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ABSTRACT

' In the presence of iron (III) and other oxidants, HC1 solutions
of RhClj3-3H,0 under mild conditiqns catalyze the oxidation of ethylene
to acetaldehyde. The kiﬁetics of the réaction measured by gas-uptake
techniques indicate the presence @f both ethylene dependent and independent
steps. - Hydroxy species such as RhC1s(OH)3™ and RhC1, (OH) (H,0)?2",
although present in very small concentrations, are significantly reactive
towards ethylene. | A mechanism based on that postulated for a similar
Pd(II) system is presented. This involves the'réarrangement of a rhddiqm
(I11) hydroky m - ethylene complek to a o - complex, followed by the
production of acetaldehyde and rhodium (I); However, unlike in the Pd(I1)
system where the rate determining step is the conversion of the m - to ¢ -
CoHy complex, the rate determining step in the Rh(III) syétem is thought
to involve the production of the w - compléi.’ Iron (III) oxidizes Rh(I)

back to Rh(III), giving the net reaction:

CoHy, + H,0 + 2Fe(III) Rh(III) CH3CHO + 2H" + 2Fe(II)
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CHAPTER 1. INTRODUCTION

1.1 Objectives

In the last ten years, manf platinum metal compiexes in solution
hayé been found to catalyze a wide variety of reactions. Notable améng
these is the activation of hydrogen for the reduction of inofganic and
organic substrates. One of the earliest reactions inveétiéated was the
chlororhodium (III) - catalyzed hydrogeﬁ reduction of iron (III) in,aqueous}
- 3M hyarochloric acid at 8001, The kinetics from gas upfake plots weie’of
the form —d[Hz]/dt=_k[H2][Rh(IIi)], and the rate determining step wés
thought to involve the heterolytic splitting of molecular hydrogen:

RhIII+H2 Lo wh -t - (1

4k— 1
The metal hydride thus formed then reduces the Fe(III) substrate in a
rapid step:
' IT

ITI

, k2 '
"Rh H"+2FeIII ) 11

oo R #2Fe T | @
In equations (1) and (2), £he Cl- and H20-1igands were 6mitted '
but. from létér'spectrophbtometricinveétigationsz; the rhodium complex in
3M HC1 is likely present as [Rh(H,0)Cl5]2-. Subsequently, James and
Rempel3 showed fhat only the anionic,speciés [RhC1lg]3~ to [Rh(H,0),Cl,]"
‘are effective éatalysts, with the activity decreasing with decr¢asihg
number of‘éhloride ligands. Direct evidence for an equilibrium of the
- type shown in equation (1) was 6btained for the correéponding‘ruthenium
(I11) system By.isbtopic exchange experiments uéing deuterium*,5, .It,was-

pointed out3 that reaction (2) could involve a Rh(I) species rather than



a RhIIIH' species since in the absence of substrate; metal was rapidly

produced and this was thought to be due to the following fast reactions
e o (3)
2RhY === RhO+Rh '] . - | 4)

" The RhI staté could be stabilized in.the presence.of olefins as a Rh¥

(olefin)'éomplex3;' | . |

Wilkinsoﬁ'énd c;owprkers6 féund that a simple bubbliﬁé of ‘hydrogen
through neutral aqueous solutions of RhClé gave a rapid reactitn characterized

by . ; tolour changes involving the production of [Rh(HzO)qC12]+ from

polymerlc spec1es. Again a Rh H- intermediate was postulated

Rh(H,0) 3C13+H, == Rh (H,0) 3CLH4H*+C1=  (5)
Rh(H,0) 5C1,H+H,0 > Rh(H,0),C1, +H~ = (6)
Ht+H~ > Hy - ‘ ' ' (7

This Catalytic substitution reaction was later observed using ethylene? or
carbon monoxide® instead of hydrogen, -and a more detailed investigation of
this ethylene reaction in this laboratory? indicated that Rh(I) intermediates

were involved. The postulated mechanism 1is outlined as-

Ry, > RuT+cHycHo B © (8)
c1 RhI+RhIIIC13 > e rel.. e, et e, -
Rhlc1,-+rn!tc1,*+ (n-1)C1- R )

and is considered in more detail in section 1.6. »
At the completlon of this work on ethylene a paper by Ruﬁd
appeared which also concluded that catalytlc subst1tut1on at a Rh(III)
E center occurs through such hall—Rh bridged 1ntermed1ates. |
On considering reactions (1) and (2), and the p0551b111ty of the -

reduction step going via Rh(I) intermediates, a correspondlng system u51ng N

C,H, instead of H, was studied in the present work. Russian workers have



briefly mentioned the reaction‘of ethylene with RhC163‘ in the presence
of Cu(II) salts!l, .
| Kinefic studies of this tyfe are also useful in deferminiﬁg the
factors involved_in the aétivation of a vafiety of gaseous.molecules éuch
as Hy3 and CO® by a single transition metalvcomplex.
' This thesis describes studies on the Rhodium (ITDH ;>catalyzed
efhylene‘réduction of iron (III). (Chapter 3).

In general,.reaétion (3) and the reverse reaétion are thought to
be important for catalysis,ﬁy fhodidm (III)12.. Some-pertinent literature.
reports wiil now be summarized coﬁcerning hydrogen activatioﬁ (section 152);
catalyzea reactions involving olefins and acetylenes (1.3-1.5), and

reactions df ethylene with platinum metal complekes (1.6,1.7).

1.2 Mechanisms'of'Hydrogen'ACtivation

Homogeneous hydrogenation reactions have been the suﬁject-of many
reviews13-1?. It is well ¢§tablished thét fhere are three basic_pfoceﬁses.
whereby a metal ion in a compléx‘can activate molecular hydrogen. Theée .
“are: o |
(a) heteiolytic splitting, which involves no change in the metal oxidétion
stéte:' o

, MLn+H2;ﬁbﬁh_lH-+H++L |
In this essentially éubstitutioﬁal process, reactivity is governed by the
' substitgtion lability of'the,;omplevaLn, the stability of the hydride
formed, and the presence 6f a suitable base to stabilize the>re1eased
proton, - | |
(b) -homolyfic splitting, which involves aﬁ oxidation number increase of 1:

. - 9
| 2ML_+Hj = 2MLn_lH+2L



(c) dihydride formatidn, wﬁich involves an Qxidaﬁion numbef incfease of 2:
ML +Hp 5= ML H,

In cases (b) and (¢), reacﬁivity will aiso be dependent oa the
ease of metalbbkidation.’ All the hydfide intermediates are thought to con-
tain hydfogen as an anionic ligand. The lability and thermodynamic stability
of theae hydrides help to determine the catalytic acfivify af the mefal '
complex. | | |

As mentioned in sectian 1.1, the Rhodium (I11) chlorida - catalyzed
hydrogen reduction or iron (II1)! in aqueous acid solution is thought to
involve heterolytic aplitting; a similar mechanism has‘been invoked for
activation of hydrogen by-Rh(III) speaies in aprotic polar solvents?0,

Rh(I) compléxes activate H, through dihydride formation?l.

1.3 Ru(I) - and’ Rh(III) - catalyzed’ polymerlzatlon reactions of olefins and

v Cramer?? has investigated in detail the mechanism of the rhodlum
(III) chloride - catalyzed ethylene d1merlzat10n in ethanollc HC1 solutlon.
Initially, when ethylene is only slowly absorbed the active anion |
[Rh Cl,(CoHy) 2]~ is thought to be formed. This anion can be formed direétly
if [RhICI(CéHQ)Z]z is dissolved in ethanolic HC1 , no induction period is
then observed in tha dimerizatidn reaction. Cramer has postulated‘the'
_followiné four-step meéhanism, The bis ethylene dichlororhodium (I)
anion A is rapidly converted by feaction with HC1 into an ethyl ethylene
rhodium (IIi) complex, B:

CH,
CH,CHg

(10)

2



(S) is a molecule of water, ethanol, or chloride. B then decomposes by a

slow rearrangement to an n-butyl rhodium (III) complex, C:

CH,CH,CH,CH4

az

B
¢
Through loss of HC1 and (S), g_decomposes rapldly to give a 1- butene '
rhodium (I) chloride complex, D:
_ - CHCHZ CH3
I .

-HC1
C _—
- -(S)

R | C1 R
Finally, 1- butene and a molecule of (S) in D are rapidly displaced by

ethylene, and this reproduces tho iﬁitial biséthylenedichlororhodium (n
“anion 53' ‘ ‘ —

D ZCHyGHp A+ CHsCHCH=CHp + (5) _-' IR (13)

‘The actual dimerization prooess in the second step occurs.aS»a
rate determining insertion reactioﬁ of the ooordinated ethylene betWeeo
the CHZCH3 ligand and the rhodium center. All the rhodium complex ihter-
.medlatesseem to be present as anions,

Singer and Wilkinson?3 showed that bis (triphenyl phosphlne)
‘chlororhodlum (I) in nonpolar solvents will dlmerlze monosubstituted

-hydroxyacetylene5°

2RoC(OH) C=CH > RpC(OH) CH=CH-C= c-C(OH)R2

(11

In contrast, other metal complexes usually result elther in trlmerlzatlon f';,f:"



to aromatic compounds, or polymerization of the acetylene., The mechanism
has been construed as follows. The a-hydroxy acetylene reacts with the

solvated species RhCi(PPh3)2(S) to}give a square planar Rh(I) species with

trans PPhj3 groups, A.
m Ph3P €1 o P}13P C1 : , ‘
R \‘§§> 1z o
14
| N ' N, o
R,c-on (53 PPhg | | PPhy |
| | R,C-OH A

Then oxidative cis addition of a second acetylene, by edge displacement of

the chloride, gives complex B.

CR
W
A + RC=CH —_ Ph,P H ) - :
X \ -~ 3 ‘§§§Ah1{;;¢’ | -
Cl o - PPhy .
B I : o
N,/ B

. The acetylide group transfer from the metal to a carbon atom of the last-
coordinated acetylene, via a four center transition state G, leads to the

penta coordinate species D in which the dimer is bound by a ¢ bond: B »-

e |
- o
”d ' h‘ . .
Ph 4P | Ph ;P
| ,,Rh\' = 111 N
i -7 l PPhj ' (18
c- ‘ PPh3 -
C1 5
e Q),,/c, I c1
R,C ' H

o
o



Lastly, -a hydride transfer_via a three-center transition state produces
the dimer and regenerates RhC1(PPh3),(S) again.
H H
(S) s . o o ' '
D+ RC=C-C=C-CRy o : C ‘ (17)
‘OH
The hYdroxy group is necessary for'dimerizétion, and this may be to fulfil
the stabilization of complex B through acetylene coordination.
Very recent reports of the Rh(I) - catalyzed polymerizations of

‘olefins include the produétion-of pentamers of allene and cyclic allene.
using [RhCl(Cqu)z]z 24 " and the di- and trimerization of norbornadiene by

triphenylphosphine complexes of rhodium (I) chloridezs.

