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ABSTRACT

\
'

¥ ' Lo .
Samples of fac and mer carbonyltrihydridobis(triphenyl-
X .

o

pﬁosphine)'iridium (III) were prepared and fully characterized

31

by i.r., 1H and P n.m.r. spectros"copies. Isomeric

.
]

interconversion at 25°C was demonstrated. The rates of
isomerization and hydi:'ogen loss from each isomer were
. ' s
' o , ]
independently measured. The similarity of ‘these rates strongly

| ‘
supports a mechanism by which .isomerization occurs through

the oxidative addition and reductive elimination of molecular
hydrogen. The results .of déxiterium labelling experiments (
were consistent with the isomerization meéhanisén, and further

suggest ‘that either trans-oxidative addition of hydrogen or

intramolecular hydride interchange in the mer isomer may occur.

Various partially deuterated analogues of the‘ fac and mer

isomer were formed by further reaction in solution and
identified in the lHan.m.xc‘. spectrum. An unusual downfield
isotope shift occurred when deuterium was in a position trans

to hydride. . - ‘ | .. .
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RESUME

I’ k!

. [
Des échantillons des isom&res fac et mer du trihydrégéno—\

carbonylbis (triphénylphosphine)iridium (III) ont &té& )ﬁparés
: N
et entidrement caractéris&s par spectroscopies infra-rouge et

r.m.n. (1H ef; 3'113). La conversion isom&rique a &t& démontrée &

-

25°C. Les vitesses de l'isomérisation et de la perte d'hydrog&ne

z 0
ont aussi &té mesurées indépendamment pour chaque isom@re.’ La \
‘ o i ’ : v
similitude de ces vitesses corroborent parfaiteme/nt un m&canisme

1

par lequel 1'isomérisation se produit par l'addition oxydan{:e et

1'&limination ré&ductrice de l'hydrog&ne moléculaire. Les

résultats des expériences utilisant le deutérium co;tuneftracéur
‘ -

sont en accord avec-ce méca'nismisd'isomérisation etj sugg&rent

en plus qu'il peut &tre 44, ou bien &, l'addition oxydante trans

de l'hydrog&ne, ou bien 3 1'Echange iw d'un hydrure ‘

. - R . ’ \ - .
-dans 1'isomdre mer. Divers autres analogues deutér&s des isom&res

fac et mer sont aussi form&s par de subséquentes réactions en

-

solutibq et ont &t6 identifi&s sur le spectre r.m.n. (lH)». Un

déplacement isotopique inhabituel vers un plus:faible champ se

produit lorsque le deutérium &tait en position trans par rapport -

{

-1 \l'hydrui’e. s > I . L
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CHAPTER I

GENERAL INTRODUCTION

Ly

‘ . - /
. \ i
Although the subject of this thesis, the formation and

interconversion of two isomers of irH3(CO) Pz* is itself a rather

limited one, the results réported herein bear some relation

i

to three important areas of rg§earch: the behavior of
transition metal‘hydridés, the interaction of molecular
hydrogen with metai centers, and the stereochemistry of key
steps\in*homogeneouf catalytic ::?Fesses. In order- to examine

this relation and so put this redearch in perspective, a

~general &verview of the fields of transition metal hydrides

and the oxidative addition of hydrogen to metal  centers is

given. A brief introduction to these large and much-studied

fields cannot be complete even in outline; I have merely tried

to mention those aspects which I felt.to be interesting, important,

or relevant. However, the concluding section gives a fairly
complete history of the particular compounds that I have

studied. ’

[
i

1
i

\ ) .
*Here and throughopt\tgis thesis, P = P(C6H5)3

v
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A, TRANSITION METAL HYDRIDES

1. General Comments

A

4

Transition metal hydrides comprise an area of chemistry
that presently is receivind\a gre;t deal of étteqtion among
regéarchers. This is due to both the diversified and interesting
chemistry that has been reported in this field, much of it in

the last twenty years, and also to the proven or potential

. value of metal hydrides in areas'of technological importance,

such as catalysis and energy storage. ‘ - AN
Two sorts of compounds containing hydrogen—tré?sition
metal bonds may be distinguished. One type, which here will be
called metal hydéides, are also known as primary or binary,
hydrides (of formﬁla MHx)’ or ternary hydrides (of ﬁormula'c
M'MHx,with M' oftgﬁ an alkali metal). They are often formed
directly by reaction of hydrogen with the metal, éontain metal
hydrogen bonds, and exist in\molecpiar aggregates of indéfinite
size and, sometimes, indefinite stoichiometry. A second type;
here called hydride cqmplexes, consists of discrete molecular
units, which may be isolated, fully characterized, and sysfem—
ratically and reproducibly investigated with regard to their
chemistry and structure by the q;andard chemical and physical

Eéchniquesl. The latter type, then, is more amenable to

'detailed scientific study. \

Metal hydrides are of éreat current interest to techriology

X

N
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.in various applications, such as nuclear reactor applications,

powder metalluﬁgy, surface goating; metal-ceramic bon&sz,
and energy storage. Hydride complexes are also technologically
useful in themselves as homogeneéus éatalysts and as reagents

in chemical synthesis. \

2. Historical Survgi

The first compound containiﬁg a transition metal-hydrogen
bond was reported in 1844 by Wurtz3, who isolated the unstable

binary hydride CuH. Hydrides of non-transition metals were

* developed in subsequent years; for eiample, Cali, was patented

as early as 1902 for use as a portable hydrogen source for

filling gas balloons, an application for which it was used

_extensively during the Second World War®. The ability-of

. [N
palladium to absorb large amounts of hydrogen has been known

5,6

since 186§/ .,

The first transition metal hydride complexes were prepared

in the early 1930's by Heiber and‘co-workersl who isélated

. the unstable FeHz(CO); and CoH(CO)47. Hydrides were reported

with increasing frequency affer yclopentadienyl hydride58
and tertiary phosphine hydrides9 were prepared invthe mid-
fifties. The rapid development of this,field‘is illustrated
by the fact that in 1965, there wg;eqabouﬁ 200 hydride complexes

known; by 1970, 500 additional complexes were reportedlo.

N
\\
\
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Interest in these compounds has been sustained by their
availability, structurdl features, and by, their ™applicability

to many chemical processes, especially cataiysis. . Many more

11

complexes have since appeared. A recent (1977) review of

three metals important to catalysis (Ru, Rh and- Ir), for examplé,
listed over 2000 hydride complexeslzt At least that number
, o

of complexes in addition can be expected for the ;emaining

transition metals. Besides increasing in number, transitién
. o LT \

,metal hydride complexes have shown an increasing variety of

structures, with cluster compounds, hydride-bridged structures,
and metallocyclic structures among the hydrides now commonlys.’- |

=

reported.

3. Transition Metal Hydrides

' . Metal hydrides of the transition elements are usually
metallic or sem}—metallic solids. They resemble metals in

thermal and electrical conductivity, but are often non-lustrous
13,14

¥

.and brittle . In some cases, particularly among the

lanthanides and actinides, the'hydri&e§~are black powders.
N

There are exampleé’of binary hydrides of formula MH%, with x
not necessarily an integer, for most element@ of the periodic
table. They are generally formed by direct interaction of
the metal with hydrogen. Examples include nearly all the rare

earth metals, and most of the early transition elementsl4,

~
N,
N
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. scopically; among these are Mn-H, Fe-H and Co~H
Q

such as the scandium, titeniﬁm and vanadium subgroups,’as .
well as chromium, although‘the latte£ system has not‘been
definitively characterizedls'lé. Tﬁe later, more electron-
rich transition metals, however, do not form binary hydildes

with hydrogen (with the exception of palladium and possibly

\nicke}l7), despite'the fact that manylef these metals can

activate hydrogen, and are useful in catalytic hydrogenations15

Nonetheless, many of the later transition metals will form
;

ternary hydridesla. Some gaseous diatomic hydrides, although

—

anstable in the massive state, have been detected'spectro-
i
15

The nature of the'bondinb in binary tran#ition metal
hydrides is. still not completely clear. Internuclear distances

are sufficiently close to allow covalent bonding, with a bond

polarity in the direction of M'-H~ 15 Nevertheless, the bond-
L

ing in transition metal hydrides is more often described in

terms of meta}lic conduction bands, with the hydrogen present

™

interstitiali§ irm.the metal lattice either ‘as H' (the metal

hydrides are in this case descrlbed as metallic or alloys) or

H (often™ called ionic hydrides). Some experlmental N

"

meaSurements of the mobility of hydrogen, magnetlc susceptlb;llty,

and the migration of hydrogeh  toward the cathode in an electrch

field favor the protonic description, whereas internuclear
/

- r
M-H distances, heats of formation of. the hydrides, and the

co-existence of hydrogen and oxygen simultaneously in metal
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© complexes can be.

A

hydrides spggest that the hydrldlc descrlptlon is preferable.

. Of the two, the latter model appears to be the more successful

in-accounting for experimental "results. It has been pointed

15, however, that a covalent description of the M-H bond

(given a certain amount of MT-H_ polarity) accounts for the
- 1
physical properties &f the ‘hydrides as well as an ionic model.

The indefinite nature of bonding theories for metal

hydrides arises in part/from the fact that they cannot be

isolated and characterized as discrete units, as hydride“
- e
For this reason, hydride compléXes can serve ,

as model compounds to aid in the understanding of reactivity
¢

and bonding in the less—tractable-metal hydrides. This is

| . .
particularly true for metal cluster hydrides, which often have

featuresqsuch>as bridged hydride ligands, or hydrides encaged

in metal atomsZQ. The similarity to metallic hydrides has

recently been pointed out in studies of the oxidative addition ‘

l?’ZI to a solid complex, molecular orbital studies

?

of hydrogen

o
1

on polyhydride ionszz, and structural studies of cluster

complexesz3. In a recent article, many parallels have been :

drawn between coo%dination chemistff and surface chemiséry?4;
It is hoped that a unified view of the two areas will soon be

available for transition metal hydrides. \

o

4, Hydride Complexes of the Transition Metals
’ ‘ .

o

Most hydride ‘complexes that have so far beep isolated have'
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been mono-nuclear metal complexes, although there is a large
and rapidly growing number of binuclear, hydride-bridged;, and

cluster complexes as well. Hydride complexes are generally

diamagnetic solids, often highly colored (depending to some

extent on the oxidation state), and of variable stability.

\

towards light, air, and Heftf some complexes can only be

isolated at low temperature under nitrogen’, while others are

stable indefinitely in ai{ at elevated temperétures. | The

hydride ligand is usually identified by the M-H stretching
1700-2300 em t; - °
1000-2000 cmL; §

frequency in the infrared spectrunm (VM-H’

v = \)M_H/l.4; v

M-D
700-950 cm~ 1) 23

M-y-ym (bridged) = ca. ‘ M-H'
, and by the high field chemical shift in the

proton n.m.r. spectrum (6§ 0 to -50 ppm [t 10 to 60 ppm]; the usual

range is § -5 to -20 ppm [T 15 to 30 ppm}). The structures
of transition metal hydridesqére usEally assigned by the use
of one or both of these techniques.

Transition meﬁal hydride complexes have received a gréat
deal of attention in the ‘last twenty years, paralleliﬁg the
development of organometallic preparative techniques, the
widesp{ead use of i.r. and ﬁ.m.r. spectroscopies, and structural
determin;tionsrby the various diffraction techniques.

Molecular hydride complexes containing only hydride ligands are
unusual, and, with the exception of the [Rengz- and‘[TcHQ]Z'
However, thousands/gf Eransition metal

systems26, are unstable,

hydride eomplexes, many of which are air-stable at room /
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- to be stereochemically non-rigid. Recent structural studies

the face of an Rug octahedron, Rus(g3-H)2 (CO)lg .

. |
temperature, have been prepared containing other ligands.

Particularly useful in this regard are ligands of the "n-.acid"
type (such as tertiary phosphine, carbonyl, nitrosyl, cyclo-
pentadienyi, etc.) which stabilize low oxidation states. A
recent reviewll, for example, listed over- five hundred hydride
complexes for iridium alone. ‘There have been several reviews
of hydride complexes in the last fifteen yearsl'10’11'26-3l.
Mono-nuclear hydridexcomélexes 0of the transition metals
exhibit more or less similar structural characteristics\to
other complexes. They often adopt octahedral or other common
geometfies and usually ha§e~nqual metal-hydrogen bond lengths.
They differ structurally from other complexeS‘ih a tendency
to distort in the presenc;\of 1arger ligands, to have unusually
high coordination numbers (e.q., IrHS(P¢3)é, or [ReH9]2_), and
32
on bridged hydrides have located the hydride ligands by

neutron-diffraction methods, and shown that]they exert

considerable stereochemical influence on the molecules. Species

where the hydride is doubly or tripiy bridging have been

isolated: doubly bridging binuclear compounds (e.g., [Pt(Ez'H)—

(Sﬂmﬁ){P(C6H11)3}]233) or cluster compounds (e.gq., 053(32_5)_
(H)(CO)1134) have been prepared, as well as triply-bridging

hydrides, such as one having u3-hydride ligands occupying
‘ 34

The position of the hydrg as a ligand has undergone




@ . ‘ various interpretations through the yearsa4. Before 1960,

the, hydride ligand was generally regarded as unlike other
ligands and as having a vexry short metal-hydrogen bond length.
It was even viewed as a proton floating in a sea of metal
efectrons, and not occupying a regular 51te in the coordlnatlon
sphere. This model was discarded when structural studles.
show;d that the hydride ligand did occupy a regular coordinationl
position, and that t:he’ metal-hydride bor}d length was entirely
normal. Recently, this viewpoint was further modified to
accommodate findings that in the presence of many bulky ligands,
the stereochemical influence of the hydride.ligand on the |
coordination 'polyhedron is almost nil. In Rh H Py, for example,
‘the phosphine ligands adopt a nearly tetrahedral coordination

around the metal atom35. Similarly, in the "monocapped"

: .
: octahedron, MoH (CO)2 dP2,36

the carbonyl and phosphine l’igands’

form an octahedron, whereas the hydride ligand migrates from |

face to face, and exerts little é}:ereochemical influence.

z N Indeed, the fluxionality that is of\ten observed in these
complexes and in polyhydride complexes may derive to some

| extent from distortions from a regular geometry brought about
by the presence of other, invariably iarger ligands in the
éoprdination sphere. In any case, 1i_he status of hydride as a

' !
ligand still may be regarded as similar to that of ower

> ligands, even though more compressible and prone to migrate.
) .
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5. Applications of Transition Metal Hydrides

"

a) Metal Hydrides ! o

Metal hydrides in general are useful in nuclear reactor
applications due to their ability to absorb neutrons. Other
applications includevdeo;(idation agents for molten alloys
and pori:able hyﬁrogen sources, as well as us‘esqzi'.n powder
metallurgy, alloying, surface coating on metals, and in forming
metal-ceramic bonds. Titanium and zirconium hydrides find
the most use in these f:,'L/el s.

