RhH(CN),H,0] andARhHClZ(PPhB)z. No

3)2
. HCQ(CN)
exa@ples in iridium chemistry have so far been reported.
Hydrometallation is an example of a much wider class of |
"inSertion"—tYpe reactions recently discussed by Heck26
whose general widespread role in catalytic‘reaction has

also been considered.3

(C) Literature Reports of Iridium Complexes as
' Hydrogenation Catalysts

The discovery of thevIr(CO)Cl(PPhB)z complex by

Vaska and Diluzio® reported in 1962 and its reactions with



molecuiaf hydrogenl (equation 1) presumably led Vaska and
coworkers to investigate the possible activity>0f_this com-
_plex as a hydrogenatién catalyst. Two short communications
_on such studies were published at the end of 1965.171%
--Jaﬁes and McLaughlin27 had started soluﬁion studies in this
laboratory early that year and the work described in this
thesis isva'coﬁtinuatiOn of their work{_

17,18

Vaska and coworkers reported that the complexes

Ir(CO)(P_PhB)zx (X = halogen) and VIrH(CO)}(PPhB)B do act as
catalysts in benzene and toluene solutions for homogeneous
hydrOgenation of ethylene and acetylene, the complexes re-
acting reversibly with the olefin 6r acetylene as well as
molecular hydrogen, e.g{,

Ir(CO)X(PPhy), + C,H

I (CO) (PPhy ) X .Col, (10)

f T
Detailed kinetics were not reported and possibie mechanisms
were not discussed; however;'the cétalytic systems were very
inefficient e.g.{ with a 10-3 M soiution of Ir(CO)Cl(PPhB)z,
-hjdrogen pressures up to 1 atmosphere and ethylene pressure
of 1/2 atmosphere at 600, a maximum AO% yield of ethane was
obtained after 18 hours. |
James and MéLaughlin27 found that hydrégenation of
hex-1 ene and éyclohexene using the Ir(CO)Cl(PPh3)2/H2.
system in benzene solution was extremely slow and not practi-
cal for kinetic studies. Styrene was reduced somewhat more

rapidly, the data obtained at 50° and_constant hydrogen



10
pressure, fitted the rate-law:

-dez]/dt = k’[sytrene][Ir(CO)Cl(PPhB)2]initial :»

“1. A few other prelimi-

with k'= 4.0 X 1072 1 mole™d sec
‘nary experiments indicated that catalytic activity of
Ir(CO)Cl(PPhB)2 was considerably enhanced in dimethylacetamide
' solution using maleic acid as a convenient Sﬁbstrate. There
was also some spectrophotometric evidence that complexing |
_ occurred between the maleic acid and the iridium complex.
The kinépics of the reaction of hydrogen with the iridium
complex in benzene solution at 25°C were found to 'be first
_ofder in the complex.and for experiments at constant hydrogen
pressure a pseudo first order rate constant of | 2.0 X lO"3
sec_l was estimated.i This result is in good agreemeht with

28

some very fecently published work by Halpern and Chock™  who

have carried out a much more detailed study of this reaction.

(D) _Oxidative-Addiﬁions and Related Reactions of

Iridium (I) complexés

Compléxes_such as Ir(CO)X(PPh3)2 of'dS-configuration
undergo the now familiar Qxidative-additidn.reactibns by
adding a wide vériety of covalent molecules to form héxa-
.cQordinated complexes of d6—configuratioﬁ and considerable
litefature has recently appeared dealingiwith.such chemistry?g’Bo
This is relevant and will be briefly reviewed. In the product
iofvreaction'(l) the hydfogen'is thought to be présent as two

anionic hydride ligands occupying normal cis-coordination



11

poSitions in the IrIII

complex.l Vaska and Diluzio first
reported that covalent molecules éuch as”haiogens(Xz),
hydrogen halides (HX), organié_halides (RX) readily-add td
IrH(CO)X (PPh

give the éompqunds.lr(CO)X3(PPh nd

3)2{ 3)2
Ir(CO)R(PPh3)2X2 respectively. Collman and coworkers 29 have
more recently reported the addition 6f aikyl and aryl

sulphoﬁyl chlorides to give iridium (ITII) sulphinates:
0-5S-0

.\I_/ o 5862-01 : }DhBP\I_}/Cl
r e , Ir
0N > N

Mercuric halides also add to give'derivative$3l containing

~ Ir-Hg metal bonds in compounds such as’(PhBP)z(CO)GlZIr-chl.
Ac1d azldes, RCONB, may add similarly to give an unstable
spe01es with two nitrogen atoms occupylng octahedral posi-

tions; the product isolated 1s,_however, the novel molecular

nitrogen complex, Ir(CO)Cl(PhBP)ZNZ;32
The Ir(CO)Gl(PPh3)2 complex also takes up molecular
oxygen rever81bly33 | | |
Ph. P co Ph,P. O«
3'\\-/// o 3 AN /ﬁ//'O
Ir + O2 A Ir
TN — N
c1 PPh c1 ’ PPh
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.vThe'structure of the peroxo compiex hasvbeen confirmed by
X-ray analysis.BLP ‘The ethylene compler (reaction 10) is by
analogy assumed to contain‘theftczﬁh]z ion.ls ‘Similarly
extensive ¢ ~-bonding in the closely related tetrafluoro-

35 36

ethylene and tetracyanoethylene complexes is thought to

predominate rather than the alternative of W-bonding in a

32

5-coordinated iridium (1) complex; Collmanrand Kang”“ have
recently:reported the preparation of acetylene complexes;
d_ The oompounds obtained by the reversible addition of co’?
and 80230 to Ir(CO)Cl(PPh3)2 have recently been described
and the introduction of a methylene group into the complex
‘using diazomethane has been reported.38 » A
| ﬁetailed kinetic studies of the addition of hydrogen,
- oxygen, and methyl iodide to the Ir(CO)X(PPh3)2 complexes
in benzene and DMF solutlons have been reported by Halpern

and,Choc:k.2-9 The reactions were flrst,order in each re-

actant and followed a simple bimolecular rate law, i.e.,
-d[Ir(CO)X(PPhy),1/dt = k[Ir(CO)X(PPhy),1[YZ]

'whéfe YZ = H2, 02-or CHBI.. The obseryed decrease in the.oon—
centration of Ir(CO)X(PPhB)Z_will obey a pseudo-first order
,rate law if the concentrations of YZ are kept.constant. The
rate constants and actlvatlon parameters are reported It

is found that the react1v1ty of . the iridium complexes towards
oxygen and hydrogen in benzene solutions decreased in the
' > Ir(CO)Cl(PPh

sequence: Ir (CO)I(PPh > Ir(CO)Br(PPh

32 302 302
and’ that the reactlon rates 1ncreased in more polar solvent

DMF;