1.4 Rh(I)- and Rh(IfI)-4'catalyzed'isomerizafidns'of'olefins

Harrod and Chalk2® found that olefin double bond migration is
catalyzed by rhodium (IfI)_chloride; This was interpreted as a reversible
addition of a hydridometal complex to the olefin:

e € £ R
MH ) ' » M _ : MH

RCH 7 CH-CHy == RCH,-CH-CHj = RCH, - CH=CH,
|

vbAlbng with this isomerization have been detected exchanges of the metal; ‘
and carbon h?drogens from deuterated metal complexes, Froﬁ the variety of_f-
éonditibns ﬁsed, and the degree of stereospeéificity prodﬁced, these au£hors
concluded that this reaction is sensitive to the meﬁal, coordiﬁéted_ligands,
and the source of hydride which originates from the olefin itself or ffomv
added'cb;cétalysts sUch‘as alcohols., |
The_isomerizatidn of 1,3 to 1;5 cyclo—octadiene catalyzed by
RhCl3 was congidered by7Rinehart and Lasky27 to involve a m-allyl intef-» '

~ mediate, In general terms, a single migration may be'représented_as



CH

. A .
RCH=CH-CHj3 - RCH CH RCH, -CH=CH, -
e 3 l 42 2" ¢_A2 (19)
M MH | M |
In tge cyc&ooctadiené isomerization, the proposal is written?”
or (20)
Rh H
A third mechanism involving carbene intermediates has been
postulated by Davies?8 for some Pd(II) - catalyzed isomerizations:-
RCH,CH=CH, == RCH,C-CH; = RCH=CH-CH '
2 ¥ 2 = o 2" 3 < ' i 3 (21)

Pd Pd Pd
Cramer?? has shown that linear butenes are.isomerized by séluble
rhodium catalysts ébtained by a fast anaerobic reaction of [RhC1(CyHy)2].»
'or‘Rh(acac)(CZHH)z with ﬁCl. Thése inactive.Rh(I) complexes are converted

into a catalytically active equilibrium mixture containing Rh(III):

1.
o ® g cl®) o -
[RhC1(CoHy) o] CHp = CHp " - o o (22)
CIII B | |
.+(S) /Rh C13('S)2> ) |
A+HCL == cfi,CH; ' - (23)
(5 - , ,

The overall reaction may be writteﬁ similar to that for the ethylene
dimefization given on pages 4 and S,

(a) Starting with the product from reaction of a squaré plaﬁar Rh(Ij”cqm— v
plex aﬁd the olefin, the RhtI).is oxidized by HC} to Rh(iII); fér
simplicity all three ligands on RhIL3 (olefin) are written as chiorides:7

RCHyCHECHp  + HCL = RCH,CHICH, . |
Rulcis ~ RallciLH ' (24)
| L .. o

(b) A rearranges via an alkyl intermediate B:



A =<l RCH,GHCH =L~ RCH=CHCH; -
-l ra'fcrg Y m'Mam (25)

"B . R [oR

(c)  C is reduced to a Rh(I) complex through loss of HC1:

C = RCH=CHCH, +HC1
< Y 3 »

RhIC13 (26)
D ,
'(d) Solvoiysis of D breaks off tHe isomerized coordinated olefin
D + (S) == RCH=CHCHj+Rh'Cls(s) = - en

. An extensive review of olefin isomerization generally covering:

the literature up.to 1966 has been given by Orchin3°;b

1.5 Catalytic reactions in General

Jéﬁeélz”iﬁ ﬁis exténSivé.reviéQvon rhpdiﬁm'éhemistry coﬁéiudes
that the Rh(III) - catalyzed hY&rogenétions, polYmeriiations; aﬁd 
isdmerizations of olefins involve some or éil of the following steps:
(a) the reversiﬁlé oxidation of Rh(I) by a proton to give a Rh(III)
hydride = | | - |
(b) the lability of_hydrogen in Rh(III) alkyl- and olefin complexes
(c) the importance of appropriate'auxiliary ligands in the catalytiq'
effectiﬁéness of fhodium |
(d) the insertion of a coofdinated olefin between an alkyl group or
hyaride,'ana the metal ion.fo which it is attéched. B

| Point (d) exemplifies an addition reaction éf transition métal:‘
ions.in general that produces an intefmediéte m-complex, WHichrsubsequently.
rearranges to add the elements of the 6riginai cpmplex acro;s thevolefin's

~double bond: - |
M-R +R,C=CR,> 2 7CR2,RoG -

R2+MCR2—CR3' AR (28)
M-R ,



10

R = H, alkyl, growing chain. This type of mechanism is an example of the
wide class of insertion reactions and has been suggested for numerous
catal?tic reactions, including hydrogenation, nydration, hydroformylation,

isomerization, and polymerizationl!3-15,17,20,31-33

1.6 Reactions of Ethylene with Rh(III), Ru(II) and Pd(II)

~ Rhodium (III) chloroaquo complexes in aqueous solution,

RhCl L (Hy 0)(3 “)

‘were studied by Wolsey, Reynolds and Klelnberg and character-
ized spectrophotometrically. " Neutral aqueous solutions of RhC13 3H20 at
ambient temperatures consist of monomeric and polymeric spec1es3” 36,
Equilibration at room temperature for several weeks or at 80° for several
days produces a mixture of RhC13(H,0) 3 and [RhCIZ(Hzo)q]f speéiesg. It
was found, however, that if ethylene is bubbled through a neutral aqueous
solution of RhCl3.3H,0 at room temperature and one atmosphere, the reaction‘
rate due to equilibration is autocatalytic giving a rapid pfoduction-of
mainly [RhClz(HZO)“]+ within-flve minutes®. " The autocatalysis was shown
not to be due to any aquochloro species of Rh(III), and it was suggested
that hydroxy spec1es were aiding the productlon of small amounts of Rh(I)
species through a mechanism usually postulated for the ethylene reduct1on
of metal ions37, 38
OH ~ OH
133 0 _'__ﬁH2

Rl o coH, > > Rh-CH,CH,OH + Rhl+CHCHO+H" (29)
CH, | |

The autocatalytic nature of the substitutlon reaction yielding
[RhClz(HZO)y]+'was explained as follows.v A Chloride-bridged'intermediate1°;39,“°
~is formed by reaction of a_RhtIII) sneeies with the Rh(I) chlore species
produced in equation 29 with the bridging'chleride originating fiom the‘_i S

substitution inert Rh(III) chloride complex:


http://RhCl3.3H.2O

11

Cl-RhI;;;Cl—--RhIII.;Clz ‘ - (30
Eleetron transfer then occurs, and since Rh(I) is labile while’Rh(IIIj is
substitution'inert; equation 30 cquld”yield RhIIICIZ and rhlcl species._.
The Rh(I) speciesvfhen reacts with more Rh(III) species., Due to reaction.
29 continuing, the concentration of Rh(I) species beilds up, but must
remain small such as < 10-6M 9,10 as none is detected spectrophotometrieally,
- and no metalApfoduction via dispropertionation was observed. Also no
ethylene eptake or acefaldehyde was detected. A recent report_:“‘1 has
indicated that aqﬁeous.solutioﬁSIOf sohe Rh(III) complexes contain ehall
but k1net1ca11y significant amounts of Rh (I) speC1es.

K1netlc studies in solutlon of the reaction of C,H, with me£a1
spec1es to form complexes are usually compllcated due to subseQueﬁt
deeom9051t10n of the complex One reaction studled that 1ﬁvo1vee fhé~*
prodﬁc;ion of‘a 1:1 n-complex without such decempositibn is'that ofUCZHQ,
with chlororuthenate (II) species in aqﬁeeus HC1 solutions as reported’
by Jahee end Halpern“*2. The feaction showed an inverse depeﬁdence on
chlofide,vand a zero-to-first order dependence in ethylene_wiéh decreasinge'
ethylene concentrafion; The mechanism pOstuletedlinvelved formation of a

RuII(CZHu) complex through an initial dissociation reaction:

.. X1 oqp .' *
Rullclt == ru c1L_,+C1= (3D

RuI I‘C1n'_ 1+Q2‘Hq —]52—> RuHCln_l‘,CzHu_ (32)-

No such reaétivity toward etﬁylene wes noted for solutions confaining .

Ru(III) or Ru(IlV). | | | |
Kinetic studies 51m11ar to those of the above reaction were found

by James and Rempel38 for the ethylene reduction of RhClj in dimethyl-



. acetamide solvent. This again suggested a two-step dissociation mechanism

similar to equations 31 and 32. These were followed by faster steps such as-
rattTer o 1™ 50 o rafer 1P Nsagcoent (33)

(34)

wrater 18 a0, » (Rl (€)1 P
As in théﬁcorfesppnding systém for Rh(III) in ﬁeutral aqueous solﬁtion
(équation 29) the.acetaldehyde pfoduction was again expiained by the ..
decompbsition of a o=bonded hydrokyASpecies. No spectral or gas uptéke‘
data were found to indicate a fast initial equilibration such as _
: iRhIIIC1n+C2Hu=?=‘“JI;C1H_1(C2H4)+C1f | | S (35):
as found.for fﬁe Pd(II) system.37Such a reaction followed by a rate-.
determining dissociétion of the compiéx pén give the ééme kinetiéé és
those observed.

The mechanism of the Pd(II) oxidation'of éthyiene has been
studied in detail and is summarized in geveral reviews*3-46_, Henry37
found thét in'aqueous'HC1 solution the overall reaétion is_:A |

CoHy +Pdci2 +Hp0 + CH3CHO +Pd® +2HC1 = = | - - (36)
Gas uptéke measurements indicated'é rate law of the form | |

| é%[cqu] = k[PdCluz‘][Cqu]' | | | (37) -

[RF][C1-12
The_Pd(II) is present initially as PdC1,27; all reactions below Will be‘
written using four-coordinate Pd(II) species, ‘ |
| Tﬁe chloride dependence 6f (37) and a rapid initiél‘uptake
suggested that the first steps were the initial formation of a n-coﬁplex
PACL, 2-+CoH, ks Pdc13c2H;+c1- | B | »_, - ’vﬁss)'

followed by the loss of another chloride to give an aquated compléX:

C e

12



' Pdc13czﬂq-fﬂzo_;§%§'PdClz(HZO)c2H4+p1f-' , o (39)

O0f several subsequent reactions that have been suggested which lead to the

formation of acetaldehyde, Henry37 concluded that the inverse acid dependence .