On both a léboratory and industrial scale, hydrogenations
using heterogeneous transition metal cata{l.jsfs have become
commonplace. They are-usually a platinum group metal,
especially platinum or ;;alladium, with nickel and copper chromite
also used, p\articularly' for high-pressure hydrogenations.

The metals are generally used in-a finely divided form, often
supported on an inert carrier, either in elementa;. form or
reduced in situ from their salt‘.?s;. The catalysis is largely‘
a'surface phenomenon and probably involves an unsaturated -
organic compound adsorbed on the surface in the proximity of
hydrogen activated by interaction with the metal. Most common
unsaturated organic groups, such as alkenes, carbonyls, esters,
nitriles and nitro compounds, as well aslaromatic groups, .
may be hydrogenated under certain conditions using heterogeneous

catalysts37 .

»

[
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'b) Hydride Complexes

Two of the most important aspects of transition meta;
hydride complexes are their use as homogeneous catalys%s; and
their role as intermediates in catalytic processes involviﬁg‘ ’
hydrogen and hydro-functional compounds, such as hydrogenation,
hydrosilation and hydroformylation of olefins, as well as,
other catalytic pﬁocesses38. The ability of transition metal
compleéés to function as catalysts for these processes is
largely a result of their ability to coérdinate unsaturated ‘
coggoupds, to activate molecular hydrogen, o£ to form metal

hydrides as intermediates. Consequently, it is not surprising

that so many homogeneous catalytic processes involve metal

L]
I

hydrjde tomplexes. Ex%mplés of catalytic processes involving ' ! ‘
the oxidative addition of hydrogen and metal-hydride inter-

{
mediates/éollowr

i) Hydrogenation of olefins39'4o: )
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|

Here, molecular h)}drpgen adds oxidatively to an unsaturated x
2y
molecule to form.a mé%:al dihydride complex. 'The coordination

of an alkene'follpws, and the subseqt\lent hydrogenation of the .

alkene and regeneration 0f the catalyst apparently invo/lvé

sintramolecular reanrangemenf of various transition metal hydride
intex\'m;:diates. The\stereochemistry of the o:&:i/.dative addition, N
as well as that of the subsequent fecizlrrangement, is obviously

important in determining the course of the reaction. This

fact has been exploited in order to effect the stereospecific [
hydrcgénation of certairf substrates. - For example, hydrogenations
empléying asymmetric analoéues of Wilkinson's catalyst have

i

led to the synthesis of a-amino acids and other biologically
important materials*in high optical yields40. Catalysts used |
‘ in these reactions are similar ﬁ»wilkins/on's. catalyst
r (equation 1), but contain chiral phosphine. ligands. This and
similar app'lications‘of asymmetric catalysis represent an
extremeiy active fi;ald of current research, and present a clear’

example of the importance of stereochemistry to catalysis.
43

S

In the example shown

s ii) gldroformflation of olefins
below, in whiéh hydrogen, c:alrbon‘ monoxide, and an olefin react‘
to form an aldehyde, the c/:xidative addition of hydrogen a;gain
plays an essential role in activating hydrogen in the form of
a metal d}‘.hydride. Five of the eight metal compiexes fhought

i

to be involved in this cétalytic cycle are metal hydride .

/comp lexes.
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Other reactions ihvolving homogeneous catalysis which do
not include activation of hydrogen by metals, but do involve
hydrido-species as intermediates, are ment:i\.‘on‘ed below.

iii) Hydrosilation of olefins: The hydrosilation of R

ol}efinsl is a process invwh%ch a silyl group may be added
catalyt\i\cally to’“ an olefin38’4l'42. It is in u[any ways similar
to the hydrogenation of 'olefins, the main difference being/

the fact that an Si-H bond is activated by oxidative addition
to the metal center, rather than an H-H ‘bond. There has’beex; ‘
considerable work done on the mééhanism and energetics involved

in the reaction using model systems44'45.

/




{
i
:
:

.

14

N
1

iv) Alkene isomerization: The isomerization of alkenes can

be catalyzed by transition metal complexes through a process

of rever31ble olefin coord:ma’:lon to a coordlnatlvely
unsaturated metal hydride complex, followsed by the formation of
a metal al yl species. Isomerization also occurs b‘y hydrlde
abstraction| from an olefin to yield an allyl netal hydride
c;)mplex. Ir‘&\ either jcase, the reverse reaction can result in
hydrogen-étom exchange, double-bond migration, and cis/trans
isomerization38. | |

v) Other applications: Other industrially important

] I
processes involve metal hydride intermediate complexes. The

Dupont synthesis of l,4—h§>€adiene, an ingredient in rubber

[ : -

manufacﬁxre, is accomplé.shed y;i_a hydride intemediates formed
when ethylene and butadiene react in the presence of a nickel
or rhodium catalyst. The Wacker Process, in which ethyl)ene is
catalytically converted to acetaldehyde by a pallagliurtr/cbpper
syst’em, is believed to involve a metal hydr'ide as an timsta};le

intermediat'e.a The water-—gas shift, in which carbon monoxide
i, 1

and water react to produce hydrogen and carbon dioxide throﬁgh

i

catalysis by ruthenium.clusters, probably involves metal-

63

hydride intermediates In short, many, if not most, of the

homogeneous catalytic cycles, of pro(ren or potential importance
o : 38

have a transition metal hydride complex present at some stage~ .

1

-
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c) Energy Production and Storage ¢

i

1

i) Reversible reaction of hydrogen with metals: Many‘

A

metals react with molezzular hydrogen exothermically, but the
redction can be r;\;ersed._by'heat at reasonable temperatures.

The hydridésgnformed can contain more hydrogen pér unit volume
tha1:1 liquid or solid hydrogen. These facts have resulted in a
widespread intere§t in binary or ternary metal hydridvs.-s47
Properties considered necessary for a metal flydride to be useful
in a practical energ;r storage system48"inclqde a high hydrogén

to metal Patio, a low hydrogep-metai dissociation temperature

(< 100°C) , high rates of hydrogen absorption and\desorption,

Jow enthalpy of formaéion, and air-stability. Also, they should’

I4

be of low density and cost. Because no binary hyiir’ide possesses
all of these qualities, recent research has attempted to find

a more complex material that does49. Two main types“

of
hydrides have been investigated in this regard. One is simply
an alloy or s/oli;l solution of two binary hydrideé which would
be expected to have properties intermediate between those of
the two constituents. The other type of'compound, the ternary
hydrides, are reyersibly formecli fr’om in}e;metallic compounds
(which may or may not originally‘Jcontain St\ame hydrogen) and
molecular ,hydroéen, and l;ave properties that are quit?
different f£rom substituent hydrides. In" this grouip, one‘or.

both of the metals generally is a transition metal. There are

many exampl;es of ternary hydrides, and many metal combinations

i
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have been studied, despite the fact that most treansition metals
do not themselves react With hydrogen to fo?cm binary hydrides.

The inertness of some tran51tlon\metals in thls regagrd may

result .in desirable qualltles in a ternary system, since when
combined with a metal which forms hydrides easily, it serves

to destabilize the system, and impart reversibility toward

hydrogen absorptionso. }\mong systems which have been stud:.ed49

in this regard are Mg,Cu, TiFeH, TlCuH R2Co7, RCo3, RFeB,

LaNi LaN:.s_xAlx, T.'LMOH, R2RuH6, RRuHG, and RIer, where R

5'
is a rare.earth element.

ii) Transition metal complexes’ as models for hydrogen

@

ustorage: Transition metal hydride complexes have been studied

as models for binary and ternary hydride systems, often with
a view toward application as energy storage systems. The
’ L}
oxidative addition of hydrogen to unsaturated complexes exhibits

many similarities to thé'reversible adsorption of hydrogen by

metals, as many workers have recognizele’Sl. Muetterties has

A\
recently drawn attention to the close parallel between the

surface chemistry occurring when\small molecules are adsorbed

on metals, and tradl:.tlonal .coordination chemlstry24. Geoffroy
\ !

12,52,53

et al. have made a series of studies into the photo-

éhemistry of hydride complexes of Ir, Ru, and Mo that lose

\

molecular hydrogen upon irradiation, and they have briefly

reviewed the Subjectlz. Green and co-workers also have

54,55,56

/
conducted several studies on the effects of irradiation

\v



of cyclopeni':a/d;i.enyl tungsten hydrides.

iii) Fuel production: The prodgc'tion of fuel from

inexpensive feedstocks is of large and growiné importa_nce..

“ Transition metal hyllride complexes may play a central role \in4~
the development of this area in the future. One area in which
they already play a large role is Fischer-Tropsch catalysisls-];
By thj:s process, gasoline and related Rroducts are produced
from a /hydrogen/carbon monoxide mixture derived from coal. In ’
South Africa, over two hundred thousand tons per year of

\/ primary products, much of it gasoline, have been produced by

this process s’invce 1957. Currently, heterogeneous iron-based
catalysts are/ emplqyéd. The reaction is beiieved to involve

metal hydridocarbonyl intermediates. A

/ The water-gas shift (see above) is often used in tandem

with the Fischer-Tropsch reaction to increase the hydrogen/

H »

carbon monoxide ratio in the \feec’i gas. For both reactions,
metal }:ydrocarbonyl complexes, similar to the ones that are
/ ‘ the subj;cts of this thesis, have been studied as model
coinpounds for key\ intermediate357.
‘;rhere are other areas. of fuel\pro‘duction of unproven
v:al}le but’ potential importance that are currently of interest
e ré;earchers. One such area iS\th\e transition metal catalyzed
photolysis of water. The production of hydrogen, and oxygen
have been separately realized in homogeneous catalytic systems

that use light as the source of energy. However, a system

tuarieatn e v s
a
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where both reactions are part of a catalytic cycle has not yet

58,59

been réported A heterogeneous system in which both'

hydrogen and oxygen were produced has been reported, but could

60'61.~ The mechanisms of these reactions

are thought to involve metal hydride complexest.

not be reproduced
Another a‘re'[a of potential importance is the acti‘.vatic;n
of water by transition metal complexes. The species ~
Pt[]?(isopropyl)3]2 i/s active in cat‘alyzﬁing a waté;—ga;*, shift
under mild conditioﬁssB. The key intermediate, PtH(OH)=-
[Pf(isopropyl)3]2, was later isolated aﬂmd charac;terize“:i“.
Since nmetal cémplexes are capable of both activating water and

eliminating molecular hydrogen, one may expec;t continued

interest in these complefces as catalysts in energy-related fields,

=

6. Chemistry of Transition Metal Hydride Complexes

- \ .
a) Preparation of Transition Metal Hydride Complexes

The various preparations of transition metal hydride ~
complexes may be classified into the five types outlined and

exemplified below. More complete details may be found in many

reviewsl'lo'll'ze-n.

4
\

i) Reactions with molecular hydrogen: There are several

ways in which transition metal complexes may react with
* /7 v

* molecular hydrogen. Direct hizdrogen‘ation is possible at high

temperatures and pressure, with metal, ligand and hydrogen
’ W o,

‘ \
) , | po

K
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combining to form a hydride complex. The complex CoH (CO) 4
can be synthesized in this way65.

Hydrogén may also react with metal, complexes at less
extreme conditions by ligand 'sulgstitution, or by oxidatfive
addition of molecular hydrogen i:o unsaturated metal 'complexes.‘
The role of the latter 'reac;ion in catalytic cycles has
already been mentioned. The following example illustrates
the two processes occurrfng in the same reactioﬁ39. 'Here,
prior dissociation of the ligand forms a coordinate unsatﬁrated
complex ( S represents a solvent molecule in the structure
below), which then undérgoes oxidative addition.

'

Cl P Cl P Cl 4
= o =P +H)
=1 oA\ e
. 4 P P S P H

{

Other methods involving hydrogen are the reaction with
metal salts, cleavage of métal—metal bonds, and cleavage of
anionic ligands by hydrogenas.

'ii) Reaction with hyciriding agents: The reaction of metadl’

complexes with hydriding agents such as sodium bérohydride

or hydrazine to produce hydride complexes is probably the most

useful preparative methodm The reactant metal complﬂ

usually a halide, although other anionic ligands such as

|
alkoxides, also react. ' Cationic metal complexes form hydrides

€ W i s s e
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under these conditions also. Examples of this reaction maﬁ\be
\ -

found for nearly all theﬂtrangition metals. A reaction of

this type was used to prepare the trihydrides studied in this
thesis. ’
[

. Reactions employing hydriding agents are often convenient

because, when carried out in the presence of excess ligand,

they allow a one-step synthesis of hydridometal-liéaﬂd complexes.