I7. EXPERIMENTAL PROCEDURE |

(4) Iridium Complexes

Trans-chlorocarbonyl.bis (triphenylphosphine)
iridium (I) waé first prepared by Vaska and‘DiLuziovl by re-
_’fluxing IrCl3(H20)x or (NH4)21r016 and triphenyiphosphipe
in alcohols for several_hours. This procedure resulted in
complexesdcontaining carbonyl and/or hydride ligands from
which the square planar diamagnetic Ir (CO)Cl(PPhB)é could
be isolated; mpt. 323-325%; Yco 1950 cm -1 Small amounts
Abf this complexAhad been prepared using this method in this
laboratory by McLaughlin, and were used for some of the 4
earlier experlments in the present studies. The method of
_'preparation; however, was found to be rather unreproducible
and a commercial sample recently marketed by Johnson Matthey
and Co. waslsubsequently used; the properties were identical
with those ofbthe 1abofatory prepared material.. |

o The corresponding bromo and iodo compounds were pre-
pared by exchahge reaetions,according to the methods recently
described by Chock and Halpern;29- Trans-bromocartonyl-bis-
(triphenylphosphine) iridium (1) ﬁas-prepared by dissolving
Ir(CO)Cl(PPh3)2 in tetrahydrofuran and adding a ten- fold |
excess of LiBr. After standing for one hour the solutlon

was evaporated to dryness, the residue extracted with water

’(to remove LiCl and excess LiBr) and the water 1nsoluble
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product recfystallized from benzene. Trans-Ir(CO)I(PPh3)21
was prepared by dissolving Ir(CO)Ci(PPh3)2 in benzene, |
adding a tenfold excess of Nal in ethanol, shaking the mix—
tufe‘for one hour in the dark, and then evaporating to dry-
ness. The residue was shaken‘withVbénzene-water mixture,

~and the'benZene layer was separated-and.evaporated to dryness;
the product was recryétallized'from benzéne and stored‘in

the dark. Both the bromo and iodo compounds were prepared
under a nitrogen atmosphere. The éarbonyl.stretching frequen-
cies agrééd with those reported in‘the literatur929 |
(Ir(CO)Br(PPhB)z, Yeco = 1955 em™L and Ir(CO)I(PPhB)Z,AvéoA=
1975 em™ ). |

(B) Other Materials

o Purified hydrogen and nitrogen were obtained from
Canadian Liqﬁid Air’Co;; the hydrogen was'passed through a

~ "deoxo" catalytic'purifier to remove traces of oxygen beforé
ﬁée.‘ Carbon monoxide and eﬁhyléne were obtained ‘as C.P.
grade (99:5%) from Matheson Co. Maleic'énd fumaric acids
were of C.P.—grade ffom Eastman Kédak and were'fenystallizéd
from water and water/ethanol respectively before use. - (Their
purity'was checked by meltingvpoint determination;) N; N-
Diﬁethyladetamide (b:p; 1650-1669) used as solvent in these
studies waé obtained from Eastman Organic Chemicals (Kodak)
and wasvfurthef:distilled under reduced pressure before uéé _

(600, 15 mm).‘ The benzene used was of Spectroscopic grade
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obtained from Fisher Scientific Company. . All Other'chemicals

used were of reagent grade.

(C) Apparatus for Constant Pressure Gas Uptake

Measurements

The apparatua-uséd for some kinetic studias involves

the méasurement of gas-uptake at constant pressure, e.g.,
during hydrogenation of varioua,substrates, and it is shown
in figure 3(page 21) o

| The capillaryjmanometer M could be connected td a
double-neck reaction flask E by a spring coil arrangement
Q at the tap N. The reaction flask could be immersed in a
silicone oil-bath O thermostated at the desired temperature
and shaken by means of the shaking device P. The gas- |
burette KA(containing-sbme mercury) and the connected capil-
lary manometer were maintained at 25° ¢ using a thermostated

water-bath.

The gas-burette was connected through the tap H and
’the needle valve G to the mercury manometer R whlch in turn
" was joined to the pumping and the gas-fllllng-31de of the
apparatus; (The position of the reaction flask E is shown
in ﬁhelfigure during the filling proéedure.) All quick-fits

ahown are standard B7 or BlO tapers;,

The thermostated silicone-oiiebath consisted of a
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four litef.glass beaker insulated by polystyrene foam on
all sides and enclosed by a wooden box with a smallvcircular
hoie for the observation of the colour changes of the re-
action mixture. A perspex rectangular tank was used as the
thermostated water-bath. A "Jumo" tﬁermo regulator with a
V“merc to merc" relay control circuit, and heating provided

by a 25 watt elongated iight bulb were used for the operation
of_both thermostat units. The temperatures’could be main-
tained within #0.05° using mechanical stirring and good

insulation.

(D} Procedure

The following describes’the'teéhnique used for a
typical hydrogen uptake measurement experiment. .The'syétem
wés fdund‘to‘be extremely sensitive to trace amounts of
oxygeng'thérefore okygen—free conditions Were ensured while.

preparing the reacpion mixture (solution of Ir(CO)X(PPh3)2
and substrate in DMA) by maintaining a pontinuousbflow.of
nitrogen through ﬁhe reaction flask. The solid reactants
were weighed-out‘in glass capsules<which were then placed

in the reaction flask; The reaétioﬁ flask was then connected‘
to the glass spiral at A and ﬁhe spiral was attached to the

- apparatus at C through the tab D; " The other neck B of the

. reaction flask was closed by the tap F. The nitrogen gas
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- source was connected by rubber tubing (pfeviouély fiushed
withvnitrogen) through the tap Y to the apparatus at N.

The gas was pumped off from the whole system including the
spiral and the reaction flask up to tap Y by opening taps

T? C,‘D, H, I, d and S and the needle vélve G. The neédle
valve was then closed and nitrogen was admitted by opening
the tap Y followed by the élow opening.of the needle valve
to allow gas into the whole system up to tap T. When the
pressure (read from the manometer R) reached slightly above
one atmoéphere, thé tap F was opened and a continuous
nitrogen stream waé maintained through the system. Nitrogen
was separately bubbled through dimethylacetamide (DMA) for
about 45 minutes, and 5 mls of this oxygen-free DMA were
pipetted (the pipette was_préflushed with nitrogen) into

the reaction flask at B after removing the tap F while the
flow of-nitrogen gas through the éystem was maintained.

The end B of the reaction flask was closed with a B7 stopper:
and the needle valve and the tap Y were closed to stop the
-nltrogen flow. -Nitrogen was then pumped off thoroughly from
the system to the right of the needle valve and hydrogen gas
was admitted through thé taé W to a convenient pressure.

~ The taps C and D were then closed and ;he spiral along with
the réactién véssel was moved and attached at N and X, the
_reaction flask being placed in the oil-bath; The rest of |

the system beyond D was then evacuated and filled with’
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hydrogen to a convenient pressure. The tap D was then opened
and the pressure in the system adjusted to.the:reqﬁired re-
action préssure. The shaker was then started, the taps I
‘and J were closed and the timer started.