. results from ionization of the coordinated water molecule

PdClz (HzO) CZHL*;HZO iL PdC12 (OH)C2HQ_+H30+ o . s (40)
Finally a slow rearrangement of the n-ethylene complex to a g-complex

slow

Pdc12(0141)c2m+ +H0 222 PdClz(HZO)(CH2CHZOH) : (41)

is followed by a rapid decomposition which yields the products

PdClz(HZO)(CHZCHon) -35§E> Pd®+2C1~+H30™+CH 3CHO o (42)

Weiss*7 found that added CuCl, or FeClz favoured the homogeneous
production of CHéCHO'from CoHy and PdCl,, since Cu(II) and Fe(III) halides
oxidize Pd metal back to Pd(II).v These oxidations are more effective than
using molecular oXygen. Howe&er,voxygen will readily oxidize Cu(I)_or.
copper metél in acid chloridé sdlutidhs, ana the following sequence below

‘has been used for the quantitative ox1dat10n of ethylene by oxygen to

acetaldehyde _
CoHy+PAC1,+Hy0 > CHCHO+PAOHCL o :,»_';' | (43)
pd6+ZCuc12 > PAC1,+2Cu" S o | (44)
200+ 2HCI#L0, -+ 2CuCl,+H,0 . - | sy

CoHy 40, > CH3CHO | o " o 46)

" 13
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CHAPTER :2, APPARATUS AND EXPERIMENTAL PROCEDURE

2.1 Constant’ Pressure'Gas Uptake Apparatus

Most of the kinetic data were found by measuring gas uptake at

. constant pressure in the apparatus shown in. Flgure 1. The reactlon»flask__,
A, indented for increased surface area, could be clipped to the metal piston
and shaken by a Welsh variahle speed electric motor; efficient stirring |
ensured that the reaction was not diffusion controlled. The heating bath B,
of Dow Corning 550 fluid silicone oil, was thermostated with a Jumo.thermo-
regulator and mechto—mere relay. control circuit. fhe oil hath was
contained by a four liter beaker insulated in a piywood box. .Polystyrene"
sections were fitted over the top of the oil bath, and by efficient
stirring and 25-watt elongated light bulb heaters, the temperature coold

be maintained to within. 0.05°C. “

The reaction flask was connected by a length of pyrex glass
tubing w1th two spring coils and a tap C, to a caplllary manometer D con-
taining a liquid of negligible vapour pressure. D was connected to a gas
burette E, containing mercury and a tube N of knomn diameter. The
manometer and.burette were immersed in a reetangular'perspex water bath
at 25° thermostated as above. The gas burette was connected by means of
an Edwards high vacuum needie valve M, to a simple gas handling system
with mercury manometer F, and connections reading to a Welsh Duo_Seaiv
rotary vacuum pump G and gas inlet Y._.A Lab Chron 1402 timer'mas osed '

for recording reaction times,
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Known amounts of reactant solutions were pipetted into the -

reaction flask A (in figure 1) which was then fitted with the spiral .

tubing containing tap C. The flask andbtubing were attached at position O

and the reaction solution was degassed under vacuum after freezing in
liquid nitrogen. Reactant gas at a slightly greater pressure than the
solvent vapour pressure}at'the reaction temperature was then admitted:

through tap Y to the reactlon vessel, and then tap C was closed. The

flask and spiral tubing were then disconnected from O and attached to the |

~gas burette at H W1th the flask belng placed in the oil bath B and
attached to the motor driven shaker I The remalnder of the system
Ybeyond tap C was then enacuated and reactant gas was 1ntroduced up to C
‘through tap Y to a pressune sllghtly less than the desired reaction
pressure;-.tap'C was opened and the pressure adjusted to the desired’
reaction pressure through.Y;

| A kinetic run was started by simultaneously closing taps K and

L, and starting the timer and shaker. As the reaction proceeded, gas was’

absorbed into spiution and the oil ievel in the left limb of the manometer

D began to rise. The oil levels were balanced to‘the initial reaction
pressure by admitting gas into the burette through the needle valve M;
This caused the.mercury level in tube N to rise, and the>1eve1 was
measured by means of a Pye'cathetemeter. This height change of nercury
was a direct measure of thebvoiumeuof gas absorbed in ml. at 25° at the
reaction nressure; and was feadily converted to moles per iiter of

solution,

16
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To analyze the products at the end of a gas uptake experiment,
the réaétion was stopped aﬁd the reaction mixture quenched in liquid
nifrogen. The organic'products,werevdistiiled.off directly from the
reaction flask and then run through a gas chromatograph. Peak areas were.
comparéd with standard solutions of any suspected products, acetaldehyde,
.ethylene glycol, and acetic acid. Similar.analyses of feaction products
were done using NMR.. Product yields of the ethyleﬁe oxidation reaction
are discussed in Chapter 3.~ | |

Solid inorganic residue products were analyzed and characterized

by infrared (nujol mull). -

2.4 Instrumentation

Visible and ulfraviole; absorption spectra were recorded on é
Perkin Elmer 202 spectrophotometer. Matched silica cells of 1 mm path
length were used. Infrared spectfa were recorded on a Perkin Elmexr 137.
Liquid organic products were analyzed by uée of a Beckman GC-2A chroma-'
:tbgraph with a dinonyl phthalate éolumn, and by a Varian T-60 NMR.

spectrometer. An AEI M S 9 mass spectrometer was used. .

2.5 Materials

Rhodium (IIi) was obtained as-RhC133H20 from Platinium Chemicals.
Eth}lene‘was obtained as C.P. grade from Matheson Co. Acetaldehydé from
Easfman Qrganic.Chemicals-wa; distilled immediately before use each time.

Inorganic salts used were FeC1l,6H,0 AR grade from Fisher Scientific, '

Fe(C10,), 6H,0 from Alfa Inorganics, LiCl and LiC10; 3H;0 AR grades from



"Allied Chemical Co. Because of the hygroscopic nature of the ferric

chloride, ferric solutions were standardized by reduction to the ferrous

state using a Jones Reductor, and then oxidized back to the ferric state

using standard dichromate solutions. A solution made up by weighing

out 0.20 M FeCls-6H,0 was analyzed to be 0.19 M.

18
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CHAPTER 3. RESULTS

3.1 Stoichiometry and Products ..

When ekcess FeCl3.6H,0 was added to a solution of 0,IM RhC13-3H20‘,.
in 3M HC1 and then exposed to ethylene at one atmosphere and 800, ethylene
was absorbed | Solutions with differing chloride- and hydrogen ion concenf
trations were ueed and the reaction rate ekhibited inverse chloride-'andf
hydrogen ion dependences. For kinetie convenience, a solution of 2.0M
‘LiC1 and 0.1M HC1 wes'used for the initial detailed studies. The manner :

- of ethylene absorption into solution is shown in-Figufe-Z. Such uptakes

102 [CyHy]

“Time x 1073, s.

FIGURE 2. Uptake plot of ethylene absorption. Rh(iII)>= 0.1M;
Fe(III) = 0.19M, Temperature = 800, solvent = 2M LiCl, and

0 IM HC1, CoHy = 1 atm, ’ A

-~ were linear up to points wh1ch corresponded to the consumptlon of ethylene

~and iron (III) in the mole ratio range 1:3.7:9.5 as shown»ln;Table 1. At

the iimiting value of the linear uptake, where rhodium metal started to .. )



appear,kthe plot in Figure 2 showed a sharp upward break. This will be |
called the end of the reaction because at this point, the spectrum of'the
reaction solution showed a complete loss of iron (fII) chloride as seen by

the loss of absorption at 422 nm,i_ (See Figﬁre 3.) The resulting:

TABLE 1. Stoichiometries of Ethylene : Iron (III) at several [Rh(III)].
Ethylene = 1 atm, solvent = 0.I1M HCl, 2M LiCl, Temperature = 80QO.

10% moles CoH, 2 10% moles FeCly 10% moles RhClj

2.2 7.6 4.0

1.0 3.8 2.0

1.0 3.8 2.0

1.1 3.8 2.0

1.2 3.8 1.0
0.9 3.8 1.0
1.1 3.8 2.0

a. All uptake experiments yield linear ethylene dependences up to
the point where rhodium is precipitated as the metal. The _
ethylene stoichiometry corresponds to the limit of the linear

_uptake.
‘U)
=B
O]
(&
E 0.5
—i
s
o
o 1.0
g
s Abs.-1.55
S l.s L L .
a - 350 400 450 500 550
< _

wavelength, nm

FIGURE 3. Visible spectra of reaction solution. Temperature = 80°,
solvent = 2M LiCl and O.IM HCl3--~-, O.1M RhClg; ==, O0.1M RhClj; +
0.19M FeClgjeree > 0.IM RhClj3 + FeCl3 at end of reaction with ethylene,
corresponding to 6000 s on Figure 2, '



21

iron (II) has practically no»absorbanéé between.SSO and 550 nm as was sﬁown‘
by the spectrum of a 0.19M solution of‘FeC12-4H20 in the same solvent.
| With a total of 2.1M chloride, the predominant rhodium species is
RhC1s(H,0)2~ 2, The visible spectrum of Rh(II_IY) remained essentially
- unchanged over fhe linear region (see Figure 3) and corresponded to-that
of the pentachloro species. At acidities of more than 0.1M at:this-éhloride-
'cqncentrétion, reproducible linear uptakes were found. At lower acidities,
.HCIOH rather than HC1 was used and uptake plots weré.not as reproduciblé;
At the end of the reaction, when ail.the 0.19M iron (III) was -
consumed, the organic products which were separated by distillation tb 2059
and analyzed by gas chromatography and NMR, consisted ohly of water and
gcg;aldehyde. ‘Comparisons with standard solutions showedvno-presence of -
.acétié acid, etﬁyleﬁevglycol, or paréldéﬁydé. " The distillate from a reactibn
ﬁéiﬁg O.IM DC1 }n D,0 which consumed O;OSM CoHy yieldea by>NMR a.doﬁbletA
at 8.1 . Further additions to the NMR tube of each of the liquids.above
showed that only CH3CHO was present. Comparison with standard solutions of
CH3CHO in O0.1M DC1 (in D,0) sho&ed the reaction solution to contain 0.043M
© CH5CHO, | |
The inorganit residue after distiliation‘was shown by IR to con-
.tain no carbonyls. | | |
| | As was poiﬁted out earlieré tﬁe end of the reaction was signified
by the loss of Fe(III) chlorides although the C,H, uptake corresponded to
feduction at. only about one half of the iron (III)>Since Co,H, is a two-—
eQuiVaient»reducing agent. To check that the iron (III) had been‘converted
to iron (II) and not to‘some other iron (III) 3pecie§ that had no absorption

at 422 nm, the iron (II) produced was estimated as follows. °



After an ethylene uptake experiment was done using 0.19M‘Fe(III),
the CH3CHO was removed by bubbling nitrogen through the solution. Then by
titrating potentiometrically with K,Cr,0;, the concentration of Fe(II) was

determined to be 0.18M. This stoichiometry problem will be discussed later.