The, use of NaBH, can result in the formation of metal-boro-
hydride éomplexés; such complexes often exhibit structurally

interesting featurés, such as bridging hydrides and

fluxionalitysa. °

- \
~ i1ii) Hydrogen transferred from other sources: Transition

metal hydride complexes may, be formed by hydrogen transfer
" :
69

from solvent, particularly 5lcohols ; organometallic reagents, .

such as metal élkyl or Grignard reagent§70; oxidative
addition of varibus groups of formula HL, such as Group IV
hydrides46, protonic acids71 or hydrogen-sulfur compounds;

or by intramolecular hydride transfer, such as the oxidative

12

addition of a ligand C-H bond'“. The addition of water to

73,74

some transition metal anion, cation 7, or neutral complexes

. \
can result in\the formation of a hydride complex.

The additioﬁ?qf 1 to coordinatively unsaturated complexes
. g :
can also form hydrides. Depending on the nature of the

4

counterion and the number of electrons and empty coordination

sites on the metal complex, the counterion may coordinate as

3

64
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' well. This reaction then form&lly corresponds to the oxidative

addition of HL. \ ’

r

AN

) b) Reactions of Transition Metal Hydriées Complexes

i) Comments on the stability and chemical reactivity of
|
transition metal hydride complexes: Transition metal hydride

complexes, particularly those of the "late" transition metals,
are usually faifly stable with‘éespect to temperature, oxygen,

and water, presumably due to the covalent nature of the M-H

« bond. Many of these compoﬁnds are iight sensitive, howeverlz.
Yy

Hydride complexes generally] exhibit increasing stability

AN down a triad. The most stable examples usually have 18-electron
' L)
‘ - configurations stabilized by m-acid ligandsll.

) ii) Trans-effect: The hydride ligand exhibits a 'high

¢ trans effect, and so increases the rate of dissociation,

isomerization and substitution of trans ligands. ¢,For example,®

) : it has been shoWn75 in IrHX, L, complexes (where X = halogen
%

and L = phosphine), the ligand trans to hydride will exchange

prefgrentiélly to other ligands. According to one scale .of

76

the strength of the trans-effect’", the hydride ligand is

much Higher than the halogens and many other common ligands:

‘ it is comparable to tertiary phosphine, and surpassed only by
| . \ 4
C2g4, CN , and CO. Unlike the latter group of ;iganai(,’

! however, the hydride ligand is unable to participate i

T-bonding. It transmits its effect solely through o-bonding,.

) .
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which presumably polafizes and weakens the trans ligand-metal

bond. One study77 which a%tempts to separate - and c-influence

in the trans effect lists hydrid; as the ligand with the

largest o-induced trans-effect of any common ligand.

iii) Elimination of hydrogen: Hydrogen is often reducti%ely

eliminated from di- or poly-hydride cohplexes. The reaction
may be facilitated by heating ., irradiation53, an inert gas
purge ,' or by the presence‘bf excess free ligandeo. For

labile hydrides, any of these methods may be sufficient for

hydrogen elimination; others require special conditions. Some

complexes, for example, retain hydrogen upon heating but eliminate

it upon i;radiationSB.‘ %ystems which can reversibly add and

P

eliminate hydrogen have been studied as models for energy
12,51-56

storage . The elimination of'molecular hydrogen is

also essential for some catalytic processes, such as the water-
63

.gas shift ~. The intramolecular metallation of a coordinated

ligand may occur through M-H bond cleavage and elimination of

hydrogen72. ‘

iv) Hydride transfer to coordinated ligand: The ability

of transition metal hydride compiexes to facilitate the
attachment of hydrogen atoms onto coordinated 1;gands accounts
for the importance of these compouqu in catalysis. Various
examples of hydriée transfer in catalysis have been mentioned

]

above. )

v) Reaction with halides: Metal hydrides commonly react

! ‘

22
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with halégen—éontaining species, including halocarbon solvents.
In some cases involving thg,latter; the result is exchange of

H for Cl, Br and I. The reactivity of ghloromethanes with \
metal hydrides increases in the order CH3Q1 < CH2C12 < CHCl3 <
CC1478., Besides exchange of halide, the oxidative addition

of the solvent can 9ccur'as well®, |

Both ﬁydrogqn halides and halogens react with transition

metal hydride compleﬁes and generally exchange a halogen for

a hydride ligand, thereby producing a metal)halide complex,

w

" along with molecular hydrogen and hydrogen halide, regpectively.

1
The reaction with hydrogen halide is usually qu&htitative,
and results in complete substitution by halideez, although
there are exceptionsal.

vi) Other reactions: Hydride complexes cah undergo many

. \
other rea?tions, including thermolysis; intermolecular
hydrogen exchange with solvents, especially water and alcohol,

hydrogen or deuterium, and olefins; various acids and bases;

-

alkali metals; and, of course, a variety of reactions which do

not affect M-H bonds. The reactions of hydride complexes

are covered more completely in several reviewsl’lo’ll’26-3l;

\

B. ~OXIDATIVE ADDITION OF HYDROGEN TO TRANSITION METAL COMPLEXES
4

i

1. The Oxidative Addition Reaction

—
In oxidative addition reactions, all or part of a molecule

J

'
1
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is added to the coordination££phere of a metal complex. The
/ ' )
result’ is an increase in both the formal oxidation state of

the metal, and the'coordiqgtion number of the complex.

' Although reactions of this type have been known for, a long

time (foraexample, halogenation of a metal complex often is

an oxidative addition), it is only in thé last twenty years
}hat‘this class of reactions has been systematically studied.
The discovery of the‘reversible~hydro§en and oxygen carrier,
Ir«X»Cle by Vaska in 196183, and éhe realization that this
and simiia{ cdmplexes,displayed diverse chemistry, interesting
stereschemistry and applications to biology and catalysis,

rdsulted in widespread\attention to the preparative and

!

mechanistic aspects of oxidative addition. Several reviews ;

now exist which report and classify examples, mechani'sms and
reactivity trends in oxidative addition21’84_88. ) !

1

The oxidative addition reaction is relevant to several

areas of chemistry. In homogeﬂgous catalysis, for

| .
example, the oxidative addition of a neutral molecule, such N

i
as hydrogen (see section A, part 5b), is often the single most

’important step, since it provides a means whereby a ToléCule =
with a high bond enérgy can react undér mild conditio;ses. )
Sope addition reactions of covalent molecules to transition
metals, including.reactions which are not formal oxidations, \

can be considered as models for certain biochemical reactions, .
such as the reversible bindiﬁg of oxygen to haemoglobinsg-91 (‘

7
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- coordination éphere

and nitrogen—fixatibn92’93. An interesting example involving

hydrides is the following reaction in which nitrogen is

reversibly boundg4. 4%

\

— i
CoH(Nz)\IP3 + Hy, === Colly P, + N, (4)

A"
» b

Attention has also been drawn to, the similarity between

N

the absorption of small molecules on a metal surface( and the
oxidative addition of these molecules to metal complexesgs.
This rela?ionship has been observed from the points of view
of both coordination chemistry and surface chemistry.

Accordingly, the resemblance between the reversible addition

of hydrogen gas by Vaska's complex, and hydrogen chemisorption
96

on-metals has been noted”~. On the other hand, the surface
L

propefties of metals containing adsorbed gases have been

Iy
regarded in terms of metal-ligand coordination®?.

The simultaneous occurrence of oxidation and addition

'

can be regarded as a reflection of the ten@9ncy of organo-

25

metallic complexes to retain a set number of electrons in their

84, Accordingly, the loss of electrons by

oxidation is compensated by a gain of electrons through a

_ rise in coordination number. For the same reason, the early

" transition metal complex?s, with one to four 4 electrons,

tend to have a larger coordination number than the 'later

10 electronic configuration.

'

metal complexes of d'-d

AN
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Beéause its coordination number is already high, and steric’
factors preclude further increase, the former éroup shows

little tendency to underéo oxidative addftion. Cons?quently,
metal comp{fxqs involved in oxidative addition usually have a

d7 10

to 47 electronic configuration, ‘and so tend to be Group
VITII metals. “ \\\h
The oxidative addition redction ié promoted by low initial
oxidation state, high metal basicity, and unsaturation in
the coordipatioﬁ sphere. While steric effectgﬁggcount fof
“an

the third tendency, the otﬂér two simply Yeflect the fact that

complexes with the greatest electron density are the most likely
to undergo reactions which decrease it. For any giveﬁ,series

of complexes, the rate of oxidative addition is increased by

the substitution of basic, electron-donating ligands.. It
follows that the ideal candidates for oxidative addition are

Group VIII metal complexes in low oxidation states, having
. ' |

both strongly-bound, electron-donating ligands, such as alkyl‘
phosphines, and e%ﬁher empty coordination sites, or loosely=-

bound,. labile'ligands; such as a solvent molecule.

i

Kinetic studies have been carried out on a number of

' complexes in order to determine the effects of various

electronic and steric factors on the rate of oxidative addition.
The usual approach has been to compare the rate of reaction
observed upon the systematic variation of a ligand in a series

2@5 kinetics and thermodynamics of

-’

of analogous,compoundsg\

i
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\

analogues of Vaska's compound, I O)XLé, with X = halogen
or other electronegative droup, and L = tertiary aryl or '

aikyl phosphine or arsine, have been particularly well-

97-102'84. The effects of varying the oxidative

addend97'51, the steric?87190 414 gonorl®?

7

properties of L and

the electronegativity of X9 have all been examined, and the

results are generally consistent with the model described /

above: reactivity increasing with metal basicity, and

decreasing with ligand sizet0?

/

and the electronic and steric properties of the ligands has

recently been a&vancedloz.

. An eguation relating enthalpy
/ .

f

Some well-known examples of complexes which furnish
oxidative addition products are Ir(CO)ClPZ, RhC1 Py, Pt Py,
Pt P4,§Ni[P(OEt) 3]4 and IrH(CO) P;. Covalent molecultT.s which

can bé added to complex such as these include H2' 02, co;

51,10/3-104 ‘

Cl,, alkyl halides , olefins, (particularly activated

105 46

olefins, such as (CN) (CN)2) , and Group IV hydrides™ .

The oxidative addition of C-H bonds has been observed in aryl

cfompoundslo7

108

, more recently, alkyl C-H adqition has been

repprted . In both cases, intramolecular addition is most

often enéounteredlog. The similarity between oxidative

addition and classical donor coordination has been pointed out45.

2. Reaction Mechanisms of Oxidative Addition ¢
B [ T

u

For an oxidative addition of the general form

P P

Ledmar v

" ) PO
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‘ C / ‘ / o /ﬁ/‘
] LM +‘ XY + LM (X) (Y) : (5)
t ‘ ~ . Fn
g the following models may be considered as limiting mechanisms:
1 , / ! \
. ( - N,
‘ ‘ Scheme 1. Concerted Addition
X X
<0 () <~ .
LM + XY + LM —=1 LM
n ' n .. : n \
‘Y Y
. . e ' \ .
1 Scheme 2. Stepwise Addition ,
. i t
i + -
! / . [Ln\M-x] + Y
; ' i
§ ' , or
-y 1) -x1" L
) | LnM + Xy - LnM ) CRYD 4 -—-—> [LnM X] + Y
o or ;
! | o o\ B MeXE o+ Y
!
. N ' X o
J 2 \
) Y !
- {
‘ N 1
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Sqﬁeme 3. Predissociation of addend

+ .
[LnMX] + 'Y . ’/,X
oM+ xt ey 2 or 3, oy
n ‘ n \
- + Y
(1) f ’ [LnMY] -+ X
LM+ XY
. X
(1) . (3) L M'/’
\ : | M,
v// [L _MX]  + Y. /7 .
L M+ X-+Y -—(gl—-)- —p L M/
n: Ny
“ | (L MY} + X \ X
LM
L N
p

The concerted mechanism For oxidative addition is “

depicted in Scheme 1 gé passing through a three-center.

N

transition state where both ligands approach the metal center—— —

in an edge-on manner, ;nd attach themselves s@mul;aneously.

The reaétion therefore must take place in a single step and
exhibit second-order kinetics, ;n‘the absence of complicatiqg
siae reactions. Otheé charactﬁkistics‘of this model are the
requirement of coordinative unSaturation and, given an_optigally
active oxidative addend (for example, if XY is (CH3)(C2H5)CHI),
retention of configuration around the asymmetric céhter. |

Reactions of this sort are common when thé.addends are small

covalent molecules having littlé or no polarity about the X-Y-




‘bond;‘for example, H,, O2 or Si?, or when the\format%on of
‘ionic or.radical molecular fragments is unlikely.
In stepwise addition, Scheme 2, one envisions a linear

? transitioﬁ'staéé givipg rise to an'intermediate complex and a
molecular fragmént of the addend. The intermediate complex
may be charged, in which case the fragment will also be iqnic,
or uncharged, which would leave the remaining fragment/a frée
‘radical. Since the second step in the sequence, which would
involve the reaction between opposiéély charged ions, or else
involve a free radical, wéuld in most cases be rapid compéred

to the first, one would expect second-order kineticb to be

observed for this reaction, if other reactions do not occur

: ( to further complicate the rate law.

E . , An asymmetric oxidativg addend which reacts according

‘to Scheme 2 may undergo either inversion of cdﬁfiguration or
racemization. Inversion will occur if the ésymmetfic part
(in this case, X in Scheme 2) is added first. If the

: asymmetric fragment (in this case, Y in Scheme 2) is added

as pértug?lthe second step, then racemization will occur.

Stepwise additions are most likely in polar molecules N

where the electronegative end forms a good leaving group.