The gas uptake was indicated by the change of the
oil levels'ih the capillary manometer M; At éppropriate time
intervals more hydrogen was admitted into the gas-burette
bf opening the needle valve slowly to bring the.oii levelé
in the manometer M in line. The pressure in the reaction
vflask was thus kept constant during the course of thé re-
action. The consequent changes in the mercury level L in
-the gas-burette weré measured using a vertically mounted
travelling telescope. The volume of the hydrogen taken up
was calculated from the diameter of the tube L and a plot
’of.hydrdgen uptake (in moles per liter) versus time could
- be drawn. |

The occurrence of diffusion controlled processes was
avoided by using small volumes of the solution in a reaction
.flask with an indented surface and maintaining a rapid

shaking rate;i

(E) Spectrophotometric Measurements

The kinetics and equilibria of a number of reactions
have been studied using spectrophotometfic techniques in the
visible/UV range{ A specially constructed silica cell with

an optical path length of 5 cms was used and is shown in
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figuré L. Oxygen-free conditions ﬁere also required in these
. expériments. ~The technique used to obtain such conditions
‘was similar to that used in hydrogen uptake measurement |
experimenﬁs. The reactants were weighed in small glass
capsules which were then placed in the reaction cell. . The
présence_of capsﬁles did not interfere with the passage of
the light beam through the cell. The reaction cell was
‘attached to‘the spiral, at A" in place of the reaction flask -
as shown in figure 3, and the operations leading to a steady
stream of nitrogen gas through the cell were carried out.
vEleven mls of oxygen-free dimethylacetamide were then
pipetted into the reaction cell through B% while the nitrogen
flow was maintained. The outlet BT Qas tﬁen closed with a
B7 stopper and the gas stream stopéed; The tap Z was closed,
and the reaction cell was detached from the spiral and then
 shaken to dissolve the reactants. Using similar procédures
~the cell could, if necessary, be filled with other gaseous
atmospheres sgch as hydrogen;

: Optical density meaéurementé were made on a'Céry 14
‘Recording Speétrophotometerf fitted with a constant tempera-
ture water circulator whichbcould be oﬁerated’from ambiént
témperétures up to 80°¢c. Réactibn rates could be investi-
géted by follbwing thé disappearance of selected absorption
peaks wiph time;

‘Reflection spectra of powdered samples were measured
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over the range 750-320 mu with a Bausch and Lomb Spectronic

600'Speétrophotometer fitted with a diffuse reflection

- attachment and a magnesium carbonate reference disc. Infra-

red spectra were taken with a Perkin-Elmer Model 21 Spectro-

photometer using KBr discs.
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ITI. RESULTS OF GAS UPTAKE MEASUREMENTS

1. Ir(CO)Cl(PPh3)2 Systems.

‘ Figure 5‘shows a typical géé uptéke plot fdr the
‘hydrogehation of maleic acid catalysed by‘the Ir(CO)Cl(PPhB)2
éomplex in dimethylacetamide at 800; in the absence of the
iridium complex there was no measurable uptake. The curve
initially shows slight antocatalysis, the rate then becoming

linear and finally falling to zéro at the complete .reduction

of the méleic acid. The succinic acid had previously been
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isolated by sublimation”” and had been identified by infra-
red spectrum and melting pointl The system was‘extremely
sensitive to the presence of traces of:oxygen and a‘variety
of improvements in the_experimental fechniqﬁé was necessary
before'reaéonably cbnsistent results were‘obtained. The
‘rates in the linegr region have beén estimated from the up-
take plots for series of experiments; | |

o The variation in the linear rate with the iridium
concentration for the chloro complex is shown in Table I and
shown graphically in figures 6 éhd.7} Thé dependence is
Seen to be between zero and first_order'beiﬁg essentially
first order at lower iridium concentration and tending to

become zero order at the higher iridium concentration when

the rate approaéhes a limiting value.
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The.results obtained for similar sets of experiments
in which the reactién solution had been left under nitrogen
~overnight at 80° (Table II and figure 7) or at room tempera-
ture for ten days (Table III) prior to hydrogenation:show
a similar dependence on iridium concentration But the rates
are roughly 1.5 and 2.5 times greater than those listed in
Table I, where:immediéte hydrogenation was carried 6ut;

The results of the variation of.maleic acid concen-
tration are given in Table IV and are shown graphically in
figure 8. Again aAdependence betweenvzero and first order
is observed with the'rateAapprdaching a limiting value at
the highest méléic acid concentratién used.

 Table V lists data for the variation of rate with
the hydrogen pressure and‘thé plot in figure 9 demonstrates
between zero and first.brder dependénce as obtained fbrvthev
iridium and ma}eic acid dependences. Table VI gives data
for a similar series of experiments at twice the iridium‘
»concentratién for solutions which had been left at room
temperature for ten dayé prior to hydrogenation and again
it is seen that a limiting rate is being approached with
increasing hydrogen preséure; ;

 Table VII shows the effect of addition of 107%
Licl, LiNO3 and tfiphenylphosphine on the hydrogénaﬁion
rate of a typiqal_experiment;. Chloride inhibits the re-
action by a’factor_of about 3 and_the nitrate‘addition éhoﬁé

‘that this inhibition is not due to salt effects. The added
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TABLE I

Variation of Ir(CO)Cl(PPh3)2 concentration in the hydrogena-
tion of maleic acid (7.0 x lO-z'M) in DMA at 80° and.730 mm
:* hydrogen pressure - ’

Concentration of Ir(CO)Cl(PPh3)2 ,
x100 M 5.36  2.68 1.3,  0.67
Linear Rate | 3.81  2.92 (a) 1.97  L.24
x10% wlstl -~ heo ~ (b) 2.50
TABLE II

AVariation of Ir(CO)Cl(PPhB)é conceﬁtration in the hydrogena-
tion of maleic acid at 80° and 730 mm pressure of hydrogen;
using stock solution of 5.36 x lO"3 M Ir(CO)C1l{PPh )2 and

7.0 x 10~ -2 M maleic acid in DMA left overnight at 800 under
nitrogen before hydrogenation

Concentration of Ir(CO)Cl(PPh3)2
 x10°m ~ [5.36 3.20 2.1, 1.07

Linear Rate

x10° 0t sl 5.51 4.9 LT3 3.54
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TABLE III

" Variation of Ir(CO)Cl(PPhB)Zvconeentration in the hydrogenaé,
tion of maleic acid at 80° and 730 mm pressure of hydrogen;
using stock solution of 5.36 x 10~ =3 u Ir(CO)Cl(PPhB)2 nd
7.0 x 10~ =2 M maleic acid in DMA left for ten days at room
temperature under nitrogen before hydrogenation