3.2 Iron (I1I) Dependence

~'As.anticipated;from the linear uptake plots, no dependence of the .

rate on [Fe(IID)] was found (See Table 2).> This initial Fe(III) concen--

TABLE 2, Summary of Kinetic Data at 80° and 1 atm CyH,.
Solvent = 0,1M HC1, 2M LiCl

[FeC13) [RhC13] 106y, Ms-1 2
0.0 . ~ .0.10 36 571 D
0.095 0.10 12 ©
1 0.19 0.0. 0.0

0.19  0.0015 0.4
0.19 - 0.0l 0.7

0.19 0.03 3.3

0.19 0.05 4.5

0.19 0.10 - 8.29
0.38 . 0.10 8.1

0.19 0.15 13.6 -
0.38 0.175  14.9

a. Vv is the linear rate of ethylene uptake.
b. Ethylene is consumed in a first order rate.
c. Rhodium metal precipitates early in uptake.

~d. Using 0.1M DC1/D,0, v = 7.9 x 10 6Ms™ 1.
tration was always kepf in excess, usuaily double the Rh(IiI) concentration;
In the absence of Fe(III), or if Fe(III) was not present in ekces;, rhodium".
mefal, a_hétéfogenedus catalyst was siowly produéed.' When free rhodium'v
metal wéé'éd&ed to é reacting solution, an increasebin the linear rate Qas.vw

noticed,
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3.3 Rhodium (III) Dependence

A series of ethylene uptake expériments at various Rh(III) con-
centrations showed that the reaction is first order in Rh(III) (see Table 2

and Eigure 4).

106v,Ms-1

0 CF
0

0.05 0.1 0.15 0.2
[Rh(III)] '

FIGURE 4. Dependence of the linear rate on [Rh(III)], using CZHQ:
at 1 atm, 80° 2M LiCl1l, 0.1M HCl, and 0.19M FeCl;. For Rh(III) =
0.175M, FeClsy = 0,38M. v is the linear rate of ethylene consumption.

3.4 Ethylene Dependenée

The kinetic dependence on ethylene was found by invéstigating"
several experiments at different ethylene pfessures each at 75, 80;'énd
859, The datﬁ and calculations for these uptakés are given in Table 3.
A plot of linéar rates versus calculated ethylehe molarity is giVen in

Figure 5.

3.5 Proton and Chloride Dependences

In an effort to establish the dependences of the rate on [H*] and
on [C17], ethylene uptakes were studied at several acid and chloride con-
centrations. The results are summarized in Table 4. A plot of rate versus

[H*]17! at constant [C17] ‘4‘ ' was found to be reaéonably linear as shown
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TABLE 3.  Summary of Ethylene Dependences. Rh(III) = 0.1M,
Fe(III) = 0,19M, LiCl = 2M, HCl1l = 0.1M, Temperatures-=

75, 80, 859
Bmm, ,Plcéqumm‘a 106v,Ms -1 b 10* [C,Hy] c.
75° 330 5. 2.2 0.76
410 115 3.6 . 2.51
525 230 a6 5,02
645 . 350 5.1 7.65
760 465 75 10.15
850 555 8.5 12.10
- 80° 380 20 . 2.9  0.40
410 . s0 3.3 1.0
530 170 s 3.4
650 290 6.8 5.8
760 400 | 8.1 ; 8.0
850 490 - 10,0 9.8
950 590 10.5 11.8
850, 475 350 j 3.3 0.64
540 10 4.6 1.81
605 165 6.5 | 3.0
760 320 9.1 5.8
850 410 11l 7.4
‘a. The partial pressures of C,H,are based on the vapour pressurés

of the 0.1M HC1 solution being 295, 360, and 440 mm at 75, 80, .
and 859, from reference 48. ' ,

These are not observed rates but true rates, and equal to
(observed rate) x (total pressure, Bmm)/(760 mm). :

The solubility of CZHQI ' is an extrapolated value from
reference 49, ’ ' ’



'TABLE 4. Summary of Proton and Chloride Dependences, at 80°
1 atm CZHQ, O 19M FeClz, O.IM RhClj -

[HC1]  [HC104] . ([LiC1]  [LiC10,] = [Total c1"1*  108v,Ms"1

6.0 . L 6.0 . 0.0
5.0 - 3500 - 0.57
o1 o1 10,8
0.0s. 2.0 2,05 10.2

o0l 05 - 060 9.3
o1 .20 21 8.2
o1 20 20 128
o1 - 29 30 e
0.1 3.00 3.1 5.8
0.2, . 20 .. 2.2 | '5.3"
020 2.8 3.0 3.4
os 25 3o aa-
1.0 20 ¢ 30 0.9
10 20 20 . 6.4
S 1.0 1.0 1.1 9.7
01 . . . 1.0 20 1.1 9.3
0.1 . 2.0 1.0 2.1 7.1
01 - % 3.0 0.0 3.1 5.8
0.0s © - o1 - 0.15 = a.4®
0.1 .. o0 0.20 3.00
0.2 0.1 . 0.1 1.65°
2 2.0 16.0

-a, Total chlorlde concentration excludes chlorlde from 0.1M RhC1j3-

and from 0.19M FeC13. Using the equilibrium constants for ferri¢c .. - -

chloride complexes in 1M HC10,, K; = 4.2, K, = 1.3, K3 = 0.04
(reference 50),it can be shown that O. 19“ FeClj 1n solution
yields 0.24M free chloride. .

b. 0.2M Fe(C10,); used rather than O.lQM;FeC13a -
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108v,Ms~1

0 A ) A 1 L 1 3 ]
0 2 4 6 8 10 12

10%[C,Hy ]

FIGURE 5. Dependence of the linear rate on [CoH,]1, using 0. 1M
RhCl3, 2M LiCl, 0.1 HC1, 0.19M FeCly at 75, 80, and 85 .

106v,Ms-1

[H*]-!

FIGURE 6. Dependence of the linear rate on [H+] as HCl, using

0.1M RhClz, 0.19M FeClz, 1 atm C,H,, 80°. Total [C17] using
LiC1 == 3M, . |

: ' 1
in Figure 6 and 7. Plots of (rate)”! versus [H+], and of (rate)~! v. [H+] T
were not linear. Graphs of rate versus [C17]"!, of (rate)~! versus [C17],

and of (rate)”! versus [C1]7! were plotted for a constant [H*] of 0.IM, and
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FIGURE 7. Dependence of the linear rate on [H'] as HCl, using
0.1M RhCls, 0.19M FeCls, 1 atm CpH,, 80°. Total [Cl~] using

LiCl 2= 2M,
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FIGURE 8. Dependence of the linear rate on [C17] as O IM HC1+LiCl, using : :

0.IM RhC1l;, O.19M FeCl;, 1 atm C,H,, 80° c), rate versus [C1]~ 1- A
rate-! versus fCl]; [1, rate~! versus [Cl]
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appear in Figure 8. These do not take into account changes in Eonstant ionic
strength (@adjusted with LiCl10y) because rates with or without added LiC10y
are quite similar (see Table 4). Addition of LiC10, up to 2.0M had little

effect -on the rate of reaction carried out at 0.1M H* and 1.1M’C1‘,_indi—

cating that variations in ionic strength were unimportant.

3.6 Activity of Rhodium (III) Aquochloro Species

The results presented sb far in Figures 4 -8 refer to solutions
vcontaining mainly the RhCls(HZO)Z‘ species; the activipy of other aquo-
.éhloro species was then studied. A series of these complexes iﬁ éolution
was made by varying chloride as HCl1 and adjusting the total acidity to &M

» N
with HC10, . A list of the reaction rates for the species [RhC1n(H20)6_n](n 3)

is given in Table 5. The large deviation in the rates using_RhClg(HZO)Zf
and RhC1,(H,0),” is due to the form of the ethylene uptake plot as shown

in Figure 9. This will be discussed in Chapter 4. These species were also -

102[CoH,]

0 n i 1 1
0O 5§ 10 15 20 25 30 35

Time x 10—3, s.
FIGURE 9. Uptake plot of ethylene absorption. -Rh(III) as.RhC1g‘1: 
= 0.0725M, Fe(C104)3 = 0.095M, H* = 6M as O.17M HC1 + 5.83M HC10,,
f800, CzHu = 1 atm, - . - '
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TABLE 5. Rates of Ethylene Absorption at 1 atm, 80°, H' = 6M and 0.1M.