Such a reaction reifmbles an SNz-type nucleophilic substitution,
/ \

\ ’ 1

{

4

!

i

i ‘ .

% where, for example, the electropositive end of a polar ,

§ . ot 1
} ' ’ »

; oxidative addend forms a linear transition.state with a basic :
4

transition metal complex. In this regard, the ste:eochemistr{es

” - . !
. . i
] ° . -
) .
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of the oxidative addition products of polar addends, such as

asymmetric ﬁlkyl Halides, are| of interest (see below).
Reactions in which the addends predissociate (Scheme 3)

gre three-step processes, involving the dissociation of the

addends as a first step to form ionic/or radical fragments,

which can further react to form intermediate species similar

to those formed in the stepwise addition. If ionic species
are formed, the products should resemble 'those resulting from

a concerted or stepwise addition, while several species may
i . ! B

‘result from radical formation. The overall reaction is likely

to be rapid, and first order in either the metal complex or

the oxidative addend, but not both. Racemization would be

!

expected of any asymmetric addend.
\

For those reactions in which a ligand is lost from the .
starting complex, as in reaction 6, . o
p

[} \

N ’ . .
LM+ XY > Lo MX)(Y) + L . (86)

there is the additional problem of determining when ;q the
reactionusequence ié‘tﬁg‘liéiﬁd lost. Since the ligand may

Se lost before, during, or after égero;idative addition occurs,
#he mechanistic poésibilitie; are in ;his'case greatly inggeased.

The mechanistic models presented above must be recognized

as extreme limits: any actual mechanism may be a modification
' N\

of one or a combination of several. Even so, the models given
j :
~ ‘ » \
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above represent many possible mechanisms. The nat\ure of the
reactants often llmlts the mechanlstlc options, howaver and
renders certain theoretJ.cal possibilitiés 1mp1auslb1e. The
oxidative addition of hydrogen to Vaska's complex most likely
L \ \

occurs through a concerted process, for example, since the |
alte;natives involve H-+ free radicals, H i\ons, l:lydrido-

) metal anions, or ?ther species unlikely to exist Iin §olu1/:ion.
While neither these nor more complex mechanisms can be ruled

dut, they appear much less likely. The oxidative addition
, :
/ ° ' '

’/ of HCl, on the other hand, may easily be envisioned a%

proceeding through any one of the three general types of
mechaxfxisms: e.g., by a concerted ‘addition .in’ the solid state
or non-polar solvent; or else a stepvise addltlon (through
[LnM—H]+ + Y) o\r a predissociation into ,H an\d Cl” in a polar
solvent. Indeed, there is evidence that this reaction can
proceed by different pathways' that dapend on the‘ reaction
/ conditionsllo-. , _ \
Besides variability of the reaction mechanism with
experimental conditions, there is the more basic problem that
rany actual reaction may proceed by a mechan/isn{ in-between
the extremes that were initially'thougpt likeJTy, as well as by
a mechanism completely different, such as solvent-assisted
reactions, or‘;:—r}’ir\ rvention of a third reagent. The result

in the case of oxidative addition is that while reactions of

the three types presented here are distinguishable by the

32
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coml;ination of an accurate determination of reaction order,
studies with asymmetric reagents; and the use Of techniques
to detect free radicals, the mechanisms of mdany important
oxidative addition reactions remain unclear.

\ The stoichiometry and, to some extent, the mechanisms
of oxidative addition reactions ge;lerally depend on the
electronic configuration of the starting'complex84. Five-
c.oordinate-d-’ complexXes, initially 17-electron systems,
oxidatively aéd a single (one-electron donor) ligand to become
18-electron, six-coorc\hinate %8 complexes. The reaction
proceeds via a free radical mechanism in most cases. Four-
ooordir'xate d8 complexes, l6-electron systems of square planar
geometry, typi'cally will oxidatively add two single-electrén
ligands to form six-coordinate, d6 complexes. Tm‘a mechanism'

10

of addition to d compJ’.exes, as exemplified by Pt (0)

phosphine complexes, involves dissociation to form a l4-electron,

two-coordinate system which can oxidatively add two ligands

\

(to form four-coordinate d8 complexes) . - Examples of oxidative

additions to représertative complexes are given below.
\ |

An example of oxidative addition to d7 complexes is

provided by the reactions of Co(CN)53_ with a variety of .

reagenteos4 . \

]

v ® N

2co (M) > + XY + co(em 37X + ColcN) 3-y 7
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The second-order kinetic behavior of this reaction, as well as :

P

the detection of free radicals, indicate a stepwise, free-
radical mechanism, analogous iri part to Scheme 2. This is ~

in contrast to the reaction with hydrogen, where third-order

o 4

‘%k;petics indicate a concerted mechanism:of an unusual type

takes place, to yield C9H(CN)53°. ‘These prodqcts are otﬁérwise
analoqous to those obtained from the hydrogen peroxide addition.
The formation of a monchydride product by ;pch an unusual

route perhaps reflects the tendency for hydrogen to react,by

. s

'a concerted mechanism, even when straightforward stepwise
mechanisms can be cénqeivgd and aré in fact followed by other :

15
reagents.

Oxidative addition to Vaska's complex, as in the reaction,

>

S n

(8)

‘IrCI(CO) PZ + XY g IrCl(co) Pz(X)(Y)
(XY = Hy, 0,, halegens, inorganic or organic,

I
i

aciés} and alkyl halides),

represents addition to a four-coordinate d8 complek, and yields
an octah‘edral"d6 complex. Reaétigns of this type have been

extensively .studied with respect 'to their chemistry, kinetic

. beha&icr, stereochemistry, and spectral properties. A variety

of mechanisms' can operate, depending on’reégent and reaction '
21,84,88 \

-

conditions \

A concerted mechanism prevails for the addition of small,

| ’ v




| covalent molecules such as hydrogen. Evidence for a cqgcerted
mechanism indhrbé'second order kinetics, a small ginetic
' isotope effect, and the stereochemistry of the product21’97.
Whé; the rqaétion involved alkyl halides, however, a different
' - pattern of kinetic beﬁavior was observed, and the mechanism
was a matter of considerable controversy for some years., A
stepwise addition of the alkyl halide through a polar ~>
transition state to yield an ionic intermediate complex and
free halide ion was first proposed, on the basis of the
) second~order kinetics of, the reaction (like the hydrogen
7

addition) and its large, negative activation entropy9 .

’

Experiments with opticdlly active organic-halides were employed

e cros

i to distinguish between'a concerted and stepwise mechanism.

111,112 and inversion113

114,115

\.Both retention of configuration were

More recently,fitwhas b
‘ j

been reported that racemization-ocqurs, and that the reaction
' 116

reported but later guestioned

. Furthermore, it

d e e e e

'proceeds by a free radical mechanism

has been suggested that a large negative activation entropy

need not indicate highly polarized transition state or ionic
45,117

Ligd 2

intermediates, but may occur even in concerted reactions
g ‘ a Although a stepwise addition involving an ionic intermediate
' " is still plausible for some alkyl halides, such as methyl iodide,

and adequately explaihs some experimental results, it is '

. probable that for other alkyl halides, as well as other

o reagent551, a mechanism somewhere between the two extremes of

a0 | | ’ o | ‘ - S
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; AN
concerted and stepwise addition can apply. \

Platinum (O) complexes provide a well-studied example of

\
84’86. The first

oxidative addition reactions to a’ species
stage is generally dissociation of the starting 3 or 4
'coordinate platinum complex (such as Pt P3, Pt PZ(C2H4), Pt
[P(isopropyl)3]3 or Pt P4) to form a reactiv§ ;yo-coordinate
intermediate. The detailed mechanism of oxidative addition of
alkyl halides to the latter complex may be similar to that of
the d8 analogues of Vaska's complex. Platinum (0) complexes
containing alkyl phosphfﬁes will add molecular hydrogenll8,
and nepently; tpe oxidative addition of water to Pé[P(isopropyl)B]E .

to form P£H(0H) [P(isopropyl)3]2 has been reported64. "~

3. Stereochemistry 6f Oxidative Addition-

¢

The stereochemistry of the products of oxidative addition

: |

has been the focus of many studies''’., Interest in this

subject does not only stem fr?m a desire to fully characterize
'reaction products, but also“because the steréobhemistry of

the product can provide inform?tion on the intimate reaction

% a

mechanism. -

Furthermore, when oxidative addition is part of a larger
{ )
. process, such as a catalytic cycle, the stereochemistry of

this reaction has implications for the further reaction of ;

the complex with other coordinated groups. Although product ' "y




stereochemistry is often a guide to reaction mechanism, it

cannot be regarded as definitive: isomerization may occur

{
after the initial oxidative addition reaction. Therefore,

the final isomeric composition may be determined by the

thermodynamic stability of each isomer and the barrier to
their interconversion, rather than by the kinetic factors
involved in their formation. Consequently, the isoméric
composition of the products may be sensitive to feaction
conditions, partiéularly temperature and sol&ent.

The oxidative addition of two ligands to a square planar

! ’

complex yields an octahedral product, in which the added
ligands may be cis or trans. It is reasonable as well as

} .
customary to associate a stereospecific cis addition with a

concerted mechanism, and a trans addition or a mixture of cis

!

and trans with a stepwise mechanism. From the viewpoint of

orbital-symmetry, however, cis or trans aégiti6ﬁ3is pbssible
/
i 1 P
for either a concerted or/§;epwi§€ mechanismlzox
/
. - 120
Sketches of &ach type of addition, adapted from Pearson ,

are shown for reaction 5 (n=4) in Figure I-1l. The interacting

orbitals of thexcomplex and the addend are in the plane of

the\paper, and the non-participating orbitals are omitted. It
: \ .

cén be seen from the sketches that cis and trans addition

result from the overlap of X-Y orbitals with the same metal
d orbital. Cis and trans products are formed when X-Y is

parallel (a) or perpendicular (b) to the metal-ligand'plane,
- \\\.J

»’
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a) Concerted Cis Addit;on \
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b) Goncerted Trans “Addition
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Figure I-l1. Orbital symmetry of concerted oxidative addition.
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; " respectively. ' ' Co
| Stepwise addition in complexes of this type occurs
through a five~coordinate intermediate. If this intermediate
‘ ) is trigonal bipyramidal, bothacis and trans Qroducts can |
rééult.. A square pyramidal intermediate, on the other hand,
would result in stereospecific trans addiéion, assuming a |
rigid pyramid wit%)the first-added ligand in the apical
"' position121. Figure I-2 illustrates these possibilities for a
Qtepwise nucléophilic displacemeﬁt. The same products would
result for a step@ise free radical or pre-dissociative
mechanism. - ' N
; ' Although symmetry allowed, there has béén no unambiguous - §
f demonstration to date of a concerted trans addition to a squareL . é
- planar 9omplex.‘ Indeed, the case for which:it had been AN
\ originally proposed, that of the assymmetric alkjl halide
| add;tion with reported ;%Fention of configuratién (see above),
was later shown to opergte by a free radica} mechanism;}rather

' than a concerted onells. “ The addition of methyl halides122

i and halogen51°4

to planar complexes in a gas/solid interaction, “

! ’ or with the complex suspended or dissolved in non-polar solvents,
‘ | } .
: results in stereospecific trans addition; in polar solvents,

, . N, .
however, a mixture of cis and trans products occur in both

i cases. While an ionic stepwise mechanism is unlikely in the

* ~ gas phase,$a radical mechanism remains an alternate possibiiity

f ) to a concerted process. The observation of isomeric mixtures

0 1 | 5}
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a) Stepwise Trans Addition \Y—I}A —X
| L
L
b o |
2 ! L )_

L(-
- 1 }+ -

ENO-(XODV)=—> L-M-X + Y
Y ‘ 7\ |
-) L ’ 'L L
L \

" b) Stepwise Cis and Trans Addition M)_X

—

Figuré I-2. Orbital symmetry of stepwise oxidative addition.