Concentration of Ir(CO)Cl(PPh3)2
x100m 5.36  2.68  1.34

Linear Rate _
6 -1 -1

x. 10" M S

9.2 7.2 L 57

TABLE IV

Variation of malelc a01d concentratlon in the hydrogenatlon

of maleic acid using 5.36 x 107> M Ir(CO)C1(PPhy), in DMA at
80° and 730 mm pressure of hydrogen
Concentratlon of Maleic a01d
x10°M 7.0 3.5 2 1

Linear Rate

x 10° wist | 3.7 : 2.52 2.4 1.7
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. TABLE V

Variation of hydrogen pressure in thé hYdrogenation of
maleic acid (7.0 x 10™° M) using 1.34 x 107> M
- Ir(CO)C1(PPhy), in DMA at 80°

Hydrogen Pressure in mm Hg 730 - 365 175
Linear Rate | (a) 1.97 (a) 1.34 (a) 1.11
x20% w571 [(b) 2.50 (b) 1.57 (b) 1.05

TABLE VI

Variation of hydfogen pressure in the hydrogenation of
maleic acid in DMA at 80° using the same stock solution
as for experiments listed in Table III

Concentratidn of Ir(CO)Cl(PPh3)2 2.68 x 1073 M
Concentration of maleic acid 7.0 x 1072 M
~ Hydrogen Pressure in mm Hg| 730 365 180

Linear Rate v _
x 100 71 571 7.2 5.95 5.06




TABLE VIT

~ Hydrogenation of 7.0 x 10_2 M maleic acid in DMA using

5.36 x 107 M Ir(CO)CL(PPhy), at 80° and 730 mm pressure

of hydrogen. Effect of adding various reagents at a con-
centration of 1072 M

_ ‘?‘mb . < nrA
Added Compound | “ladditive LiCl L:LNO3 (CéHS)BP
Rate initial]l 1.9 0.7  --  ~0.2
'X 106 Mt s linear 3.62 — 3.62 -
TABLE VIII

Variation of Ir(CO)Cl(PPh3)2 concentration in the hydro-

- genation of fumaric acid (7.0 x 10—2 M) in DMA at 80° and

'.730'mm hydrogen pressure

Concentration of Ir(CO)Cl(PPh3)2 , _
' . x10° M 8.0,  5.36 2.68

Linear Rate

x10/ mtst 7.5 4.0 4.0

28
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0 - | ) : -
> 10 15 20 25
Seconds x 107>
A Typical Hydrogen Uptake Plot

Figure S;v

[Tr(CO)C1(PPh;),] = 5.38 x 1072 M
[Maleic acid] = 3.5 x 107° M '

Temperature 80° and”hydrogen pressure 730 mm
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- Figure 6: Effect of_thé Variation of Ir(CO)Cl(PPh3)2

conc. on the Uptake Plots (seeTableFI)
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 Figure 8: Variation of rate with maleic acid
Concentration (see Table IV)
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triphenylphosphine préctically sﬁops the_hydrogeﬁation
altogether. o

Muéh slower feactions were obsefved when'fumaricracid
was used as subétrate‘(Table VIII). The uptake plots were |
' simiiar to thosé for maleic acid as substrate but the rates
fell off more r;pidly and the linear region was not so clearly
- pronounced (see figure 10);‘the rates were roughlyA7 to 8
times-slower than those for corresponding maleic acid systems.

Uptake plots using dimethYlsulphoxide»as solvent were
‘very similar to those observed in the dimethylacetamide sys-
tem although the4initial autocatalysis regioﬁ'was moré pro-
nounced thaﬁ in the latter. ‘An extended linear region was
again observed where the rates were about half those of the
corresponding‘réactiéns in dimeﬁhylacetamide solution (Table
IX). The initial rates.ﬁere about three times slower in the
dimethysulphoxide syétém; | o

i

2; _I#(CO)Br(PPhB)Z Systems

Hydrogen uptake plots for the hydrogenation-of maleic
acid using the bromo complex were very similar.té_those ob-
péined_in the case of chloro éomplex‘although the initial
autocatalysis reaction was less prbhbﬁnced. The results ofv
the yariation bfithé.concentfation 6f Ir(CQ)Br(PPh3)2 are
giveh in Table X; The rates of the reaction in the linear
.1fegion‘wqre ébout»2.5 tiﬁes gréatér'ﬁhan those obtained for
chloro complex. The depehdenée of the linear raﬁe is again
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‘seen to be between zero and first order, approaching a limit-
~ing value at higher cohcentrations of ir(CO)Br(PPhB)Z.

The variation in rate with maleic acid concentration
for the bromo complex (in 2 experiments) is given in Tablé‘
XI; The data for the hydrogen pressure variation listed in
Table XII show that,the_rate dependence is between zero and

first order as obtained in the case of chloro complex.

3. Ir(CO)I(PPh,), Systems

Table XIII lists the variation of the linear rate
with Ir(CO)I(PPh3)2 concentration and shows a first Qrdef
'dépendence of rate on the iridium concentration. The rates
are about four timés greater than those obtained for the
corresponding chioro complex reactioné.

| The variation of rate with the maleic acid concentra-
“tion is given in Table XIV and_the variation of hydrogen
pressure is listed in Table XV; again between zero and first

order is indicated for these reactions.

k. Ethylene as Substrate

No measurable gas uptake was‘observéd for three hours

when hydrogenation of ethylene (365 mm Hg of C LOO mm

2y,
Hg of H2)-was attempted in benzene at temperatures up to 559

using 5.0 x‘l(_)"3 M Ir(CO)Cl(PPhB)z. Very slow gas uptake

was, however, observed when DMA was used instead of benzene



TABLE IX

Variatidn of Ir(CO)Cl(PPh3)2 concentration in the hydro-
genation of maleic acid (7.0 x 1072 M) in DMSO at 80° and
730 mm hydrogen pressure : -

Concentration of Ir(CO)Cl(PPh3)2
x 10° M | 5.36 2.68
| Linear Rate _
x 10% w1 -1 1.69  1.30

TABLE X

Variation of Ir(CO)Br'(PPhB)2 concentration in the hydro-
genation of 7.0 x 107 M maleic acid in DMA at 80° and
730 mm pressure of hydrogen

Concentratioh of Ir(CO)Br(PPh3)2

x 10° M 5.06  2.53  1.266

Linear Rate

x 10% y1 571

s 8.27 5.91  4.73




TABLE XI

Variation of maleic acid concentration in the hydrogena-
tion using 5.06 x 107> M Ir(CO)Br(PPh.), in DMA at 80°
and 730 mm hydrogen pressure

3)2

Concentration of maleic acid
| x 102 M 7.0 3.5
Linear Rate _

x 100wt st | 827 ~10.4

TABLE XII

Hydrogen pressure variation in the hydrogenation of 7.0 x
107% n maleic acid using 2.53 x 1073 M Ir(CO)Br(PPhBJ2 |
in DMA at 80° : A