A. [Cl] controlled by [HC1O, + HC1] = 6M

Main Species [Rh(I11)] (HC1] [Fe(111)] 106y ,Ms-1
RhC1g3~ 0.1 6 0.19FeCl3 0
RhC1s (H,0) 2" 0.0725 2. 0.1Fe(C104) 3 2.4+1.1
RhC1,, (H,0) 5" . 0.0725  0.17 0.1Fe(C104) 3 7.2+1.6
RhC1 3 (H,0) 5 0.0725 0.035 0.1Fe(C10,) 3 0.8
RhC13 (H,0) 3 0.0725 0.035 0.1Fe(C104) 3 0.9
- . . 0.035 0.1Fe(C10y) 3 0.8
RhC1, (H,0),* ~ 0.0725 0.02 0.1Fe(C10y) 5 0.85
RhC1 (H,0) 52* 0.0725 0.01 0.1Fe(C104) 3 0.8
Rh(H,0) 3% . 0.0725 0.00 C.1Fc{C10,) 3 0.8
B. [C17] controlled by LiCl. HCIO, = 0.1M
Main Species = [RhCl;] [LiC1] [Fe(I1I)] 108y Ms~1
RhC1s(H,0) 2" 0.1 2 0.1Fe(C104) 5 12.8

RhCL,, (H,0) 5™ 0.1 0.z ' 0.1Fe(C10,) 3

42.5
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found to be the most active catalysts; the ethylene dependences at varying
acidities were studied for these systems. The data are summarized in
Tables 6 and 7. Plots of rate versus ethylene molarity for different

acidities all at 80° appear in Figures 10 and 11,

TABLE 6. Summary of Proton and Ethylene Dependence w1th
0.1M Rh(III) as RhC15(H20)2", 80°, 0.19M FeClz, 2M LiCl1

- [HC1] Pom PlCqu,mm 0 106v,Mstl 10 H[CoH,] b
0.05 410 48’ 5.4 0.96
0.05 " 560 198 7.3 3.96

 0.05 760 398 10.2 7.96
0.10 380 20 2.9 0.4
0.10 40 50 3.4 1.0
0.10 = 530 170 5.1 3.4
0.10 650 290 6.7 5.8
0.10 760 400 8.2 8.0

10.10 850 490 10.0 9.8
0.10 950 590 10.5 11.8
0.20 410 53 1.4 1.06
0.20 . 560 203 3.3 4.06

0.20 . 760 403 5.3 8.06

a. The partial pressures of C,H, are based on the vapbur
pressures of the 0.05, 0.10, and 0.20M HC1 solutions
being 362, 360, and 357 mm at 80°.

b. The solubility of C2H4 at 80° is an extrapolated value
from reference 49 , :
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106v,Ms-!

O 1 - 1 1 1. L 1
0 2 4 6 8 10 12
‘ 10”[C2H4]

FIGURE 10 Dependence of the linear rate on [Cqu] at three
acidities as HCl, using O.1M Rh(III) as RhC152’, 0.19M FeC13,
2M Licl, 80° . _
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 104[C,Hy ]

FIGURE 11 Dependence of the linear rate on [CoH,] at two

acidities as HC10,, using 0.1M Rh(III) as RhCl,-, 0.2M Fe(Cl04)3, ..

0.2M LiC1, 80°
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TABLE 7. »Summafy of Proton and Ethylene Dependences with
0.1M Rh(III) as RhC1,(H,0),~; 80°, 0.2M Fe(C10,)3, O0.2M LiCl,"

[HC10,]  P,mm .pICéHq,mm T 108vMsTl 10 Y[Cihy] b,c
0.1 40 50 . 7 ' 1.0
0.1 se0 200 - 23 4.0
0.1 760 400 43 8.0
0.2 40 s3 a2 1.06
0.2 560 203 15  4.06

0.2 760 403 23 8.06

) é,b. See Table 6.
* ¢c. Assuming that the solubility of ethylene is the same in

HC10, as in HC1 for a given set of conditions, and that
the two media have similar vapour pressures. '

3.7 Other Oxidizing Agents -

Several other oxidants besides iron (III) were investigatedAforf_;_'

the rhodium (III) - cataleed oxidation of ethylene. Linear rates were .;:
obserﬁéd for reac;ions using these oxidants and arebgiven in TabléVS, )

along with iron (III) for comparison. The rates for the reactions'with~>>
Cu(IIl) and Cr(IV) were independent of oxidant concentraﬁion over the range

0.2 - 0.4M.

TABLE 8. Summary of rates with various oxidizing agents, with
0.1M HC1, 2M LiCl, 0.1M RhClz, 80°, 1 atm C,H,.

oxidizing agént pl - mm 105 rate, Ms~!
C,H,’
0.19M FeClg~6H,0 400 8.2
L 100 3.4
0.2 M CuCl,°2H,0 400 - 14.3
0.2 M K,Cry07 400 - 9.7

300 mm. 0, 100 1.2
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CHAPTER 4. DISCUSSION

4.1 Activity of the Pentachloro Species

The rate versus [C2H4] plot in Figure 5 shows an intercept at

[C2H4] = 0 so there is a contribution to the overall rate, which is

independentvof.C2H4. Since the starting catalytic species is RhClsz-,
we have immediately the expression
. _ . 2-, R
rate = - g_[C2H4] = ka[RhCIS‘ ].+ kb[RhCIS ][C2H4] - 47)

dt

where-ka and kb are pseudo.first and second order ratevconstahts containing
‘allidependences excepf those of rhodium and efhylene. k values used
.subsequently are for 80° unless otherwise stéted.

| In Table 5, the only other ac£ive catalytic rhodium cﬂloro—

species besides RhClsz-'seems'tobbe RhCI;, so we might assume that the

C7H4 independent step involves a dissociation from RhClsz- te RhCl;. } Wevb
now haVe for the two rate?determining steps
' B _ ' :
RhC1.ZT  —2— RhCI; + €17 ' o (48)
2 v kb' ' , ‘. '
RhCl5 +‘C2H4 — products - . . : : - (49)

Using Figure 10, for [H'] = 0.1 and [Rh(III)]
1

0.1, the intercept gives

2.,-1 -1

k= 2.8 x_lO_S sf » and the slope gives k= 6.7 x 100° M s ". The

a

,RhC14_ must theﬁ react with C2H4 in a faster step than the dissociation
~ governed éy ka' Also, the rhodium species from the products must finally {
be regenerated as RhClsz- after the faster steps to explain the ob;erved
linear rates in (47).'

Experiménts using RHC152- as a regqtant show the folléwing.'

(a) the C2H4 independent rate is acid defendent becaﬁse the inter-

cepts in Figure 10 are not equal. An inverse acid dependence is observed,

and a plot of these intercepts versus [Hf]—¥ goes essentially thrqﬁgh the



origin as shown in Figure 12 below. Thisvsuggésts that by far the

O NN
T

10
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intercepts of

ig.
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FIGURE 12. Dependence of the C,H, independent rate on [H+] as -

HC1, using 0.1M Rhc152', 0.19MFeCl,, 2M LiCl, 80°.

i
F

major contribution to ka in (48) is one involving hydroxy species:

K S
Rhc15(on)3‘_+ Hzo-——l-——> RhC14(OH)(H20)2- sC1”. o (s0)

But we cannot completely exclude the possibility that a smaller contribution

involVing purely aquo species also océurs:‘. »
| RhClS(HZO)2-+H20v452———;9 RRC1, (H,0) + o1’ | G
This acid inéependént step requires that Figure 12 shows a positive‘inter— S
cept on the ordinate axis. | |
(b) The iate veréus CéH4 plots in Figure 10_iﬁdicate fhat the -
C2H4 dependent rate is essentially acid independent becausé the slopes atlthe"
différent acidities are practically equal. A plot of the siopes of Figure®

10 - that is, the contribution by the C2H4 dependent step to the overéll

reaction in (47) - versus [HJ']"1 is shown in Figure 13; the intercept#.5,9 x

.E 5 [ . . ‘

iF om0

4 [ 6 _

— 4 4 r ’ ‘ '

|<no 2 r .

-8 0 — '

» 0 .- . )
mOrgCD. ) +'_1
2%a 0 5 10 15 20 (H'1™

FIGURE 13. Dependence of the C

e 2
using 0.1M RhC1

dependent rate on [Hf] as HC1,
, 0.19M FeCl,, 2M LiCl, 80°.- '

5
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10—35~1 and the slope valueZ: 9 x IO—SMS-I. Thus mainly aqub species

are involved but there appears to be a small contribution from hydroxy

species:
R kg | AT
RhClS(HZO) + C2H4 ; _productS' o _(52)
| 3 k, | o | |
RhClS(OH) + C2H4 ——> products NS - : (53)
Equation (47) can now be éxﬁanded to include the acid
dependence. o
i 5, 1 1 210 w5y 2- .
rate = {k;K ° + k,}[RhCI_(H,0) " J+{k +k K }(RhC}S(HZO) 10C,H,] (54)
— — . o
i . . sl

_where Ka5‘= [Rhc15(05)3“][H*]/[Rhcis(HZO)z']; Using the data at
[H'] = 0.1 and [Rhc15(H20)2'] = 0.1, Figure 10 gives

6

rate = 2.8 x 10~ 1

+6.7 x 10'3[C2H4] Ms™ (55)

For example, when.[C2H4] =8 x 10_4-(for 1 atm), the rate is calculated to

6, -1

be 8.2 x 10 °Ms ~ which is consistent with the same value“given in Table 6.
Equation (47) can also be expanded as the plot of rate versus

[H+_]-1 shown in Figure 7.

: - 2 | 5 L 2- |
rate = ' {k,+kg[CoH 1} [RRCIG (1,00 *7] + {k +k, [CH 13K [RACL (1,0)%7] (56)

S [H].
with [RRC1_(H,007] = 0.1
and [C,H,] = 8 x 10-4, the relationship becomes | _
‘rate = 4.5 x.10-6 + 3.1 x1077 M5 ) - R (57)
(1] N |
The reaction rate involving rhodium aquo species is given by the value
4.5 x 10°%s7! in (57). From (56), this rate results from the k, and k,
e | -6 _ . 2- |
terms, namely 4.5 x 10 ~ = {k2+k3[C2H4]}[RhC15(H20 ] (58)‘

Figure 12 indicates that the k2 path is not important. Therefore,
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neglecting k, in (58) gives k3 = 5.6 x 10°2M 1s”1,  The intercept in
Figure 13 gives a direct measurement of ki as 5.9 x 10°2M 1s™l,  The
ethylene dependent contribution given by (54) and (55) be written as.

-3 _ 5 2=
6.7 x 1073 = {kg+kyK °}[RhCl5(H20)< ] - (59)

[H']

.Using'the>k3 value derived frqm (58), (59) gives k,;Ka5 =1.1 x 10_3s-¥.
The sloée of Figure 13'giyes a value of k“KaS of 0.9 x 1073s71,

The contribution té the ethylene.dependent-rate from hyd;oﬁy o
species is given by t56) and'(57): | .