41

in polar solutions is most easily explained by an ionic
- 1

mechanism which passes through either E five-coordinate cationic

trigonal bipyramidal interinediate, or a five-coordinate square

pyramid intermediate that réarranges in polar so]Tutionlzl;

Metl;yl halide adc}itions apparently are not rédical processes
in solutionll_s. o o -

) ’ ‘ Hydrogen halides add to solid lVaska's complex séérep‘—

ﬁ . specifically to form cis produets71. Like the gxamples of
trans addition mentioned above, however, s‘tereospecificigty

] is limited t9 *l}eterogeneous systeme and non-polar solvents;

. both cis and trans isomers are found in polar solvents'?. For

I hydrogen, the addition is s'tere(ospecifically cis J{n all cases

reported, regardless of solventSI. The same can be said fof

123

. It is'interesting

S,

f
the oxidative addition of Si-H bonds
Ve

to note that for Hz and RBSiH additions, where a concerted,'

\

three-centered process is the most likely reaction mechanism,

J only stereospecific cis addition has yet been reported. . =

1

There is some indication that the Steric properties of a

substrate may affect the stereochemistry of the producﬁs. b

In a study using an analogue of Ir(CO)X Pz,‘with X a very |

) . N\ . ‘L
bulky carborane cage, isomers were observed from j:he addition

of hydrogen124. It is unclear whether the variety of products

is the result of various modes of hydrogen addition, or the

subsequent isomerization of a single addition product.
' \
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4. Oxidative Addition of Hydrogen

Ly

The oxi?atlve addition of hydrogen to trans:.tlon metal
complexes may provide a means of obta:.n:.ng in51ght on some

mechanistic and stereochenical aspects of cox&certed oxidative
Y RO f
Y
addition. Hydrogéii is non-polar and unlikely ‘\to pre-

dissoc¢iate, react heterolytically, or be affected by polar

medla, and thus is likely to react in a concerted manner.
I

Information of this sort.would be particularly relevant to
the field of  asymmetric hydrogenat:.on, wher;\ the stereochem:.s ry
of catalytic infermediates (formed by oxidative a.ddltlcn of®

hydrogen to metal cczmplexes with chiral ligands) _is dlrectly

125.

related to the stereochemistry of the hydrogenation produci:s
The oxidative addition of hydrogen at ambient temperature

is remarkable considering the high bond energy of hydrogen

g

(450 kxJ/mol). It has been suggested that the reaction is

facilitated by metal d-electrons entering the 1 s* antibonding

J 126

orbitals of the hydrogen molecule, resulting if bond weakening

The metal-~hydride bonds together must have at least as much

- ‘ %
bond energy as hydrogen alone, since the overall reaction enthalpy

is ué_ually .negativeﬂ. ' Nevex:theless, ~gach metal~hydride {,bond

Vo

" may have less bond energy. The fact that metal coinplexes can

activate hydrogen toward further reaction is partly the result

of this relationship: that is, it is not necessary to supply

all of the hydrogen dissociation energy at once to initiate a

>
N




! ’ ) reaction between, for example, hydrogen and an olefin, but I

? only' that energi/ necessary to break a single M-H bond.
* ) | The preference for concerted mechanisms in the oxidative
: addition of hydrogen may be ar}uother consequence of the high
dissociation energy of Bhydro;;eri. It has already by pointed
[out in connection with the addition.of hydrogen to Co(CN)53-
complexes (see section B, part 2) that a concerted mechan'ism
' is apparently followed even\wh_en two metal complexes are
involved in the transition state. One explanation for this
beha:v'ior wouldibe that the forma\tiori of a single M-H bond'
1 does no't provide sufficient enérgy to allow the reaction to , :
; . proceed, but the fomal_éio_n o:‘/f two M-H bonds does. Whether !
the two metal-hydrogen.bo;uds ére formed to the same metal- )
compléx (as in the concerted oxidative addition given in ‘ !

Scheme 1), or to two adjacent metal complexes (as in activation

on a metal surface, a metal clustér, or, perhaps, a four-center

transition state in the cobalt case) may not be of primary
i 4 .
importance.. The "activation" of hydrogen in all these cases

may be due to the ability of each to form two M-H bonds-
\ simultaneopsly; It is interesting to note that water reacts

with Co(CN) 53- in the same manner as hydrogen127. Perhaps !

activation of water operates in ways similar to the activation
! .of hydrogen, as indeed has been reported with platinum
‘complexes“«, where two-ligand oxidative addition to a 'single-

metal center has been prdposed, @nd with metal c,lustgrslza.

@ | 5 ‘ C S

I\ .
‘ |
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. where adjacent metal centers may be involved.

Hydrogen adds to mononuclear complexes in a cis fashion
that is usually stereospecific. No examples of the trans-

addition of hydrogen have been so far reported. .

!

-C. A SURVEY OF THE SYNTHESIS AND PROPERTIES OF SOME RELEVANT

IRIDIUM COMPLEXES ’

1. IrH;(CO)[P(CH:),4],

k)
“

The iridium trihydride compléx IﬂrH*3(CO') P,, 1, was first
prepared by Malatesta et al. and fully reported in 196580
along with a series of ﬁhosphine-containing iridium carbonyl
hydrides. It was prepared through the action of sodium
borohyé_:fide or lithium a]\.\uminimn hydride on IrCl (CO) 1’2,‘ 2,
or IrHIz(CO) l'z. The addition of sodium borohydride, or
molecular hydrogen, ‘to a compl\ex ‘identified as IrH (C(\b) Pz

(actually IIrH(CO)z P2, see below, part 3) also resulted in

the formation of the iridium trihydride, 1. Two isomers of

‘ tﬁis cdmpound were isolated which had different i.r., m.p., . T
{

and electric dipole moments. Oﬂ the basis of these data, the’

following Structures were assigned.

H v
P H
N
P co
H ’ .
3 4 ,

5,
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C | ,ﬂ

in solut:.on, 3 was reported to change rap:.dly into 4, and so .

was cohsldered an unstable isomer of 4. An excess of tri- |’
|

phenylphosphine added %:o the trihydride, 1, resulted in an

equimolar amount of H2 plus IrH(CO) l’\3, 5, according to‘reactﬁ.on 9,

\ il
\ +
IrH3(C0) P2 + P + IrH(CO) P3 + H2 (9)
1 5

[

'l‘he trihydride, 1, was later repo\ted by Wllk:l.nson et al. 129

as part of a study ‘of Ir and Rh allyl complexes. The complex
Ir(‘n-a.llyl)co P2 reacts with inolecul;itr H, to give the tri-
hydri'de, 1. The sequence given below was proposed for the
reaction, where R = C3H5, although the \int'ermedj.ate frH(CO) Pz',

6, was neither isolated nor observed spectroscopically. . "

2

- N

J - -RH

f IrR(CO) P, + Hy + IrH(CO) P, + RH = IrH,(CO) P, (10)
, 2 ’

6 1 \

“r

The infra-red spectrum of the trihydride, 1, reported in this

study corresponds to the mer isomer, although a stereochemistry

_was not assigned. The complex was also prepared by b\ﬁbbling

P L R e

hydrogen through IrH (CO)2 !'2 in refluxing benzene, and by
addition of sodium borohydride to Vaska's complex, 2, in

ethanol. Both methods gave the product, 1, in high yield.’

There was no mention of more ‘than one isomer present.

N .
H
: oo \ » ¢
' . , ' ! {
{ . H
M H - 0

\
<
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Another study by Wilkinson et 21.130

first suggested
that the trihydride, 1, could be fbrmed from the tris (phosphine)
complex, 5. These wotkers noted that solutions of Ir_I-I(CO)2 PZ'

when heated under, hydrogen, .formed an isomeric mixture of

s

hydrides, while warming the solutions with triphenylphosphine
resulted in IrH(CO) 1!’3. The implication of these reactions is
that IrH(CO) Py, Ir#(CO), P, and IrH,(CO) P, all dissociate

via a common intermediate, IrH({(CO) 1!’2. .

’ 131

An earlier study by Vaska et al. had characterized

the product of hydrogen addition to the tris(phosphine)

complex, 5, as a seven-cooramate specxes, Ier(Co) 1!'3 As

%
others have suggestedl3o 132, the correct formulation is

undoubtedly the bis(phosphine) complex, 1. The same report
also stated that ethyl&ne formed an adduct with the tris-

(phosphine) complex, 5, at atmospheric pressure. This has been

disputed by Burnett et ;a_l.l32, who found no olefin~complex

formed with ethylene alone, or ethylene in the presence of

hydrogen.

\

Thé interaction of the trihydride, 1, with hydrogen |
and triphenylphosphine, and its role in the hydrogenation

of olegins was examined in a series of papers by Burnett

et 9_]_..132'135. It was found that the following equilibrium

was established, with K = 5.6 at 25°C in dimethylformamidel32,

v

Pt A SISO i P s Ve



P IrH (CO) P H, - IrH3(CO) P, + ®- . (11)

\

-
<.

}

]

{ The reaction kinetics suggested that equilibrium occurred

} | through the dissociation of triphenylphosphine, followed by .

the addition of hydrogen to a four-coordinate intermediate.

k |-

i) -P
——
IrB{CO) E3 = IrH(CO0) EZ + P ; (1,2)
+P !
2 o
1 1'“ :
; g k+H N
' IrH(CO) Pz + HZ ;.".:."— IrH3 (CO) PZ (‘137 (
-H !

¥
o

0 . o
Because of the complex equiljbria involved, the kinetic

results could only be expressed as ratios of rate constants*.

4 - -

!

i

At 25°C, - |

° |

N

o . , X .k _ !
) ’ ----kg—"--'-gﬂl.Sx10A3“sec1

+P

kS

‘ In these studies, the trihydride, 1, was réported as- a

9

*The ratio k.pksg/k.y appears in the abstract of Ref: 132.

. It is apparently a misprmt. The form given, above appears
! . later in the text, and is the ocily poasible quantity in view,
of related reactions.
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mixture of two isomers, fac and mer, with the following

structures.
1l

*

k H
) P H
oC ): 4
H
fac 3 . mer 7 ‘

g

It should be \noted that the mer isomer is given a different

80

structure than in the original work of Malatbsta et al. %, 4,

although the discrepancy is neither acknowledged nor explained

132. ~§quilib&ium between the two isomers

in the lagér paper
was assumed -on the basis of similar values for the equilibrium
constant of equation 9 over a large range of reactant

concentrations, along with the observed constant proportion

of the isomers in solid-state spectra of the trihydride, 1.

. These indications of isomeric equilibrium are indefinite,

however, since the range of equilibrium "constants" is

large (% 35%), and solid-state measurements do not necessarily

‘represent qquilibrium proportions.  In any case, a discrete

equilibrium between isomers was not shown directlf. Thus,

tﬁe nature of the isomerization and stereochemistrywof

the isomers of the trihydride, 1, remained ambiguous .
Furthef studies on these iridium compounds, 1 and 5,

were undertaken by Burnett et al. to determine the mechanism

5
-~
4

48

[
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of the catalytic hydrogenation of olefins, and the manner

in which the oQLrall rate of catalysis depends on individual
equilibria, between the variocus reagentsl33-l35. The iridiuﬁ
species were chosen for study because thé{r sléwer rgaction
rates render them more convenient than the otherwise more
useful rhodium species. The initial study132 of the catalytic
hydrogenation of ethylene with hydrogen, the tris(phosphine)
complex, 5, and triphenyléhosphine indicated that the active
species was the four-coordinate species, 6, present in a low
concentration, and(that the rate of hydrogenation decreased

as the trihydride, 1, accumulated. The following' catalytic
cycle was proposed, involving coordination of ethylene éo

‘an active intermeédiate, -6, formation of an alkyl species,

and subsequent oxidative addition of H, and regeneration of

the intermediate, 6. . - N
' +C H :?
-p 24 o,
IrH(CO) B, === IrH(CO) P IrH(C,H )(co) P,
3 Tp 2 T— 4 .
5 6
%‘ ~RH (14)
+H, ‘
4 A
f ' ) +H2 . ’
IrH, (CO) P, - IrH,(C,H)(CO) B, e— Ir (C,Hg) (cO) P,

“r

it 2 s At S i % o Rt e s 55 o, sk
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The trihydridg, 1, was considered only indirectly involved
in the catalytic cycle. ‘An ahalogous process had been
previously éfoposedl36 fordcatalysis by‘RhH(CQ) 93, except
that a trihydrihe species is'not formed with rhodiuﬁ.
Subsequent papers by Burnett's group examined the
stoichiometric and catalytic hydrogenation of ethylene and

butadiene with the trihydride, l,134 andNVaska's complex,

2 133

. 'Earlier conclusions regarding the méchanism of
hydrogenation catalysis were modified, and it was suggested'
that the catalysis was controlled not through eguilibria
involving iridium hydride species (equations 12, 13) Sut
through competitive reactions .of an intermediate complex. The
active species in cat;lysis was considered to be the
trihydride, 1 , rathér than the four-coordinate intermediate,\
6, singe the lattef was tthghtlto/be present in too low a
conéentration. The catalysis apparently proceeds through a
bimolecular reaction oé the trihydride, l,land ethylene. A
recent paper135 on the hydrogenation of dimethyl maleate )
}roposed a complex catalytic cycle in which the crucial alkyl-
metal intermediaté is “formed békq bimolecular attack Sndl, 5,
or a metal-olefin complex. | . T . .
The t;ihydride complex, 1; has been mentioned in several

other papers. Vaska et al. included this compound in a study
’ t

-

of the catalytic formation of water from hydrogen and

oxygenl37. The t?ihydride, characterized as the mer form,

i
Q




funct;oned as a catalyst'%or the reaction, although it was not
as efficient as some other compounds tested. The products

in a study of deuterium exchange with metal hydrides were

not fully characterized}38; howeve;, IrDzH(CO) Pz was
undoubtedly fo;'med by addition of deuteriuxﬁ to IrH(CO) P, 5.

. The‘tiihydride complex, 1, was one of a‘seriés of
compounds examined in a more recent polarographic s;udleg.
Half-wave potentials decreased regularly in going from
IrCl; to IrH, when compounds of the formulalIerCl3_;(CO) P,,

(x = 3,2,1}0)‘Jere'reduced. This trend was related to

increased covalency in the molecules. The linear correlation

" of the half-wave potential with the C~-0 stretching frequency

indicated to the authors that both parameters “reflect the

\

polarity of the molecular orbital". The facf that the tri-
hydride, 1, was consistent with this trend may indicate, it
was suggested, that the tgihydride, 1, is isostructural (i.e.,

phosphines trans) with the other members of the series;

I

accordiﬁgly, the "unknown" structure of the trihydride, 1,
would be that of the mer isomér, 7. This studi is another

case where a knowledge of the structure and isomeric nature of

5

trihydride, 1, would have been beneficial to.the discussion.