Hydrogen pressure in mm Hg 730 365 184 f

Linear Rate

x100w st | se1 377 236




TABLE'XIII

Variation bf_Ir(CO)I(PPh )2 concentration in the hydro-
genation of 7.0 x 10~ -2 M maleic acid in DMA at 80 and
730 mm hydrogen pressure

" Concentration of Ir(CO)I(PPh3)2 v
x 10° M | 2.68 1.3,  0.67

Linear Rate )
6 -1 S l

x 10° M~ 13.4  6.38 2,91

TABLE XIV

Variation of maleic acid concentration in the hydrogena-
tion using 2.68 x 107> M Ir(CO)I(PPh,), in DMA at 80°
and 730 mm hydrogen pressure '

3)2

Maleic acid concentration

x 10° M 1 7.0 . 3.5
Linear Rate

x 100wt 571 13.4  10.5
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TABLE XV

Variation of hydrogen pressure in the hydrogéhation of

7.0 x lO'Z-M maleic acid using 2.01 x 1072 M

Ir(CO)I(PPhy), in DMA at 80° (the iodo complex had -

- decomposed)

Hydrogen pressure in mm Hg 730 365 -

Linear Rate

6 -1 -1

x 10® wt sl L.88 3.65
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'és the solvent at 80° under otherwise identical conditions.

In ten hours the uptake was about 1.6 x 10'2 moles per liter.

5. Effect df-Oxygen on rates of hydrogenation

Earlier work in this laboratory39_had shown that
 sma1l amounts of molecular oxygen present in the Ir(CO)Cl(PPh3)2
--maleic acid--hydrogen system enhanced the rates of hydro-
genation coﬁsiderably; a few per cent of added oxygen in the
gas phasé had increaséd rates by a factor of about a hundréd.‘
This effect of oxygen was soon confirmed, and the experimental
technique for "oxygen free™ conditions was considered suf-
ficient when reproducible minimum hydrogenation rates. were
.attained. The somewhat enhanced rafesvgiven_in Tables II, III
and VI for solutions that had been left under nitrogen prior
to hydrogenation are presumably due to traces of oxygen present

in the system.



IV. SPECTROPHOTOMETRIC RESULTS

- The gaa uptake measurements clearly indicated that
the hydrogenatlon reactions are not 31mp1e.’ Independent
:spectrophotometrlc studles were carried out to 1nvest1gate
.separately the equlllbrlum between the iridium chloro com-
plex andemoleeularvhydrogen (equation 1) and the possibility
of reaction between the chloro complex and maleic acid’sube
strate. This chapter Sumﬁarizes the results of these studies.
The characteristic spectrum exhibited by the chloro complex
34,0 mp, €= 2.8 x 1o?;)nmx
339 ma, €= 7.0 x 10°).

is shown in figure 11 (A

387 mu, €= 3. X _103; \

max

max

1. Ir(CO)Cl(PPhB)z/Hz_Equilibrium

At the temperature‘above_BOo, Ir(CO)C1l(PPh in DMA

| | 3)2
solution undergoes a rapid reversible reaction with hydrogen
ae a result of which the yellew colour’of’tﬁe complex fades
considerably. The reaction was studied by following.the
optical density changes at 387 mpu (the dihydride complex
absorbs only sllghtly at thls wave length,€ ~ 500). |

.room temperature and 730 mm hydrogen pressure the dihydride

complex is essentlally fully formed:

K
+ H, === Ir(CO)H,C1(PPh

Ir(CO)C;(PPh3}2' 2 2

3)2

More extensive data for this system have been obtained earlier
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in this laboratory by James and McLaughlin.39 Their results

from spectrophotometric studies are shown below:

' Temperature 1,0° 509 60° 70° » 80°
H . 5.3 2.4 1.7 1.0 0.6

ro= -
ghere KH_ KH[HZJ.

2. 'ir(CO)Cl(PPhB)Z Solutions without Substrates

. ~In benzene solution the sbectrum of the chloro com-
plex aoes.not change withiﬁime provided the solution was made
under oxygen -free condltlons and kept under nltrogen. In
DMA solutions, however,Athe optical den81ty decreased slowly
 and this change in optical density (at 387 my) was followed
as a function of time. The plots of optical density against
time at 25° and 80° are shown in figure 12. No change in
optical density was observed when excess triphenylphosphine

(10'_'2 M) was added to the‘DMA solution. Coﬁduétivity measure-
ments indicate that'chloride is not being formed by dissoci-
ation of the complex and there was né_eVbiupion of gas when
"a solution of the chloro compiex was shéken overnight at 80°
~under nitrogen'indicating thaﬁ the carbonyl group does not .
come off as gaséous carbon monoxide. All this efidencé leéds

to the conclusion that the dissociation reaction

ok » | v
Ir{CO)C1(PPh,), —i Ir(CO)C1(PPh,)(S) + PPh (11)
o 372 K. 30003
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is  occurring in DMA solution, a solvent molecule (S) presum-
,-ébly coordinating. This process can be analysed by standard>

 proceduresh0 by the relationship

2 ) .
(O.Dt - O‘De)O.DO Z.B(O.DO - O.De)

where O.Dé = initial optical density of the Ir(CO)Cl(PPh

_ 3)2
complex .
~0.D, = optical—density at time t of thevIr(CO)Cl(PPhB)2
complex '
»O.De = optiéal density at equilibrium.of the

Ir(C0)C1(PPhy ), complex.

2 .
0.DS - 0.D.0.D

against time

The slope of a plot of log _
3 A (O'Dt - O'De)O'Do
K (0., +0.D_) ' | -
). Such a plot for the data

1 A t
gives k,; (ky = —
1 2.3(0.D, - 0.D_)

at 259»15 shQWn in figure 13 and'isvreasonably linear.

" Absorption of the Ir(CO)Cl(PPhB)(S) species at 387 mp was
“taken as zero; the slight curvature results from a small con-
tribution to the absorption by this species. The slope of
the plot gives k; = 1072 sect. The equilibriﬁm constant

for the reaction is readily caléulated from thé initial and -
final optical densities: | |

[Ir(CO)Cl(PPhB)(S)][P]
K =

= 2.6 x 100 u

[Ir(CO)C1(PPhy )]
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and since K = ky/k 1, ko = 3.9 u°L sec™l
| ‘ 177-1? *-1 *- o~ °
- A similar treatment of ;he'optical density data at

1’ k;_l"“ 75 M-l

80°~gives the approximate values kl#-lO"h Sec”

vSecfl, K~1.3 x 10-6 M; the plot to give k; 1is considerably
more curved than that for the data ét 250 and the value of

'lO%h Sec"1 is computed from an initial linear slope.