3.1x1077 = '{k1+kq[c2H4]}Kas[Rhc15(H202‘] o o _' 'téO)
Using the quaS value abbve, (60) gives leaS, = 2.2 x 1076 Ms™1, | |
Lastly, the ethylene independent rate using (54) and (55) can be written as -

2.8x107° = {kiK_S+kp}[RhC15 (H0)2"]

(61
(1] | .
 The leas value above gives kp = ‘6x10-65-1. |
Ka5 is given in‘reference 8 as approximately 10 8M so that the

values of k; aﬁd ky, are of the order of 2.2 x 102s" ! and 1.1 x 105M_15-1.1
In any case this indicates that in the ethylene independent.steps, the hydroxy
species are roughly 108 more reactive than aquo species.. The reactions
involved are shown in (50) and (51), and the conclusion is that the hydroiy.
complex RhC1g(OH)3™ undergoes aquation with the loss of a chloride sohe 108 times
faster than the aquo complex RhC1s(H,0)2" .

| This finding is pfobably quite‘significanf. The strong labil-
izing effect of the'hydroxy group in octahedral coordination chemiétry isl
well‘knownSI. In the’well-studiéd cobalt (III) system below, the rate

Co(en),LC1Y & H,0 —> Co(en),L(Hp0)2"+C1” - (62)

=~



‘ . - . ‘ 4 . ' . .
.constant for L = cis~-OH is some 10 times that for the reaction with

L = cis H2051. This has been rationalized in terms of the strong m-

donor ability of -OH to stabilize a trigonal bipyramidal transition :
state via the initial dissociation of the chloride in (62) — that is,

an SNl mechanism. Cobalt (III) substitution reactions generally occur

through a dissociative mechanism. Corresponding rhodium (ITI) systems

have been little studied, but the data have generally béen interpreted in

terms of more SN2 character although the evidence is'ﬁot'strqngsz’ss.

The most rational explanation for the OH effect is that the mechanism of

(50) follows that of some Cobalt (III) systems and goes through an initial

SNl‘dissoéiation of a chloride ligand.

Robb and Steyn.s4 have determined the value of k2 directly and

5 -1 0

give a value of 8 x 10 °s™ = 2t 30" in perchleric-hydrochloric acid mcdia

of constant ionic strehgthbﬁ = 4.00. Considering the completely

different nature of the_studieé and the uncertainty of the C2H4 solubility
in the present work, the agreement is reasonable. The present k2 value

could in fact be subject to considerable error since its estimation in
(61) depends on the difference between two quite similar numbers

6. The former is the intercept of Figure 10

2,8 x 107 and 2.2 x 10°
which should be reasonably correct; the latter is estimated through.‘

equations (58) to (60) with some uncertainty.

The data also shows that C,H, reacts 105-106 times more rapidly-'

. 24
with RhCls(OH)S_ than with RhCls(HZO)Z_. The same hydroxy species has

6

' been shown8 to be 10" - 108 times as reactive as the aquo species towards.

* carbon monoxide. The second order rate constant for reaction (63) has
' 1 -1
s

" been determined as 0.2 M at 80° in 3M HC1 which is comparable to
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2_ ‘ : . - -
_RhCIS(HQO.) A+CO _— RhC14(C0_)A (Hzo) + Cl1 » (63.)

-the value of 0.056 M—1

5—1 for k, determined in this work for the corresponding
ethylene reaction (52). |

| Measuremeﬁts over the range 75-85° yielded the temperature.'
dependence of the rate constants for the two~term law in (47) and (54) froﬁA
~the slope and intercepts of Figure 5. (See Table 9.)
| TABLE 9. Temperatﬁre dependence of rate constants k_ and

for the reaction of 0.1M RhClsz' with C,H,.  FeClg g 0.19M", HC1 =
0.1M, LiCl = 2M. '

T°C 10%_,s ! 10%,, M st
a : b :

75 2.4 | . 5.6

80 - o 2.8 - 6.7

85 _ 3.2 ’ 11.2

The ka values cannét be détermined with any accuracy but the data suggest

~ that they vary little with temperature. The temperature dependence".

of ka will be mainly gpverned by variation in’k1 in (54), suggeStiﬁg a

low activation energy for.(SO) which could be consistent with the mechanisﬁ

-discussed above. -

<
o]
O.
~ 1 A i 2
2,79 2.83 2.87
10/T°K

FIGURE 14. Arrhenius plot for the reaction of 0.1M RhC1 2‘:

with C,H,. FeCly = 0.19M, HCl = 0.1M, LiCl = 2M, | 5
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From the Arrhenius plot in Figure'14, the enthalpies of activation are

AH*
a

= 5.8 kcal., and AH;t=16.9 kcal. Assuming that variation of ka

with temperature is mostly due to variation in kl’ and kb to kS’ the

¥

entropies are ASfﬂ:—SZ e.u., and s 4

&—._17 e.u.

4.2 Activity of the Tetrachloro Species. Eiperiments using RhC14_

as a reactant show the following:

(a) There is no appreciable C2H4 independent rate as shown

by the absence of an intercept. in Figure 11. That is, a strictly first.

order depehdence on C is observed.. Any possible small intercept would

My
5

The only reaction of RhC14f'that need be considered is one involving-

likely be due to the presence of small amounts . of RhC1 2- in the reactant. -

C2H4.

(b) The slopes of the rate versus C,H, plots in Figure 11 at

the two acidities show that the rate is considerably acid dependent.

1

Figure 15 shows the slopes of Figure 11 versus [H']~ Only two sets of data

. 6
5.2 5
& 4t
~ O 2r
'mw 2 B
. e Q
N>%~ 1.
O 0 ~1- .
N ) )

0 5 .10 w1t

FIGURE 15. Dependence_of'the C2H dependent rate on [H+] as
HC104, using 0.1M RhC1

. (o]
4 0.2M F&( 104)3, 0.2M LiCl, 80 -

were measured; the intercept value#:1.8 x '10-25-1

S a4 x 10-3Ms_1. Thus as before we consider reactions of C

~and the siope value
2H4 which

]
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involve both aquo and hydroxy species:

RWC1, (H,0)" + C,H, —>—> products = - f (64)
| k. | |

RhC14(OH)(H20)2 + CH, —E— products | (65)

The rate law for the reaction of RhC14~ species with ethylene
is of the form
Tate = {k [RhC14(H20)2 ]+k [RhCl (OH) (H 0) “1}cC H4] - (66)

where k and kd are pseudo first and second order rate constants.

Equatlon (66) can be written as

rate = {kg+k K 4}[Rhc1 HwOICHT (6]

'_ [H*] |

where Ké4 - [RhC14(0H)(H20)2_][H+]/[RhC14(H20)5]. Equation (67) is -
analysed diregtly by using the intercept and slope values obtained 3

above from Figure 15:

o =2 -1 N\ - |
1.8 x 1077577 = k [RhC1, (H,0)] - o (68)

gives ke ='1.8-x‘10_1M—ls—1, and .

4 x 107%™ = 1 K *[RhC1. (H.0).7] - ' (69)

6 a 42772 ,

gives k6Ka4 =4 x 10_25_1. Equation (67) is also analyzed by using’
the data at [H+] = 0.1 and [RhCl4(H20)2-] = 0.1 with the slope of'Figufe 11:

rate = 5.7 x 107%(c C,H,] Ms™1 . | | (70)

The data are internally consistent since (68) and (69) give a summation

-2 1 -1

of 5.8 x 107 ‘M for' {ko+k K, 4/[H*1} using [H'] = 0.1 and [RhC1, (H,0)

2 ]
= 0.1 . -ZM- -1 :
= 0.1, and (67) and (70) give 5.7 x 10 s = for the same quantlty.

| The acidity of RhC14(H20)2-‘will be somewhat higher than that of
| RhCls(Héo)z‘ and K_ 4 is likely to be about 10 °M.  Thus kg Will be of the
order of 4 x 10°M 15_1.

Analyses of the rate data at 80° in Sections 4.1 and 4.2 are

summarized in the following Scheme: -



6

- products products - kK =2.2x10"°Ms' ! . .7 o
. A : A . k a 6X10_65._.1 ' - "
. ) 2 = d
G ks vCoty) - k3 =5.6x1072M" 15"}
2 K7 - o -
RhC15(Hy0) “<&= RhC1s(OH)? +Hf- . kyK_5=1.1x1073s7 !
-C1 | k, -Cl- | ky - S ks =1.8x10 IM 157! 71)
Y K L v . ' : kGKaq=4X1O—25—1 c
RhC1, (Hy0); === RhCl, (OH) (H,0)2 +H" ~ If K 521078M,K_*=10"6M,
. : ' ‘ k;  =2.2x102s"1
- +CoHyfks - *Colluyfke . ky =1.1x105M 157!
K 20 2 - ) :
products products. o kg =4x10*M1s71

It now seems clear that rate paths showing mno de?ehdenée
von'C2H4 concentration are indeed possible for the RhC152_ species since-
ks[C2H4] > k2 and k6[C2H4] >> lea' That is, as mentioned on page 33
the RhCl must react with C_H, in a faster step than the dissociations

A 24
_.governed by ka =vk1Ka /[H ] +k2;

4.3 Inverse Chloride Dependence

The inverse chloride dependénce which was seen in Table 4 but
which'did not analyze for any of the simple dependences shown in Figure 8,
.could arise in a number of possible ways. Here are three.

(a) If the composition of the rhodium chloro species chaﬁges-
in solutioﬁ over the cﬁloride concentration range studies (0r6.- 3.1 M
then the dependence could arise from the differing reactivities of the
species. The activity of the complexes decreases in the order
RhCl4 > RhCl > RhCl6 s and this could qualltatlvely explaln the -
dependence.  The visible spectra of the initial solutions are all
esseptiaily that of the RﬁClsz- species but contributions ffom quite sma11v 
3-

amounts of RhC14- at lower chloride and RhC1

be significant. .

at higher chloride could .

41
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(b) Notable changes in gas solubility in chloride—perchidrate_
média have been observed for Hz and‘CO over similar concgntration rangess’8
and changes in ethylene solubility with the change in media here could .
Be important although' the déta in Table 4 indicate that addifion of
LiClO4 has littlebeffect on the measufed raté.

| >(c) It is pdssible that the chloride dependence arises from a
genuiné'kinetic dependence for feéctivity involving the pentachloro
speciés. As was seen, the reacfivity afises mainly from reactions (SO)
and (52) with a smaller contribution from (53). An invers¢ chloride _

dependence could arise if the back-reaction of (50) becomes significant..

Reaction (50) would have to be written as:
- “RhC1 (OH)3'+H 0 —— > Rnc1 (OH) (H 0)2'+01“ . (72)
5 — 4 2 : _

2
A

The contribution to the rate in (54) from (65) then becomes

L,
k k¢ [RhC1¢ (OH) 771 [C H,]

- @3
k_ [C17] + Kk [C H,] .