140-141

More recent studies by van Doorn et al. have shown

that both isomers of the trihydride, 1, were formed by oxidative
addition of carboxylic acids to analogues of Vaska's compound,

\
2, over several days at room temperature. The isomers were

AN
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rebarded as the products of disproportionation or decarboxy-
lation of carbonylbis(formatoihydridobis(tri$henylphosphine)—
iridium(III), and were charaéﬁe;ized by proton n.m.r. as
the fac, 3, and mer (trans P), 7, structures. This reportl4l\
is the first detaileq n.m.r. of the two compounds.\ Even in
this report, the fac isomer is not completely énalysed, and
some peaks are unreported.. Thg fac/mer ratio is reported as
1-to 3, although the method of arriviﬁg at this figurezis
not/mentioned. . K

Analogues of £rih§dride,l,have also ﬁeen reported.
Shaw et al. have studied carbop§itrihydridoiridium(III)\

complexes with the alkyl phosphines P(CGHS)(C2H5)5142'143 and

P(t-C4H9)2(n-C3H7)144. Crystalline solids were not obtained

in either case, although the products were well-characterized

- by proton n.m.r. in solution and the latter compound was

isoiated as a yellow oil. These trihydrides were prepared by
addition of carbon monoxide to solutions of the apprbpriate‘
pentahydridobis (organophosphine) complex. As in the case
of the triphenylphosbhine complexes, care must be taken to uée
only one equivalent of CO, since the formation of the dicarbon&l-
hydridobis{(organophosphine) ;ompléx‘is possible. Both
alkylphosphige complexes had the mer configuration (analogous
to 7)\in‘§olution; little or no fac isomer was detected.

An attempt to prepare the thiocarbonyl analogue of £ﬁe

trihydride, 1, resulted in the formation of a thiométhoxy

i

»
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complex, 11, apparently as a result of compiete hydrogenation
of the thiocarbonyl carbon atoﬁ to CH3145. The reactants
, - Jare otherwise similar to those involved in equation 11,
namely, IrH(CS) P3 (structurally analogous to 5) plus hydrogen.
The authors suggested that the reaction proceeds through the '

following intermediates.

H P
. m i H P ;
>__..p + H2 — 11
i P ‘ H SCH,
cs P
|
8
i
|
. .9
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_ Only the final product, 11, was isolated and characterized,

although other c¢ompounds with thioformyl
thioforma,ldehyde146
afterward.

hydride complexes.

145, as in 9‘,‘or '

, as in 10, ligands were isoclated soon
Neither of the compounds reported later were .metal '

Although the scheme shown remains a plausible’

J

. n -
one, a fac trihydride (8', analogous to 3) could be proposed

\ |

as an alternative to 8, wirth the advantage that a concerted

\
intramolecular two-atom hydrogen transfer to the th:\l\.ocarbpnyl

carbon might then be envisioned, obviating intermediate 9.

Such an alternative is not possible with the mer trihydride,’

8, where the hydrogens ‘adjacent to the thiocarbonyl group are

¢

e

P P
+ P /O N (16) ]
¥ !
1,c T "
s ,
]
10

“a e

trans to one another, Although the prop&sed alternative L

scheme is highly épeculative, it is no more so than the originai

proposal, and must be considered a possibility if it can- be shown

that the addition of hydrogen to the carbonylhydridotris-

!

i

y t

(triphenylphosphine) complex, 5, results in the formation of . I

both the fac, 3, and the mer, 7, trihydride complexes.

’

Many other ir\idium trihydrides have been prepared pf"}

- ——
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isolated for L =

55

, I
the formulae IrHaL4 or IrH,L,0Q, where L is a tertiary phosphine

or arsine ligand, and Q is a w-acid ligand. Of the former -

. }
group, isomers of both fac and mer configurations have been

; 69 69,146-148

(CH3), P(C6 5)2(C2H5),l49 and As(CGH5)3150. Structural
148

studies have been carried out"on both isomers of IrH3 P3

151

and on fac-~IrH [P(CH3) (CGHS)] .. The effects of ultraviolet

llght on both fac and mer IrH3 P have also been e:?amlnedl

The 1nterconver31on of the fac éhd mexr has been reported in \
benzene solution at room temperature with L = P(CGHS)(CZHS)z,

and with heating"for several hours in tetrahydrofuran with

69 ' : 151
L P °. The complexes IrH3[l?(CGH5)(CH3)2]3 and IrH,[As-

(CSHS)(C2H5)2]3F9 have been reported in only the fac
\ ! ’
The latter did not isomerize even when heated

69

configuration.

In contrast, the mer isomer was

predominant in‘a solution of IrH3[P(CZH5)3]3l43.

to its melting point

Two“qroupsiof trihydrides of the formula,IrH3LZQ have
been studied, and. exhibit contrasting behaviori With

L = P(C6H5)(C2 5)2 and Q= <E,wP(OCH3)3, As(CG?S)(CH3)2,

prodiuct ' (2 90%)
142,143

SbQCGH )3s CH3CN, S(CH4), and £(C gHg) (OCH3) ,, as well as

|
was in all ,cases the mer isomer of the trans-L configuration

\
(analogous to 7). The fac isome: was'in most cages undetected,

and approached 10% only in the cases where Q = Sb(CGHS)3

and S (CH;),. With L = As(CgHg) 3, and Q a‘serHes of isocyanide

e

B * q
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. . : 152
ligands (Q = CNCZHS' CN(C6H11), CN-p—tolyl;/CNip-anlsyl) ’

. on the other hand, only fac isoﬁers were ﬁ;olated. (In this
ot !
case, the assignment/of stereochemistry rests on i.r. data

T '

alone). It is possible that arsine ligaﬁds favor a fac

e VA T S PRI Ty e et by St ¢ o . o e o e

configuration for octahedral trihydrides; however, the data

=

are yet very incomplete in this regard.- In no case has fac/\{ner

isomerization in octahedral trihydrides been studied in detail.

t

~

2. IrH(CO) [P(CgHg) 314 (5) ‘ |

The title compound was first synthesized by Vaska and
- Bath153. A more convenient preparation was- reported by
130,154

( ) .Wilkinson et al. , who obtained the compound by heating

the chlloride, 2, wi;:'h sodium borohydride and excess ligand | )
‘in etl"lnanol. Harrod et g_];.lss have prepared it, 5, by the
dehYdrohalogenation of IrH,Cl(CO) P, witi’x strong base in t‘he
-presence of excess triphenylphosphine. The ‘reactioi;s of primarir | |
importance in the present study, however, are the preparation
of the tris(phésphine) complex, g, through the §,e‘action of

N IrI-I3; {CO) Pz,- 1, with excess phosphine,’ first reportéd in 1965

; by Malatestaso, and the quilibrium established between tI;e _,

trihydride, 1, and tris (phosphine), 5, complexes.

The tris (phc{sphine) complex, 5, is a pale yellow solid, i

stable for long periods in air,at room temperature, \and exists
156

in two interconvertible

crystaliine forms, differentiable

h
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: N | 80
f by solid-state i.r. and m.p. . A struétural study of the v
1 v 5

i rhodium analogue showed a trigonal bipyramid, with the hydride
f and carbonyl ligands in the axial position, and the phosphine
. \ ' , f
i ligands in an equatorial plane157. ‘The n.m.r. spectrum of .
| ) ! 5

a solution of the complex has been measured up to 100°C130. At :

\ ‘35°C, the spectrum showed only a high field quartet, but,
line broadening was observed at higher temperatures, and
coalescence occurred above 100°C. These observations indicate
that little dissoci;tion of the complex occurs in solution at i
! room temperature, and the following equilibrium lies far to/ﬁhe \

left.

IrH(CO) P; = IrH(CO) P, + P (16) \
5 6 *

The behavior at higher temperatures indicates either fluxion-

ality in complex 5 at high temperatures, or rapid dissociation
and exchanée of the phosphine ligands. The nature of the
| *  high-temperature coalescense was not specified; however, only ' :
! I 1

. |
the latter alternative (dissociation to the four-coé;dinaﬁe

\ speciés, 6) was suggested by the authorsl3°. Dissociation is

bt ettt mairns o et

indeed consistent~§ith patterns of chemical reactivity and
[N ‘ N !

kinetic behavior. .
o b N 1 Vo !

The reactions of IrH(CO)\l'3 may in‘éeneral be characterized

as substitution reactions of a two-electron ligand A or two

O - (

1

P4 .
’ AR . .
f
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one-electron ligands B and C (often from the molecule BC‘»in

an cxldatlve—addltlon reactlon) to form IrH(CO) (A) P oF

IrH(CO)(B)(C) rz, respectively.

Besides the addition o% H2

mentioned earller129,432

R Si'H44'45'117’159,

3

R,GeH

, reagents such as SO2
117
L]

117

158
r

'

R3SnH

\
, and activated alkenes

3

(for example, 105,106

(CN) ,C = C(CN),) undeigo reactions of

Ethylene ‘apparently only forms a complex with the
130,132

this sort.

trisphosphine, 5, at_elevated pressures , contrary to an

131

early report which claimed the facile formation of

IrH (CO) P3(CZH4), a,seven-cobrdinate, twenty-electron system.

The tris(phosphine), 5, can exchange phosphine ligands in the

\ \ . .
presence of excess L to form IrH(CO)L P2 complexes, where L is

a stronger base than Plso. When heated in an inert solvent,
t

the tris (phosphine) complex can €liminate hydrogen as well as

phosphine to form a P-bridged dimer, 12161’162.

ocC

Ir Ir ' 12

3

h_’e‘ lw-—- ——-l‘uw_e

\

| Kinetic studies on systems involving the tris(phosphine)

complex, 5, indicate a stepwise mechanism of substitution,

'in which the dissociation of phosphine from complex 5 forms a

reactive intermediate, 6, which readily undergoes oxidative
\
¢ ' \

58
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O

b

" IrH(CO) P

addition45:117132

X

\
+BC

IrH(cO) P, <-_=B->~E_ Ir (H) (CO) (B) (C) P,

(17)
( L - ‘

-

9 system of this sort, where BC = HZ' has been mentioned in

ently,ﬁoo reactive to isolate (see below), and

‘oxidative addition reactions quite readily. A .

N\ .
system utilizing the above equilibrium has been studied45, in

\which a/classical donor (P ) and the oxidative addend R;SiH

were bgth competing for addi%ion to the intermediate,\6. In

this case, measurements of the activation parameters led to

the conclusion thag éhe largest effect on the reaction rate
was deformation of the square-planar comélex by the Addend,
rather than the processes of bond-making and bond-breaking.
Co seéuently, it was suggested that oxidative-addition and \;

classical donor coordination are energetically similar 7

. f .
processes, at least in those cases where the oxidative addition

8 concerted.

1
1

80,163
a

The title complex was first reported nd

!
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characterized by Malatesta, Angoletta, ané Caglio in the mid-

Q

2

. sixties. Since that time, it has been cited in several places,

mainly reviewsls4, as well as a more recently reported synthesis

by another methodl46.

)

In contrast, the failure to isolate

this complex py a variety of methods has Slso been reportedlss,

\
- 45,132-135

és/well as numerous -indications from kinetic® and

spectroscopic130 studies that the complex is highly reactive
and unstable in solution.: \ N

80

In the original study, , the complex in question was

prépared by bubbliﬂg CO through IrH3 Pz,‘and the product

characterized on' the basis of i.r., elemental analysis, and

I

the following reactions: \ ., B
. - " &
o o
"IrH (CO) Pz" + P — IrH (CO) P3 (18)
) 7
5
. .
. +H, -
d b
"IFH(CO) B," === ‘IrH;(CO) P, (19)
. +N2 o s
. ’ , 1 }
P N
146

In the later report of Zanella et al.

to the one mentioned above in color, m.p. and i.r. was

isolated and identified as IrH(CO) P, by reference to the

9

original worxk. ' y

,, @ compound identical
1 Y L}

The dichrbony;\éegPlex IrH(CO)2 R,, 13, has Beén prepared

t

-

LN R
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130,165,166

by several methods , including bubbling €O through

‘ -
a solution of the tris(phosphine) complex, 5. The dicarbonyl

1

has been ve;y well characterized by i.r. and n.m.r. .at various

€’ y .
temperaturesl30, and by crystallograbhic structure

determinatiqn167. The physical properties of the dicarbonyl

61

complex correspond closely to those of the compound‘isolated‘by-

“ ° ° G \,
zanella and Malatesta, as can be seen in the following table.

v

bl
|

J
Table I-1. ,Reported Data on IrH(CQ) !2.\

|
i

"HIE (CO) B," "HIr (CO) P," i

ref. 80 146 o 130

HIr(CO)2 ra

2

mp (°C) 132 *. 128 ) 135
color pale yellow pale yellow ‘ ‘ yellow
i.r. \ 2040 2037 (nujol) 2029 (nujol)
(cm‘l) ‘ .
\ ! 1980 1975 1970
1920 - © 1913 ' 1915
- &
[ .4

In view of this striking similarity and thé widespread
evidence of the ipstability of IrH (CO) P,, the compounds’

isolated by Malatestaao 146

and Zanella should undoubtedly be
characterized as the dlcarbonyl, IrB(CO)2 T ‘ Indeed,
Wilkinson has already suggestedl3° an\garly claim163 of
IrH(CO) P, was actually the dicarbonyl, 13. It is not .

surprising. that the chemistxy of the dicarbonyl.dl3, should

LTI




AN

\
Q, N
mimic that of monocarbonyl, 6, since the former complex reacts

via CO dissociation, to form the monocarbonyl, 6, as a highly
- \ .

80

reactive’intermediate. Most of the preparations of the

putative IrH(CO) Pz involve excess CO, and so are also -

3

consistent with a dicarbonyl formulation.

Y

curiosity is the production of "IrH(CO) P," by bubbling nitrogen

.through a solutlon of the trlhydrlde, IrH3CO EZBO.

The only remaining

Here it

e

is llkely that either a compound other than the dicarbonyl

* -1

was formed (but hav1ng a band at 1985 cm ~, similar to the '

13

products of a nitrogen purge reported in chapter 2), or a
Teaction with the prec1p1tat1ng solvent , ethanol occurred

to form Ehe dicarbonyl, as indeéd occurred in the report of

146

Zanella™ . In any case, it is clear that“irH!CO) P, has not

\ t, W .
.yet been isolated. and characterized, and that all previous

o . ’ “~, . )
c¢laims to’'its existence, other than as a reactive intermediate,

el
’ 7

»

are erroneous.