3._‘Complexing with maleic acid

" In the presence of maleic acid thévdecrease in the

optical density fof Ir(CQ)Cl(PPhB)2 in DMA is much greater .
than in a corresponding ?bléﬁk"-in the absence of maleic |
acfd."Some plots of optical density againstltime obtained
for the Ir(CO)Cl(PPhB)Z/maléic aCid/ﬁMA-system atvdifferent
conditions are shown in figure 14. ’Nofchange in opticaiAdensity
wés obserﬁed‘for theée‘systems'when lO-2 M tfiphenYlphosphine
was added ﬁo the_sdlutions,_indicating thét triphenylphosphine
which inhibits thg dissociation_reagtion‘of Ir(CO)Cl(PPhB)2
'(equation.ll) also inhibits the complex formation with'maleic
acid. This.suggests that the maleic acid forms the complex
with the solvated species, Ir(CO)Cl(PPhB)(S) rather than with'
the original complex, Ir(CO)Cl(PPh3)2: |
. v ok i | |
Ir(CO)Cl(PPh3)2 ;:izii Ir(CO)C}(PPhB)(S) + PPh

3 (l})

Ky , L
M<-§-Maleic acid complex (13)

Ir(CO)Cl(PPh3)(S) + maleic acid

~ If the second step is a relativé1y~fast equiiibrium, the sys-
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tem may be analysed in the following way:

The rate equation for the first step is

-G - kA -k gBe (1

where A = [Ir(CO)Cl(PPhB)z]; B = [Ir(CO)C1(PPhy)(S)], and
_C:= (PPhBJ, and the second step gives '

Ky = BOMLAT
where D = [Maleic acid complex] and M.A = maleic acid.
Since . |

Bo = Co = 0 (initial éoncentrations)
therefore, C =B+ D or C = B(1 + K,[M.A]) (1)

~ The initial concentration A j = A + C

- Substituting from 15

A A +'B(1 + KM[M.A])

(0
: o . A, - A _
therefore, = B = and
’ ' 1+ Ky[M. A
(A, - A4)
BC = —2
‘l'+ Ky (M. A]
Substituting for BC in equation lL
. _ 5
dA -y, (Ao - &) 16)
a "1+ Ky[M.A) ‘

which at equilibrium becomes
e (A, - A.)

_;klAe =bk—l

, wheré.Ae_is'the equilibrium concentration.
1+ Ky(M.A] ST T -
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Ae _ :
(L + KM[M.A])

. 2
A - Ae)

ice. k4 = kl(

Substitution for k_; in equation 16 gives

. ' - 2
dA _ kA (1 + Ku[M.AT) (A - A)
B (A - A)% 1+ K,[MA
= k.[A - Ae » (A, - A)2] | - (17) -
! (A, - &) ° - |

' The integration of 17 gives

) S
AO - AeA _ kl Ao + Ae

log =
(A - Ae)Ao 2.3 A, - A

)t

which can be written in the form of optical densitiesv(O.D):

‘ 2
O.Do

log = -
- (0.D, - 0.D_)0.D 2.3 0.D - 0.D_

- 0.D,0.D k, 0.D_ + 0.D_ |
t e 1 ( 0 e)t (18)

The result is the same expression as that obtained for the

dissociation reaction (11) on its own.

. ' O;Dg - 0.D_0.D
The plots of log

; against t should
(O.Dt - O.De)O.Do

kl (O.Do‘+ O.De

give a straight line and the slbpe will give

- ),
2.3 0.D, - O.De

from which k1 can be calculated. By carrying out an experi-
ment at a high maleic acid concentration of 1M it was possible

- to push reaction (13) to the right and fully form the maleic
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acid complex; the spectrum of this species at'25° is a con-~
tinuum with relétively little absorption at 387 mp;( €= 400),.
This reaction at high maleic acid concentration was again

very slow suggestiﬁg'a rate independent of maleic acid con-
centration. The log plots for the data of figure 1k are
shown in figure 15; the plots, however, show some curvature.

4 Attempts to correct optical densities fﬁr the small.contri—
bution by the maleic acid coﬁplex gave essentially the saﬁe
curved‘plots. The reason for the curvaturé is not too clear;AA
it is possible that a similar scheme involving chloride dis-

" placement may be involved to some extent:

+

‘1?(00?01(Pph3)2 = [Ir(CO)(PPHB)Zli + C1l~

_ Ir(CO)(PPhB); + maleip'acid ————— Complex.

‘,The>important conclusion is that the complex formation pro-
cess is clearly;independent bf the maleic acid concentration
(plotsis(b) and (c) give the same k) although the maleib écid
éoncgntraﬁion'diffefs by a factor of two and the reaction
at high maleic acid.concentrépibn is égain very slow). This‘
shows the importance of the solvent assisted diséociatioh

‘reaction. The slope of the final essentially-linear‘portion
of the log plotsvwould.yield the'kl values summarized in |
Table XVI. The value of kl at 250 is about 3.0 times the
value obtainéd from the "blank" reaction.

' The~KM value for the_cqmplexing‘reaction with maleic

1.

acid is found to be~3000 M~ at 80°.



TABLE XVI - . ‘ | TR

Summarized results for the complex formation reactions
with maleic acid at different conditions

Conc ovar(CO)'Cl(PPhB)2 Conc. of maleic acid|Temperature kqy* .
Cx 10% M x 10° M. °c e 104 sec™t
(a)  1.16 - 3.45 25° 0.36
" (b) 0.58 | 345 259 0.33
~(c) 0.58 6,90 250 0.3
(d) 1.16 3.45 400 0.45
(e} "1.16 3.45 600 0.55
- (f) 0.58 3.45 800 0.55

*Obtained from the 1inéar portions of the log plots.
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V. -DISCUSSION

The spectrophotometric studies suggest that under -
the condltlons of the hydrogenatlon reaction in DMA, iQe.,
730 mm of hydrogen pressure and 80° R the following equilibria

are present.

. : ' K
(1) Tr(CO)CL(PPhy), + H, o=t Ir (CO)CL PPy ) i
(i) Ir(CO)CL(PPh,), s=—2== Ir(CO)C1(PPh;) + PPh
_ - "T372 k_ _3, | 3
K

2 Ir(CO)C1(PPh,

and (iii) If(CO)Cl(PPhB) + MA )MA.