This contribution however was independent éf [C2H4]-at 2.1 M_chloride' '
which means that k6[C2H4] >> k;l[Cl_]. Thus at lower [C1] no.effecf>

~ on the rate would be observed and indeed the rate changes very little
from 0.6 to 2.1 M chloride tTable 4). It is possible that at higher

[C17] the k_l[Clt] term.will become more significant and an inverse

' dependence observed. - But if must be remembered that at much higher [C17],
the inactive-RhC163- may be present. In any case the overall reaétibn‘

rate, heglecting k2 terms from (51),is given by"

rate = k1k6[RhC15(OH)3-][C2H4] + k3[RhC15(H20)2_][C2H4]'+ k4[RhC15(0H)3'][c2H4]_.

k_l[c1'].+ k6[C2H4] S R | (74)
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 The contribution due to the last two terms at [H+].= 0.1 is known to be

5.3 x 10 %Ms™1.  Thus a chlorlde dependence would be given by

(rate - 5.3 x 10~ ) = —1[C1 ] 3_' + 1 3o _ (75)A'.
. kg [RNCIG(OK) 7T [CH, ] K, [RRCT (0H) ™)

and a plot of (rate - 5.3 x 10_6).1 versus ‘[C1 ] should be linear. However

the data do not analyze for a 11near plot, 1nd1cat1ng that the back
reaction given by‘k_1 is not slgn1f1cent.j The independence of the rate -
~given by (73) on [C2H4] at 2;1M Cl1™ does suggest that an’increase to 3.0M
C1” would have very little effect on the rate. |
The chloride dependence then is not" resolved but contr1but10ns

from the” tetra— and hexachloro complexes are suspected

4.4 The Productlon of Acetaldehyde
. The k1net1c data show that both equo and hydroxy complexes of
‘ ‘rhodium (I11) react w1th ethylene.
For the ethylene independent path for the pentachloto species,

the reaction sequence may be written as follows (neglecting the contribution

from (51)): 5“

¢ | o
RhC1, (H,0)%" —2~ RhCI.(OH) ™ + H® _ . (76)
51007 —= RClg | |
RRC1 (OH)®™ + H,0 —L— RRC1,, (OH) (H20)2‘+C1' - (50)
2- 6 |
RhC14(OH)(H20) + C2H4 ot products (65)

The ethylene dependent path involves (52) and (53) followed by faster

.decomposition to products: _
. k

RhC1.(H,0)%™ + C.H, —>—> products o | (52)
1g(H, 2" X, | | -
RhClS(OH)s_»+ CH, —— products ' : (53)



On analogy with the oxidation of ethylene by other metal-ion537’38, (52)

may be written in more detail as follows. This was discussed on page 10
oy 2- -C1~ <o - 2-
RhC1_(H,0)" + C —————> (1,Rh(H,0) C1,Rh(OH) " —~——s
5Y°2 24 _ 4T ST 4 :
Sty iy A
: | . . .—H+ R | 3_'. : :
' C1,Rh-CH,CH,0H ——> - CHZ-?H:‘@-H ——> RhC1,” +CH,CHO . I
D U o
B ‘RhC14

Reaction (53) will produce the hydroxy intermediate A directly. Migration

of the hydroxy ligand results in formation of the ¢ - bonded Rh(III) hydroky_

ethyl intermediate B. Decomposition of B can not involve a carbonium ion

formed with the production of Rh(I) because no ethylene glycol is formed by .

reaction with the solvent37. ‘Rather, the rhodium center leaving with two
more electrons assists a 1,2 hydrogen shift which directly yields

" | 37 s v g . |
. acetaldehyde and a proton™ . Since this redox step will be much faster than

earlier steps, this proton liberated will not be be accounted for in the
inverse acid dependence.
In Scheme (77), a coordinated Cl must be lost on Teaction with

C2H4 since a coordinated H20‘is necessary for subsequent'reaction to

products. Such a reaction mechanism also readily accounts for the complete -

inactivity of the hexachloro species RhC1 ,-and gives convincing |

6

‘evidence that a coordinated H,0 or OH is necessary fbr the formation of the
hydroxy éthyl intermediate;' It has been postulatéduby\some authors43.that’
attack by a.non—cobrdinated hydroxide is involved.. |

Reactions (64) and (65) will follow a very similar path to that -
outlined in (77) although it.is-not immediately obvious whether C2H4 will ‘

repléce a coordinated H,0 or c1 .

a4



. For example, <k6 +H20 +C1” v
RhC1, (OH) (H.0)? + C.H, ———> C1 Rh(OH)>™ or C1,Rh(OH) (H.0)  (78)
4 2 24 4 30 2
. A T -
CH c M,

4 . 2

An important conclusion in these studies is that solutions
containing RhC14(H20)£ species are considerably more reactive towards
C2H4 than are solutions containing RhClS(HZO)z_ at 0.1M acidity and 1 atm

-totél pressure. This initially seemed unusual in that the series of

aquochloro complexes becomes more labile with increasing number of coordin-

ated chloridéss. The major contribution to the rate for tetrachloro

system is (65) involVing_RhC14(OH)(H20)2_ and C,H, for which the data

show k., 4 2-1

61(a =4 x 10 “s™"; the major contribution to the rate for the
pentachloro system is (52) involving RhClS(HZO)z— and C,H, for which
k:S = 5‘6-x 10—2M-15'1:; Thus although h?droxﬁ species‘are present in Very

small amounts in both systems at 0.1M acidity, more kinetically significant

amounts are present in the tetrachloro system and this is reasonable since

Ka4_Wi11 be > Kas' The rates of reaction between C2H4 and the hydroxy
species are governed by the values k6Ka4 =4 x 10"25—1 and k4KaS = .
1.1 x 1075s7* (the contribution to the rate is given by kK[Rh(III)]/[H+]), 

and at any given acidity the k6Ka4 term will be > k4Kasi The actual rate

constants are probably quite similar and in fact the present data'suggest..

that.k4

-, a2 s
than RhC14(OH)(H20), is towards C2H4.

At very high acidities (theoretically at:[H+]—1 = 0}, the

is somewhat larger than'ké—— that is,RhClS(OH)S_ is more reactive

C2H4 independent step for the pentachloro system becomes negligible
(Figure 12) and the reaction rate will be governed purely by the rate

constant k, = 5.6 x 10027 157! for the reaction between RhClS(HZO)z_ and
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‘C2H4. »Secondly, the rate for the RhClu_ system will be governed purely |
by the rate constant kg = 1.8 x 10-15~1 for the reactiﬁn between
RhClq(HZO)zf and C,H,. The rates would thus be quité similar although
as mentioned .above one might have eXpected the RhCli-aquo Spécies to be
somewhat moré active. |

The entire reaction, néglecting the very small contributions,.
from,kzvand‘ks in (51) and (64), may now be wriften as a catalytié systém

for the_production of acetaldehyde using rhodium (I11) aquopentachloro

species.  H,0, H  and C1” as reactagts and products are not shown. (79) -
RhC15(H,0) 2- v—é—____—-x RhC1g (OH)3‘

27
CoHylky ~ RhC1,(OH) (H,0)

13-~ o
RhC1, + CH3CHO

e W :
2 2-
RhC1,CH,CHyOH < : RhC1y (CoHy) (OH)

Thé rhodium’(I) ;pecies is immediately oxidized back to rhodium (III) by '
iron;(III); ~ Since the total chloride.concentration remains constaht;.the' _-“
RhC152- species are Tregenerated as required by tﬁe-kinetic and
spectrophotometric data. When all the ‘iron (I11) haS'been c?nsumed, or
ifvno iron (III) on othér oxidant is present, the rhodium (I) rapidly"
disproportionates to rhodium metél: ‘ |

| 2 Rh (I) ———> Rh(0) + Rh(IT) | (80) -
This reaction has always been written to eﬁplain the production of rhodium L
metal from rﬁbdium (I). especially in aqueous solutionss’gf9 but no
quaﬁtitativé data have béen available. However, recent workss-inQOIVing
"the oxidation of ethylene by Rh(III) in the absence of aﬂy‘reokidant such

as Fe(III),has shown that rhodium metal is produced as well as a pale yellow
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solution whiéh give§ éﬁ‘ESR signai thqﬁght to Be‘due to a paramagnetic
Rh(II) épecies. This disproportionation to a possible_monomeric Rh(IT)
species-is.being further studied.-

When ethylene was oxidized with RhClsz- (again using 2MliCi-and
- 0.19M FeCl,) in 0.1MDC1 in D,0, NMR'_ﬁeasurements showed that no deuterium -
was ihcorporated into the’aCetaldehyde moiécule. Thét all of the hydfogen Ai
atoms of‘thevacetaldehyde molecule have come from the ethylene, is cohsisteﬁt
Vwith.the hydrogen shift postulated in (77). A similar result has been
observed for the Pd(II) oxidation of C2H; in D2037.A For the:present o
Rh(IIT) reaction, the small isotope effect kH/kD = 1.04.shown in Table 2
is éignificant. The corresponding isotobe effect measured in the Pd(II)
_system»37wé§ 4.0;v_this was attributed to the differepce in Ké values in
D,0 and HZO,.and sﬁowéa that the.ioﬁizafion td a hydroxy species was prior
to fhé rate detéfmiﬁiﬁg step.i The isotbpe effect of 1.04 in the pfeseﬁt
work indicates thatvthe ioniéation is subsequent to the rate determining’
step at the conditions of measurement, and this is consistent with the
interpretation that the feaction between RhClS(HZO)z—V and C,H, in (52)‘
prior to ionization is the major contributionAfor these conditioﬁs.u .

The presentAstudy giVes no data on the fast reactions between
Rh(I) and Fe(III). Both of these species are substitution labile,
assumihg that Fe(III) is in the high sﬁin state. In the reaction medium |
there are aquo, hydroxy and chloride_ligands, all of which are sﬁitablé
for bridging so that an inner or outer sphere reaction is possiblese. The
'mechanism'of électronvtransfer may be similar to.that suggested for Rh(I)'-f& .
- Rh(III) reactions involving chloro-bridged intermediates (page 11)..
.Spectrophbtometric and gas'uptake measurements showed no:evidencé

for a rapid initial equilibrium process to form an ethylene n-complex via
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a reéctibn such as
RhC1s(H,0)2™ + C,H, :;Z§:Zii Rhc14(c2H4j(H20)‘ +c1” (81)

as was postulated in the corresponding Pd(II) system37.V‘ If K is very -

small, such a process'followed by a‘s}ow decomposition of the m-complex

- could equally well explain most of the kinetic data for the ethylene

dependent path. However, such a méchanish should give rise to a rate

inverseiy proportional to chloridé at least for that due to the

'efhylene dependent path. The chloride dependence.found argues‘againsf '

this. Also the measured iséfope effect as discussed above argues against-

such a pre—equilibrium. In similar systems involving reactions of rhodium

chlorides with CyHy, in DMA,and with CO in aqueous HCl; no rapid pre-

equilibria were found.