It might be-pointed out here that the otﬁer "insaturated"
hYdride isolated in the study by Malatesta et al., IrHy P

Pl
has been shown ¢o be the pentahydride, IrH5 33168.

Since many
of ‘the compoonds in this study have been characterlzed by a
nhetwork - of 1nterlock1ng reactions, it is 11kely that many of
the otherskhave been mischaracterized as well.. -In‘particular,
'Irﬁlzbzb ;' [IxH,L,1C10,, IrH,IL, and [IrH,(CO)L,]1C10, should
proﬁably.be’identified, respectiveix as IrH3I,L,, TIrHALZ]Clo4,,

L A o y N 0 I

9 ~ '
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|
O

% 1
IrH,IL, and '[IrH2 (CO)2L2]C104 instead. By the same token,

the five-step reaction scheme proposed by Zanella for the

reaction of IrH3 1!2‘ or IrHe IPZ) with ethanol must likewise be

considered invalid, since it was largely based upon the

characterizatiqn of the reaction {:roduct as "IfH(CO) Pz .
Ali:hbhgh IrH'(CO) P,, 6, has not been isolated, there is’

a large amount of chemical and kinetic evid?nqe ijndicatipg

that it is an intermediate in the substitution reactions of .

saturated iridium species of the :fdrmula IrH(m),(gf??mlle, whizre XYy

is a classical donor or oxidative addend. The qﬁem'i"‘gal

\

evidehce includes the repeated demonstration " the r.’e,versﬂaility

[

of the following egquilibria , and the interconvertibiliﬁ:y
- k4 3

T e - . FOTET] . '
of many of the possible XY/AB combinations. o

~
'

! -Xy +AB

— — ‘

IrH(Co) (XY) Pz g:;; Ird (CO)r le ?A.:.B. IrHl(CO) (AB)J P2 >'(’,20)
xY or aB = ®°0r132 g sin?3, R3SnHll7, r,Gen’ 17, s0,1°8, col??,
80,132 | Y
H2 ' oo,

Reaétions'where XY or AB is gaseous are convenient in this
regard in that they may be readily initiated (by bubbling the
qas through the solution) or reversed (by heating, or purging

with inert gas). Kinetic measurements are consistent with a

1

dissociation mechanism to form an unsaturated intermediate, 6, -

. . \
when XY = P, AB = R4MH, (R3 is a variety of organic and

\ i

[ L

s
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45,117

electronegative groups, M is a group IV element) , and’

XY = P, AB = 32132. These kinetic studies are consistent

with a n.m.r. study which indicates complex 6 is in a very
low concentration when in the presence of a free /ligandl3o.

- §
Thc\are has been .no definite spectroscopic evidence for

the existence of complex 6, and so the stereochemistry is.

unknown, The high-temperature spec}trum of the tris(phosphine)
complex, 5,e indicated only rq.pid exchange of the ligand,. not
the spectrum of the ‘dissociated specieslBo. The rhodium
analogue, RtJH(CD) P3, which is much more .highly dissociated in
solution i:han the iridium complex, 5, has been studied
spect/roscopically at; various temperatureslsgl. Evidence for a
high degree‘of dissociation comes from cryoscopic and osmomefric
molecular weight measurements. Also, n.m.\/r. data indicate |
that rapid P exchange occurs at room temperature, but at -30°C,
the complex exists as an undissociated trigonal bipyra‘mid.

Becauss both n.m.r., chemical shiftg (1H in Rh~-H) and infra-red

. ) .
.stretching frequencies (th-H' vc__o) were unchanged over a

¥

range of temperai:ure 6{1(1 solvents for which the degree of

dissociation was known to be different, itvwas concluded that

{

the H and CO ligax{ds were trans to one another in the

!

dissociated and undissociated species. Therefore, RhH(CO) P2

has a squafe planar, P-trans geometry. ’

By analogy to the rhodium case, it is reasonable to

1

assign to IrH(0O) 6; ‘a square planar, trans- IP geometry as well.
; 2 square,

' ,




‘stereospecifically.

P Co
- !

.

This geometry is r\easonable from the viewp%i;'zt of the
comparative ste/aric properties of the phosphine lig&;xds. Also,
this complex, 14, is an analogue of Vaska's complex, 2, _w’hich
has trans phbsphines. A large and well‘-s;:udied group of
analogués to Vaska's complex, 2, of formula Imzz, where X

is a variety of eleétro-negative species, Y,‘ = CO or C§, and

Z any of a large number of tertiary phosphines or arsines, all
have a planar geometry ‘:vith Z in the trans position. This
geometry is even observed when\the Z ligands are connected by -

a long alkyl chaing.g. The séle exception appears to be a

(<)

?

chelating diarsine complex, which is reportedly of cis

configuration”o; this complex has not been definitively

characterized, however.

. The stefeochemistry of oxidative addition to complex
\ .
14, generated by the use 'of the tris (phosphine) complex, 5,

can be coméared to that observed for analoguesgf Vaska's . I'

complex. The addi#tion of hydrogen to Vaska's

been studied in\detqilsz'", and it was found that products .

-~

in which the phosphorus ligands remain trans'are formed

alogues has

t

‘s

W
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IrX(CO)Py+H, ——

EES —

\
l

The stereochemistry of the products when X = H has ndt yet

.been reported; much of the present thesis deals with this

subject. The addition of silicon hydrides to -analogues of

¢ 5

Vaska's complex has been studied for cases where X is a

hydride or halogen. These studies are related to those of
hydrogen addition, because both represent concerted oxidative

addlt.xons. Addition to complexes under mild conditlons yield

products analogous to the above reaction, when X = C11123.

) ’ ‘ ' .

Si _

: _ oc P !

' Ix:}{%ml!’2 T ! 15 ’ (22)
) H . |
X
i i

15

* ! ! ) [
In solution, however, the dihydride, 16, was isolated with

171 through a process

! an entirely different stereochemistry

PR
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(A% H N
. P si
2 H | o

% ) cO

¥

- N . 16

! : N

| ° .
apparently involving reductive elimination of a Si-Cl compound.

!

Eilyd

' -« The same product was observed tor the addition of si-H

. 5
compounds to the tris(phosphine) complex, 5, suggesting that

the intermediatq 14 was involved in both caseslsg. An

- experiment using a silicon deuteride complex indiqatedgthat

i

| .
. both ligands added tr;ns to pbosphinel72. \
O. B |
° l
) |
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CHAPTER II

o
i

STRUCTURE AND ISOMERIZATION OF IrHa(CO) [P(C6H5)3]2 f

Y

A, INTE?UCTORY REMARKS

The_ structure of IrH,(CO) P, and the nature of its

A

isomerization are reported in this Chapter. Two isomers of
‘the ti1::le complex have been isolated in pure form and fully
qharaqterized by-i.r. and n.m.r. "spgctrobcopies. The n'ature.
of the eéuilibrium between isomers,‘anda the'condit::i.cms| under

which it is established have been ‘studied. Ambiguities in the

| .

literature regarding the structure and isomerization of thg

. N ,
title complex, referred to in the Introduction (Chapter I),

have been resolved. After the completion of thisawork, the
- o - y
structures of the two ‘isomers were determined by ‘n.m.r. and

140

;repo'rted , although isomerization behavior was not discussed.

5

B. EXPERIMENTAL PROCEDURE y

N
s . b

1. Preparation and Purification of fac and mer ]frH3(CO) P,

T

. . M
The following procedure is a variation of a publishéd
methodso.l A suspension of £ran's-IrCl(CO) 1'2154 (.50 g, .64

A . . .
mmol) and sodium borohydride (.15 g, 3.9 mmol) was stirred in

! i
5 i

freshly distinlgle‘d acef:}c?ltri,le (5 ml) for 24 h under an

“ }

D ) o et 2

ot i s R min A 3 4
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atmosphere of hydrogen.' The solution was then evaporated

to dryness in a stream of hydrogen. ‘The iridi complex

was extracted into toluene (6 ml) by stirring the residue in

toluene for one‘ hour at 40°C under hydrogen, and filtering the

resulting suspension. The mer isomer was precipitated from

the filtrate by the careful addition of hexane |(6 ml) and

filtered “\fré\n the solutiorx. As soon as pbssib e after

removal of the mer isomer (< 5 min) , the fac ispmer was obtained

by addition of more hexane (ca. 10 ml), cooling| the solution

to ca. -20°C, and filtering the solution under itrogén.

Although the trihydride was produced in high yield (ca. 80%) .-

| , : \
the total amount of pure isomers obtained was less,|usually

20-30% each. The relative proportion of the mer| isomer could

‘ |
be increased by leaving the initial toluene/hexane solution

undex hydrogen for 24 h. Under these conditions a\53% vield

4

of\ pure mer isomer was obtained. -
! L | |

\ b3 ES

’

2. Measurement of Spectra

1

( i
Infra-]-'i?a‘c}.flspepira were recordedh on a Perkin-Elmer 257 \
Grating Inf:a-*,reil S‘pect‘rophotome‘tér .1 All spec:ra were »
calibrated by llreférence to gﬁe 1601 and 1583 icm_l peaks of
polx\rsty.i'ene,\ .;inq are believed accurate to * 2 cm T,
Solid-state .spect'ra were. obtained from samples disperséd

in KBr disks, or Fujol"mulls between NaCl plates. Solution

o .
. " L - !

e S

oo .

PRIV

st
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IBruker WH-90 Fourier-Transform Spectrometer equipped with a

70

(

.’ -

’ spectra were measured'using matched 1 mm pathlength solution

cells with NaCl, windows. Samples were trgngferred tc; the cells
with a \syrin’ge from a standard methylene chloride solui:ién ]

(ca. 7 ‘n}M) . ,Atnio‘sph\eric gases were not ri‘gorously excluded T
during the transfer process. Spectra v}eré recorded within :

five minutes of transfer. Stock solutions were kept in a

constant temperéture bath under a sta\tic 'atmosphere of hydrogen i
or nitfogen: In experiments done with a nitrogen purge, a i

Il

constant total concéntration of iridium in solution was

N,
AN

maintained by periodic restoration of the sample volume with |
1\ . be

1

solvent.

Proton n.m.r. spectra were measured at 90.023 MHz on a

liquid nitrogen variable temperature probe capable of + 2°C
/( - ~
temperature stability.' Chemical shifts'were measured
. -
electronically from the solvent-reference (CHDC].2 ':‘g 4.65 1, or

o
4

CGD§F:HD2 H 7/. 91 t), and are accurate to ¥ .01 “ppm. Coupl‘iné

+

‘constants and relative chemical shifts are accurate to % .5 Hz,

The 31p n.m.xr. spectra were measured on the same

|
except where noted. : ‘ o | )'
instrument at 36.442 MHz. Chemical shifts were measured !
)

electonically from an ex%:ern‘l 1 reference (85% H3P0'4 2 0.00

lsd) ’
. . i
and are accurate to ¥ .02 ppm. Since coupling with the phenyl /)
\\\ . . . M ? .\ '
protons on the tertiary phosphine ligands reésults in very

)
1




broad signals, spectra were recorded, with these protons

decoupled. In some cases, it was bciassible to 'selectively

dec0up1e the phenyl protons; the‘*i"ema".ining hydride-phosphorus

‘

coupling, howev’er,\ was diminished by residué.l decoupling

31? spectra) = .GGJH_P(J‘H spectra)}. The reported

[3p(
couplinq constants are corrected for partial-decoupling and

-

are accurate to t 2 Hz, .
Spectra were measured in CD,Cl, solut:.on (ca. 20 mM)

Samples run at low temperature were cooled soon (< 5 min) after

dissolution. Vortex plugs were used in the samples run at :
§ N B

room temperature, and these isolated ‘the solutions to some

N

extent with respect to gaseous interchange within the n.m.r,
] .

tube. Solutions u;e're filtered and put in tubes under nitrogen

( but not sealed rigorously,»nor was the solvent degassed prior
. R

to dissolution, . .« .

¢

Second-order epeptra were analyzed accgrding’to an AA'XX'

spin system. Coupling consta.nts were determined by repeated

simulatmps until a suitable fit with the experimental spectrum

was obtained. A calculator program was written to facllitate

»

1
thie, and is given in Appendix TI1. |
. {

C.

RESULTS

~ I

Infra~Red Spectra . - .

» f N \

\

(o ]\

The infra-red spectra of both isomers in the solid state

¢

PN
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Table II-1. Infra-red spéctra of fac and mer IrH,(co) P,.
- - Al:;sorption wavenumbers (cm_ Assignments =¥
- isomer . (nujOI) — R BO - T - .
{pt. group) (C112C12 soln) (literature) (mode) (group-trans ligand)
- - o 8
3 Lo 2077 s 2086 s 2080 2a Vo o (CO)
. ] 2062 m : o 1 Ir-H e
mer -— 1962 s 1969 s 1965 \j "\cc:o (H)
. CZV 1953 sh d ° .
) 1780 s,br 1785 s ':!,785 B, - Vir-u (H) .
T . - B [
- e 845 m 845 5
e 7 809 w 802~ e Ir-H (
-~ - - - . ]
NN 2112 m - 2118 A'(2) Vi g (P)
" fac 2071 s . 2083 & 2080 CAY(L) . —
QE 2057 m ” A" Vir-p (CO-P)
, D - -
. _ - 1953 s 1972 s 1960 N Voo (H) —
T r ) -
s . 859 w 850 ; - o,
« 852 w . 840 s
L . 821 w . 820 Ir-H .
. - . . 809 w 800 2 -
. ~ )
o 3, . - - Fl -
m B - o - - T e Bn T
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et

‘ wavenumbers in the region 2200 1700 cm

e

t
® /7

are shown in Figure II-1. Corresponding infra-red

-1 are listed in

Table II-1, and compared with literature values. It 3anvbé |

'seen from Figure II-1 that complete isomeric separation has{

been achieved. peaks cha}acteristic of one isoner are absent
in the spectrugn of the other. Fozf- example, there is no peak !