‘There is also a possibility of the reversible formation of
the dihydride complex of the species, Ir(CO)Cl(PPhB).
_ ” _

(iv)  Tr(CO)C1(PPhy) + H, m==E== Ir(CO)C1(PPhy)H,

Taking into -consideration all these equilibria and all the
reaction paths thet could be involved one can write the

following scheme for the overall hydrogenation reaction:

: KH
Ir(CO)C1(PPh

3)2 + Hy =—= Ir(CO)cl(PPh3)2H2
k-11k1
3t ir(COZCl‘PPhB? + Hy == Ir(CO)C1(PPhy)H,
+ MA - - | ma
]lKM : S Ky

Ir(CO)Cl(PPhB)Mﬂ + H, ___EL—;Ir(CO)Cl(PPhB) + Succinic acid
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' The molecular dihydride, Ir(CO)Cl(pPh3)2H2, is rapidly formed
in the system but the poseibility of iﬁ reacting with the
malelc acid as the process of hydrocenatlon is ruled out on
the argument that (a) such a reactlon would require a flrst
order dependence of thelrate on the ;rldlum concentratlon,
~whereas such dependence is net.observed; (b) no initial
autocatalysis would be expected in the uptake ?lot, and (c)
the hydrogenation reaction will not bé inhibited by the
exeess triphenylphosphine_as observed.t The catalytic
activity, therefore, results from the loss of a triphenylﬁhesf
phine ligand from the original Ir(CO)Cl(PPh3)2 complex in

a relatively slow equilibrium step (K = kl/k;l). Therefore,

- initially phe rate of hydrogen uptake increases auto-
catalytically.and finally as the equilibrium between

' Ir(QO)Cl(PPhB)é and Ir(CO)Cl(PPhB).speciesvis-reached the
rate of hydregen uptake approaches a meximum value. The
fourtn coordlnatlon p031t10n vacated by the loss of a tr1§
phenylphosphlne group is probably occupied by a solvent

- molecule. The Ir(CO)Cl(PPhB) species forms a complex with
maleic écid-in a relatively rapid equilibrium (KM) which
‘could then react with hydrogen (k path);'.Thus in this
case, the maleic a01d is actlvated by the iridium complex'
for further reaction with hydrogen to form succinic ac1d_

L Alternatlvelx the Ir(CO)Cl(PPh3) spec1es»could react with
moleculer hydrogen in a raéidrreversible.reaction (Ké)
 forming a dihydride complex,;Ir(CO)Cl(PPthﬂzg which then
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reacts with méleic acid (kj path) yielding‘the hydrogenated  ‘
'pfoduct.v | | | ' |

_- 'If the hydrogenation reaction involves»both paths
v(ké and k3) simultaneously-thenvthe,fate»law,wil; be .of the
form'(fbf derivation see Appénéix If;i | | |

(k. K,, + kyK!)[H ]tMﬂ]tir ] e
Rate = 2'M 3°H ’2 - total - 19
_ 1+ Ky [MA] + KJ[H,] +.[PPhj](l +.KH[H2])/K

where K = kl/k}l' The k2KM gnd kBKé'terms refer respec-
tively to the k, and kj paths; kyK} becomes negligible if
the_k2 path predominates and vice versa. Thus the rate law

can be simplified to

total]
1+ Ky[MA) + (PPhg)(1 + Ky(Hp1)/K

kéKM[Hz][MA][Ir

Rate = 20
if the reaction invplves only the kz'path. The spectro-
photometric results supply thé evidence for the fbrmation

of the Ir(CO)Cl(PPhB)MA complex whereas the formation of the .
Ir(CO)Cl(PPhB)H2 complex, though a possibility, is neither
supported nor discarded by the data we have. Similar
.mechanistic schemes can be written for'the bromo and the

iodo complexes Ir(CO)BR(PPh,), and Ir(CO)I(PPh,),  and

the rate law for the hydrogenation reactions in DMA catalysed
by these cgmplexes is the same as that for the chloro.complex
given.by equations 19 and 20. ' These rate-laws agree at least

qualitatively with the data observed for these three com-

plexes. The rate-laws suggest between zero and first order
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dependence on ﬁhe iridiumAconcentration; this is reflected
in the [PPh3]/K term in the denominétbf which increases
with the iridium éanentration and thus giving a liﬁiting
rate at higher concentration. The data'obtéined for |
Ir(CO)Cl(PPh3)2 and Ir(CO)Br(PPhB)ZAégree with this depend-
ence although ip thé Case.of Ir(CO)I(PPhB)Z'aAfirst order
dependence on the iridium concentration is observed. This
can be explained ifjgreatef dissociation of Ir(CO)Cl(PPh3)2
(greater K) is assumed. The reactions are between zero and
first order invhydrogen and maleic acid in agreement with
the rate law. - If the k2 path is assumed to be the dominant
- hydrogenation step then a more quantipative analysis of the

data can be made.  An expression such as () is normally

analyzed by writing the inverse function (rate-l),'for

eXamplé,
1 = 1+ [PPhBJ(l + KHLHQJ)/K; 1 . o
Rate K KylH, JIr, v q ] [Mg\] ky[HyI[Ir o091

and plotting rate-l égainst [MA]-l at constant [H,]. How-

ever remembering that

[PPhy] = [Ir(CO)CL(PPhy)] + [Ir(CO)CL(PPhy)MA]

3 3
it is readily shown that the [PPh3]/K term also varies with-
both maleic acid and hydrogen concentrations, and good

linear inverse plots are not obtained. However, at suf-

ficiently high maleic acid concentration the limiting rate
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will be giﬁen by kZ[Hz][Irtotalj; figure 8 indicates a limit-
ing value of about 5 x 10-6'M Sec"'l which gives ky[HyT =

-1 Taking a value of 3.5 x 103 M atmos™t for

hl)

1 x 107> Sec
the hydrogen solublllty (quoted for dimethylformamide

-1 Se C-l

_glves‘k2~'0.3 M at 80°. To glve the curved depend-
ence shown in figures 7, 8, 9 it is necessary that the three
dénominator terms Ky[MAJ[PPhy]/K and Ky[Hy][PPh3]/K be of
comparable magnitude; that this is so can readily be shown
bf calculations over the range of concentrations used. It
isApossible to determiue_values of_k2 at 806 by using the
rate expfession (20) and calculating each of the terms in-

1

volved; K, was taken as 3000 M7, Ky [H, ] as 0.6 and K as

M
6

1. 3 x 107 M. Some typical calculated values are summarized
in the Table XVII. These calculated values are con51dered
in reasonable agreement with the value estimated from the
limiting rate particularly in view of the uncertainty
associated'With the equilibrium constants. Any abecrption
~at 387 myy by the'lr(CO)Cl(PPhBl or{lr(CO)Cl(PPhB)MA sﬁecies
(assumed to be negligible) could give considerable error in
K and KM.and also the spectrophotometric data are obtained
" at concentrations of about one tenth those used in the gas
uptake measurements.'l o
The kinetic aud.eduilibrium'data could be coueistent

therefore with a hydrogenation Stet involving reaction of

molecular hydregen with an olefin complex formed from a .

slowly produced intermediate Ir(CO)Cl(PPhB). However the



TABLE XVII
Summary of the data at 80° |

-

[Ireopal ] [MA] [PPh3] ), mn Rate x 106 Calculated | kz,M"l Sec
x 10> M | x 10° M| x 103 M| M Sec™ | ky[H,] x 10 Sec™t
5.36 7.0 | 0.87 | 730 4. 00 L5 1.3
2,68 7.0 0.59 730 2.9 4.8 1.k
‘1.34 7.0 0.39 730 2.0 Le9 1.4
5.36 3.5 0.63 730 2.5 3.9 1.1
5,36 2.0 | 0.487 | 730 2.4 3.7 1.0
15.36 1.0 | 0.31 730 1.7 L3 1.2
5,36 7.0 0.96 365 1.45 1.49 1.0
5.36 7.0 | 1.01 186 1.1 1.0 1.1
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alternate path of reaction of the olefin with a correspond-
'ing dihydride.complex»cannot be'completély ruled out.