4.5 Use of Oxidants Other Than Fe(IlI). Table 8 shows that some Variation

in the linear uptake rates is observed on using different oxidants to
regenerate the Rh(III) catalyst. Since no Rh metal production was observed
in these systems, the Rh{I) must be oxidized rapidly back fO'RH(III) and thus
the measured CoHy,. linear uptake rétes are expected to bé independent of the

. nature of the oxidant used. The véfiétion in rateé'ﬁpon ﬁsing'Fe(III),

Cu(II) and Cr(VI) is not great and is probably not significant. The result 1’
for 02 does seem low but this systém should be further investigated és
described in Chapter 5. Experimentally this system requires the use oft
uptake measurements from a gas;mixture (ethylene and oxygen) but this |

procedure is not well established for the usual apparatus at present.

4.6 Ethylene Uptake Rates in 6M Acid. Figure 9 shows that in 0.17 M HCl

and 5.83 M HC104, linear uptake rates are not observed. An"ihdugtion."

"
period before the reduction of Fe(III) took place, and a reduction of Rh(III)
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" to the metal, was observed.. The faét that rhodium ﬁetal is produced
may indicate thatvFe(III) can 1e$s easily oxidize any lOw—Valeﬁce Rh
intermediate such as Rh(I). For instance, the reduction potehtial of
the Fe(III) - Fe(II) couple might be lower in highef acid concentration.’
However, Connick'énd McVéy57 found thaf the opposite is true for this>
and other couples in HC104 but that the couple is lower in HEF6y+ than

CinHCL. | | | |

The "induction period”zdoés éoﬁsist of a\Sﬁail f;fe of
ethyiene uptake and this is observed for all species in HCqu,‘such as
RhCln with n-s 3'and evén for a sglution containing no rhodium (III)"
(Tab1e 5). This could.result from a slow hydration reaction of‘the'

ethylene. No such reaction is apparent in 6M HC1.

Thus rhodium'chldfoéQUg éﬁééieg"RhC1h with n - 3 are effectively -

mmert e e e

inaciive as cataiysts for the reaction described in this thesis, and this is
reasonable because these species are progressively more substitution inert
that RhC1s52  and RhC1l, . In RhClg3 ™ there is no possibility of a coordinated

H,0 or OH as required for the subsequent insertion reaction (29).

4.7 The Ethylene: Iron(III) Sfoichiometry.
| In ansWer to thelCZquFe(III) stoichiometry problem from section

3.1, there seemed after much deiiberation to be several possibilities. The
fact is that the observedczﬁque(III) molar consumption ratio of roughly 1:4
ié too-low if équ is actiné as a two-equivalent reducing agent.

One answer is that Fe(IT1I) chlorides were being removed by some:
wéy>othér than reduction by CoH,.  First, there might be a further
reduction by the CH3CHO produced in solution. This would pfoducev:_

CHgCOOH but none was found in the reaction products;..-also CHZCHO did



not feacttﬁi£ﬁ Fé(III) undéf the‘feacfion conditions.nv The poésibiii;;
thaf (H4CHO reduced Fe(III) in a cétalytic system-through Rh(III) was
also investigated. Indeed, under N, at 80€Rh(III) was reduced to metal
(presumab}y via Rh(I)) by CH3CHO, and the possibility of (82) and-(83),ésv
shown below, occuring seemed 1ike1yf

"Rh(ITI) + CH3CHO ——> Rh(I) + CH3COOH 4_1 o | 't82)

Rh(I) + 2Fe(IT1) ———> Rh(III) + 2Fe(II) . (83)

However, as mentioned earlier, no CH3COOH was detected and also a reaction;'_‘

of CH3CHO with the usualimikture of Rh(III) and Fe(III).gave no chéngeé
whétsoever.‘ That is, ﬁeither Rh(III) nor Fe(III) was consumed. .It‘is
not at all clear why the presence of Fe(III) should inhibit a.reaction such
as (82). | | |

| Sécond, it was considered that Fe(III) chlbrides might be removed
by comnlexing wifh nther ligands produced duriﬁg the reaction, But again
no acetates were found. Thira, Fe(III) might héve formed bridged sfecies
with Rh(III) or with itself but no evidence for eithef of these reacfions

was found,spectroscopically{

SR R UNEAN RGN TSI R
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-NoVAeéarbonylafgéﬁ‘ééwgge acéféidehyde Ey fhé rhodium complékes
was observed. Such decarbohylation to give metal carbonyls has been
obsefved for low Vélént platiﬁﬁm ﬁetal complexes including Rh(I) species:
(see, for example reference 21).

The wide variation in- CpHy stoichiometries for several.identicai
. e#per%menfs (Table 1) portends to an argument that the problem may not be
a burely chémical one such és anunforeseen side reaction, but rather a more
physical one. |

The CoHywas apparently consumed in a smaller quantity than that

correspoﬁding to the reduction of the Fe(III) chlorides. If some of the
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CH3CHO product (which corresponded to the amount of CyHy absorbed into
solution) was present in the gas phase, then the apparent overall uptake
of CpHy, would be low since the kinetic technique measures volume changes in

the gas phase. In spite of the alleged infinite solubility of CHzCHO in

hot aqueous solutions®®, the presence of CH3CHO vapour is thought;toexplain'”
the observed low C,H, consumption.  Some experimehtal data support this
reasoning.

A mass spectrumlof the gas above solution at the end of an
uptake eﬁperiment at 80° showed the presence of CH3CHO, and the vapour
pféssure of the reaction solvent + 0:05 MACH3CHO at room temperature ﬁas
found to be roughly twice that of the reaction solvent alome. (As ééen
in FigureIZ, the CpHy consumption at the end of a reaction is 0.05 M instead
of the expected 0.1 M)L; ' - o o o

| B2 : '

Literature data give a value for the partial pressure p; of
-acetaldehydé at 82° as 380mm over a 0.55M aqueous acetaldehyde sélgfion.
A‘0.0SM solution assuming Henry's Law would have a Pl of 35mm. The
volume of the apparétﬁs open to acetaidehyde is about 50m1 mainly at room
temperature, and assuming Boyle's Law, this would contain 0.9 X 10™ % moles
of gaseous acetaldehyde. The amount of acetaldehydevpresent in the'Zmi of
reactant solution will be 1.0 x 10 * moles. These calculations show that
for the present apparafus, one half of the acétaldehyde produéed‘will be‘

in the gas phase. This causes the apparent ethylene uptake to be about

one half the true uptake and explains the stoichiometry problem. It should

be noted 'also that since the measured rates are therefore one half the true.
rates, the calculated rate constants are apparent ones and should be doubled

to_give_the true values.
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CHAPTER 5.  SUMMARY AND SUGGESTIONS FOR FURTHER WORK.. =~

The reaction of rhodium (III)'éhlorides with ethylene and
iron (IiI) in aqueous HC1l at 80° and 1 atm was shown fbdcatalytically
produce'acetaldéhyde._ Rhodium (1) is a likely intermediate, rather than
a rhodium (III) hydride which was sgggesfed for a similar reacfion
~ involving oxidétion of hydrogen fo protons!, |
The kinetics of the Rh(iII) reaction with CyH, were studiedﬁ-'
.and proved to be much more comple% than anticipated. A first order -
dependence oﬁ Rh(III) was observedbpt'the overall reaction involved COntribu?;,.
tions from an ethylene independent path as well as the expected éthylené
‘dependent one.  Studies én the acid dependenée of the contributing paths
have showﬁ that hydroxy specieé although present in very small concentratjons
are significant kinetically. o - ) ~

. The reactions involved in the raté determining steps are

-summarized below:

RhC1s (H,0)2™ —3= RhC1g(OH)3 +H' .
RhCls(OH)3'+HéO LINR RhC1, (OH) (H,0) 2 +C1~
RhC1s (H0) 2™ +H,0 IR Rhc14(H20)5+Cl" i
RhC1 g (H,0) 2™ +CoH, X, RhC1,, (C5Hy) (Hp0) +C1™
 RRCIs(OH) 3 4CoHy,  — s RRCI, (C,Hy) (OH) 2 +C1"
RhClq(ﬁZO)E , =;£§== RhC1, (OH) (Hp0) 2™ +H"

RhC1,(H,0)5+CoH, ~ ——2— RhC1, (C,Hy) (Hp0) +H,0
or RhC13(CyHy,) (Hy0),+C1 ™

. ] Ko ‘ e
RhC1,, (OH) (H,0) 2 +CoH, —> RhC1y (CpHy) (OH) 2™ +H,0

or RhC1j(C,Hy,) (OH) (H,0) +C1”
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Values of the raté constaﬁts ko, k3,vk5 andbthe'composité constants
leaS’ k“KaS’ keKa” at 80° have been determined.

Relatively fast subsequent décompositions of the C,Hy 7w~ com-
plexes are assumed to:occur via:a mechanism well-established for the
correspﬁnding P4 (1) syStem?7, - For eiample,j

RﬁClg(CZth(OH)z- —_— RhClq(CHZCHzOH)z-;

. o ' 3_ .
RhC1y (CHoCHpOH) 2™ ———> RhIC1, +CH;CHO+H'.

Rh(I) is rapidly oxidized back to Rh(ITI) by the Fe(III) present, and the
net reaction is

CoHy,+H,0+2Fe (I111)

Rh(IID) CH3CH0+2H*+2Fe(IIj

 The reported fesults are coﬁsidered-sigﬁificant sin;g they
would suggest that more efficient rates of conversion of Czﬁq to CH3CHO
wéuld be obserﬁed in.less acid conditions where higher ;oncentrations.of_
Rﬁ(IiI) hydfoky:compiekés'wéuld be pfeSehff‘ fhe oXidétiveAability of,A
Cr20§_ decreases at‘lower acidities, and Fe(III).and Cu(II) readilf give".
hydfoky complexes which may be less effiéient oxidants; But 0, is
paiticularly appealing for use as an oxidant of Rh(Ij since it nggests
that czﬁh/oz miﬁtures might be oxidized directly to CH3CHO. This would
o give a proéess somewhat simpler than the Wacker Process where 0, and Cu(;I)
are needed to regenerate Pd(II) from Pd metal. Oxygén is probably nof' |
very efficient as an oxidant at ordinary pressures invaqueous solution

- because of its low solubility, and its oxidation power does decrease with

decreasing<acidity59. However, the use of higher 0, pressures and some other

- ' : 60 61 '
solvent system such as DMA (where the O, solubility is higher ’> and Rh(I) is

38 :
. more stable ) might prove rewarding.
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