Mechanisms of catalytic hydrogenation have been

discussed in detail by several workersh’s’l7’h2. All sys-

tems must involve intermediate hydride species but it is

- not known whether coordination of the olefin as a7 -

bonded is a general feature. A plausible mechénism for the

k2 path suggested here is shown in the following scheme:

| c H . , S
' co i B 10 ’ n | co ‘ C~CH
-/ 7c | | | |
1] + ¥, 11T C s [ 1pI1I
Ph,P £1 PhP | R Ph,P l
C1 . c1
co s
\ / _ - sol
IrI -+ HC - Qﬁ . wher¢ S = solvent

Ph
3P C;

Hydride formation is accompanied by formal oxidation of the
metal; hydrometallation of olefinic bondé (the second step)
is well established, being an_example of a much wider class
}of insersion reactions.

A systeﬁ much in common with the onevdesqribed_here

5

" is the recent one feported by Wilkinson and coworkers” on

the hydrogenation catalyst RhCl(PPh3)3 in benzene solutions.
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This system is somewhat'simpler in that the dissociation step

RhC1 (PPh RhC1(PPh,), + PPh

33 == 302 3

is répid even at 25O and lies essentially to the right giving
a high catalytic activity. In this'system, however, it seems

that the k3 path involving the reaction of RhC1(PPh with

3)2M2
the olefin is dominant. Both Studies show the importanée of
' the dissociation step in~meking avaiiable a coordination siﬁe
in the transitioh metal complex. |

The efficiency»of the catalyst is governed prinéipelly
by the equilibfium constant X for the disSociation Step; tﬁis

is small (le"6

-M at 80°) for the Ir(CO)Cl(PPh3)2lcomplex.
The first-order dependence on the iridium concentration noted
for the iqdo complex indicates greatef-dissociation for this.
cbmplex which wquid'give rise to the‘increesed catalytic

. activity.-.Other wOrkersl8’28

have reported increasing chemi-
cel reactivity ofvthe Ir(CO)X(PPh3)2 complexes in the erder
I:>Br:§Cl in benzene-soluﬁien where,there is no meésurable
dissociation.‘ | ) |

| Avldwer rate ofbhydfogenatien of fumaric acid could
" be explained by weaker complexiﬁg of thisisubstrate with the
solveted iridiﬁm species. -This-would correspond to a lower
KMVvalue in the rate expressien which would decrease-the
rate (consistent with this is the more rapid fall off in rate
from the_lineafvregion fof-theefumaric acid s&étems; the term

corresponding’to KM[MA] would- be smallér,and the reaction -
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-

" would be nearer first order in fumaric aeid). Mere experi-
ments are required ﬁo‘investigate the'complexing with‘fumaric
acid but it is known that the fumaric acid complex-of’chlofo—
“ ruthenate (IT) species is weaker than that of the correspond—
ing malelc acid one.L ‘ L | |

The catalytic activity ef the If(CO)Cl(PPhj)2 species
~in the different_solvents is seen to decrease in the order
dimethYlacetamlde )»dimethylsulphoxide $>benZene., Both the
donor strength snd solvating power of the solvents atre likely
to be 1mportant for this type of system. Good eoordinating'
_solvents enhance the solvent path for the 353001at1ve trigonal-
blpyramldal substitution mechanlsm of the square planar d8
. complexes (ll). The rates of hydrogen addition to Ir(CO)X(PPhB)é
complexes and the hydrogenation rates catalysed by the :
RhCl(PPh3)3 cdmplex are inereased by the use of more polar

5

,28

solvents and these findings have been interpfeted in terms

of reaction through a highl& polar transition state. Gener-

- ally the donor strength and solvating power of dimethylaceta—
A3

mlde and: d1methylsulphox1de are thought to be very similar
| The reason for the marked increase in the hydrogena-
tion rate in the presence of small amqunts of oxygen is not

understood. The known equilibrium

+ 0, c=== Ir(CO)C1(PPh;),0,

2

lr(co?01(PPh3)2

is presumably involved, and ‘the oxygen adduct is known to be

17

o light sens1t1ve giving as yet unldentlfled products.
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ZAPPENDIX I

I. . If'the.reaction involving both paths k2 and k3 simul-
.tahequsly is considered the fate expresSion'can be derived

- as foliows:_

Raté of hydrogen uptake =
kz[ﬁz][Ir(CO)Cl(PPhB)MAj +‘ké[Ir(CO)Cl(PPhB)HZJIMAJ (a)

andiélgq [Ir(CO)Cl(PPh3)MAj. Mﬂ]{Ir(CO)Cl(PPhB)]_

Kyl
- _ | " | (b)
and [Ir(QO)Cl(PPhB)Hz] = KH[Hz][Ir(CO?Cl(PPhB)] '

Substitution of (b) into (a) gives

. Rate v )
k2KM[H2][Mﬂ][Ir(CO)Cl(PPh3)] + k3 H[MAJ[HZJ[Ir(CO)Cl(PPhB)
= (kK + kBKH)[H2][MA][Ir(CO)Cl(PPh3)] | : (c)
[I;totalj = [Ir(CO)Cl(PPhB)Z] + [Ir(CO)Cl(PPhB)MA)_+
[Ir(CO)Cl(PPh )] + [Ir(CO)Cl(PPh3)2 o)+
[Ir(CO)Cl(PPhB) 2] - . - - (d)

. [Ir(CO)CL(PPhy),] = [PPhy ][Ir(CO)Cl PPhy1/K
| [If(CO)Cl(PPh3)2H2] - X H[HZJ[PPhBJ[Ir(CO)Cl (PPhy)1/K) . (e)

éﬁﬂ [ir(CO)CltPPhB)HZ)ﬂ— Ké[sz[Ir(CO)Cl(PPhB)]

' Substitution from (e) and (b) into (d) gives
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total] = [Ir(CO)CL(PPh,)] {1 + Ky [MA] + K}([H,)

[ir

+ [PPH3I(1 + Ky[H,1) /K]
Therefore: | |
[Ir(CO)C1(PPhy)] =,[Irtotal3/{1 +VKM[MA] +-Ké[H2].
+ [PPhy](1 + Ky(H1)/K] W
Substitution of (£) into (c) giyes

(szM +-k3Kﬁ)[H2][MA][Irtotal]

1+ KM[MA] +vKé[H2] + [PPhBJ(l + KH[Hz])/K

Rate =
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