-1 in the spectrum of the mer isomer, xior na.l\xy at

<

at 2112 om
1780 cm Ll in that of the fac 1somer. The wavérniumbers reported

80 / .- f'.

The assignments are

A )

here agree well with pub}iahed values
discussed in detail below. SOIution spectra are listed ‘in
Table II-l, and are further descricbed belov, and in Fxgurep

I1-7 to II-9. oo

A1 b
®, L , " : s

2, The N.M.R. Spectra oﬁ‘th'e Isomers = - '
: i e D
The lH' n.m. r. ’spectra of. both. isomers of IrH, (CO) “1'2 were

© ee

meaa,ured at 25°C in methylene, chlox:ide-dz, and are premteé - -

in Figures II-2 and I1-3. The!spectrum of the mer isomer
L
may be analyzed.and 4ssigned in a’ first-order’ manqer. “he [ -

parameters agree closely witt\ ‘those of analoigoua éompounds .
i\n the literature, as can be seen in Table. II-3. The fac L

i I .
iaomex: is not amenabLe to first-order anlalysis. a computer RS

simulation* using ;litgrature values]‘" 143

“a \ 4
! »

"This simulation was.done by Dr. Goxdon Hamer of Dr. Perlin's -
laboratory , McGill University, as were most of the }H spectra.
The 31P upectx:a were meastred by Dx. william Dawson, of that
laboratory. ALl other ca;culat ons ~of spectra. &nd apectral

, parame ers: mre done by 3‘1 thor. ' R

t »

\ LR , \\4 ‘ .
.

was performed : <




, Flgure I1I-2.
' {

e

The H n.m.r. spectrum of mer-IrH3(CO) Py,
measured at 25°C 0.2 h after dissolution in
CD2C1y. Peaks due to the fac isomer are
hatched. The frequencies of\\numl?ered peaks are

listed in Appendix II.
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Figure II-3./ The lH n.m.r. spectrum of fag-IrH3(CO) P3,.
measured at 25°C 0.2 h after dissolution in
CD2Cl;. Peaks due to the mer isomer are hatched.
The frequencies of numbered peaks are listed in

Appendix II.
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'Table II-2,. lH and 3]'P n.m.r. parameters for fac and mer,

IrH, (Co) 1’2*.

Hd (
P’ H'
C
/ P Hc
co
3 7

fac isomer C mer isomer

Chemical shifts’ y
1' ’l P
Hy -10.20 § (20.20 1) H, -10.06 §'(20.06 1)
By -11.42 & (21.42 1) H, -10.54 § (20.54 1)
P 6.55 6 . P 15.48 &

|
Coupling constaiits, 1y spectra+

e

JHd-H (cis) 2.4 Hz \ ,JH -p,p (cis) 16.6 Hz
. © 4 a,a x \
Jy..p (cis) 18.1 Iy -p, P (cis) + 19.5
d b
J. _o» (trans) 123.1 P J _ .
H -P / Ha,a Hy (cis) 4.6
Jyg -p (cis) -18.1
c
.J =1 2"5
H-He .
Jp-pr “ 4-8
continued/

77
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Table II-2 continued.

fac isomer

Coupling constants, 3y sp&ctra

JHd_P (cis) 18 Hz
JHc P,(trans)_olz3

) JHC-P (cis) ~l§
Ipp -
In n -

- \

mer isomer

7 L
(12.0; .66) Jy -p 17 Hz (11.0; .66)
a
(81.2; .66) JHb-P 20 (12.9; .66)
.66)

(~12.0;
(12.0;»275-3)

(0; 0)

78

.
All spectra measured in CD2C12.

¥* &

T units,

T units are given in this"table.

The

converted by the formula § shift = 10

* 71§ measured at 25°C, *
relative to 85% H,PO,, t

.01 ppm error;

.02 ppm error.

The chemical shifts are recorded throughout the ‘thksis in
in common with most of the literature.

Both § and
units may-be inter-
- 1 shift.

\

31P,measured at 25°c,

+Coupling constants measured and calculated from hydride
t .5 Hz error.

spectra;
7

Coupling constants calculated from

and are corrected for partial decoupling; t 2 Hz error.
Values in parentheses are the aEparent

and the ratlo J( H spectra)/J

coupllng constant,

P spectra)

31P{phenyl protons} spectra



TN

e

Table II-3. Proton n.m.r.

—

5
Y

parameters for analogous mer—IrH3(CO)L2 complexes.
N )

) L reference
P(Cts)st  present
_ p(c635)3+ : 140
P (C,Hg) , (CeHg) T 143
P (t-C, Hg) o= ) 144"
(n-C,H,)

(1)

20.10

19.2

20.79

21.58

(1)

20.53

19.9

21.58

22.39"

«

J

P—Ha
(Hz)

T 16.7

16

16.5

14.6

e-n
(Hz)

19.3
20

20.7

JHa_ﬁb
(Hz)

4.6

. :
Measured at 0°C in CD,Cl,; + .01 ppm error.

+Megsured at 28°C iﬁ CGDG;

+Measured at 28°C in C6D6;

+

.2 ppm error.

.02 ppm error.
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(Fi_ghre IT-4), and closeiy matches the experimental' s—pectrum.
The épectra, assignmei%\ts, é.nd_ analyses are further discussed
in the next section. \%Pa‘u:ametgars for both the fg;“ar;d mer
isomlers are summarized in; Table II—ZT A comp;letg tabulation
and analysis of these spectra may be found in Appendix II.

The 31p n.m.r. spectra of the trihydrides were recorded
as'well. A completely decoupled 31P{H} spectrun; of a mixture

of the isomers ;howed only two singlets at 15.48 § and 6.55 §.

The inclgsioﬁ of \phosp’horus - hyd;cide coupling in the $péctrumu i
resulted in the appearance of a gquartet and a synunetrica'l

multiplet in tﬁe 31P{pheny]: proton} spectrum (Figure II-5). -
' These siéna‘ﬁ.s are assigned to the mefand fac isomers,
respecﬁively. Simulated spectra wére :calculated to extract
values ofn‘ the coupling/ constants, and a calculated spectrum
whic;x agrees closely with the expérimental spectrum is shown
in Figure II-6. Numerical values for calculated spectra are
listed in Appendix II. Apparent coupling constants, used
to éalqulate the spectrum in Fiqxilre’11-6, are listed in
Table II-2, along with coupling qonstants corrected fo/r
partial decc;upling. T_he spectr‘a are further d:iscussed in the
next sectior;. ‘ ‘ o

\

-3, Isomeric Equilibrium in Solution

a) Infra‘Red Spectra
|
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Figure II-4. A -simulated 1H Spectrum of fac-
The experimental spectrum is sh
e - .

Irt3z(CO) P,.
own in Figure II-3.
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Figure II-5.

Thle 31P{phenyl protons}! n.m.r. spectrum.of a

mixture of fac and mer IrH3(CO) P2, measured
at 25°C in CD2Cl2. The hatched triplet is due

to IrH;Cl(CO) P, formed by reaction with the | .

solvent. An expansion of the quartet due to |
the mer igsomer (inset) reveals a shoulder on
peak 3. The frequencies of numbered peaks are
listed in Appendix II. .
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Figure II-6. A simulated 3:‘1‘P{phenyl protons} spectrum of a
: mixture of fac and mer, IrH3(CO) P3. The
experimental spectrum is shown in Figure II-5,
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‘Spectra of solutionsg o;f the fac and mer isomers in
methyler?e 'chloride, initially both \in pure fqrm, were recéorded
under a hydrogen a£mosp}1e}é at 55°.C, and are shown° in Figure
Al/thou.gh; thé

o

11-7. Ir—H angd C-0 stretching wavenumbers are

similar to those measured in the solid state, ‘solution spectra

-,

o S
exhibit broader, less-resolved bands. The high-wavenumber

~ peak ip the spectrum of the fac isomer is not resolved in
. solution; consequently, the band at 2080. cm"l is more intense

in the solution spectrum of the fac isomer than that of the

/N

mexr isomer. .

o / ¥ .

”

Solutions that initially contained only the fac or mer
£ "

isomer show§§ an approach té an equilibrium mixture of both “ "
- isomerscwhen kept underé an atmosphere of hydrogen at 25°C,
. ‘as illustrated in Figure LI,-7. Spectra of a solution of the. . .
mer isomer showed an increase in the Ir-H ‘(H-trans—co, or -P) -
peak at 2080 cm—l,' a diminution of the Ir-H (H-trans-H) peak

T at ~l786:cm_l, and constancy of the CO peak with time. Such

@ df}" ’ . {
behavior demonstrates an isomerization to an equilibrium

. , amount.»'wof the fac isomer. Analogous behavior was seen in’'the
=4 . ’
variation with time of the spectra of solutions that contained
v
' }‘T‘/ ] I M a
initially only fac isomer. After about six hours, the spectra
¥ )

_gof both solutions were identical, with both fac and mer

Y
ki

i 7
2 lsomers present in the same proportion regardless of the
starting isomer (Figure II-7b) . The solution composition

[
% _ remained unchanged after 24 h under a hydrogen atmosphere,
. 6- .

H
RS 1

——a i
s

2



Figure II-7.

!

I.r. spectyum of solutions of mer and fac
IrH3(CO) P5, under 'a hydrogen atmosphere, at
25°C in methylene chloride. The solutions were

- initially pure mer or fac isomer, but shpw

‘interconversion with time in spectra a, b, and c.
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with neither a departure from equilibrium nor degradation
of the complexes having occurred (Figure II-7é).

Sq&utions of both isomers were studiéd under a nitrogen
atmosphere, under conditions otherwise similar to the
previous experiments under hydrogen. 'Typical spectra are
given in Figqre I1-8. ‘The same behavior was observed in this
case as under hydrogen for the first hour; at longer reaction
times,.however, the spectra differed. Simi}ar peaks due to

1

Ir-E (2080 cm ©, 1780 cm 1) can be seen in the case of both

the fac and mer isomers (Figure II-8b), when compared with

& . .
corresponding speé@réﬁrecorded under hydrogen after six hours,
- L‘ L) i3 Ay

Peaks due to Ir-H continued to diminish when left 20 hours

v b

. il ' (':‘
under nitrogen for both isomers (Figure I&—Sc). Althotigh the

fac sample apparently contained somewhat more hydrogen bound
to iridium than the mer sample, both solutions contained
considerably less than eq#ivalént solutions under h¥drogen.
These spectra suggest, thén, that one or both of the trihydride
isomers degrade through loss of hydrogen bound to iridium,‘
and that this loss can be prevented or reversed by the presence .
of molecular hydrogen in the solution. |

An-even greater loss of hydrogen from the éystem was
observed when a methylene chloride solution contaiﬁing the °
fac or mer isomers was purged with nitrogen for séveral hours.

Experiments indicated that there is a reaction with solvent {

that does not occur under static nitrogen (see below).

AN
N /

’



Figure II-8.

.
[

I.r. spectra of solutions of mer and fac
IrH3(CO) P3, under a nitrogen atmosphere, at
25°C in methylene chloride. The solutions were
initially pure mer or fac isomer, but show
interconversion and loss of hydrogen with time
in spectra a, b, and c. | \
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b) N.M.R. Spectra

Fiqure II-8 shows the proton spectrum of a solution that
initially contained only the mer isomer, after 4.2 h in a
i .
o8
relatively concentrated methylene {’Ehloride-d2 solution that

was isolated from the atmosphere. Ipterconversion between

- .

isomers can again be observed by the appearance of peaks‘
corresponding to the fac isomer. Spectra taken as a function
of time clearly indicate a gradual diminution of all peaks
associated with the mer isomer, and a corresponding.ificrease

in those of the fac isomer. In solutions of initially pure

fac isomer, the opéosite situatio; pfevails. Thei&ate of
interconversion is relatively rapid soon after dissolution:

a noticeable change in the spectra can be cobserved after only
a few minutes. A few hours later, however, further change .
ceased; spectra obtained starting.from either isomer were
virtually superimposabie, with all peaks in the same proportion.
All peaks observed in any of these spectra may be attfibuted

to either the fac or mer isomer of IrH3(¢O) P,: no third species

- , R
was observedff <

¢) Interconversion at 0°C

The intercopversion of the isomers of IrH3(CO) P2 at 0°C

was studied by infra-red and n.m.r. spectroscopies. Spectra.

were in all cases similar 'in appearance to those obtained at

room temperature. The only difference between the two cases

~
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Figure II-9.

1

The 1H n.m.r. spectrum of fac (a) and mer (b)
Iri3(CO) P2, measured in CDyCl, at 25°C ca. 0.2 h
after dissolution, where peaks due to:the other
isomer are hatched. After 4.2 h, a rerun ' of

.(b) yielded spectrum (c). An identical gpectrum
was obtained from a rerun of (a). B

-
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isomerized in the indicated time interval.

Vo
¥

I -

~-was the much slower rate of interconversion at the lower

7’

température. At 0°C, samples starting from either isomer
were far from equilibrium after 10 h, in contrast to the case
at 25°C, where equilibritm is achieved after only ca. 3 h.
Measﬁrements of the extent of interconversion are presented-

in the following section.

d) Extent of Isomerization

The relative amounts of fac and mer isomer in a sample ‘
may be measured from infra-red spectra by comparing the
. !

absorbance at 1780 cm *

in initial and final spectra. At
equilibrium, the fac/mer ratio repﬁgsents the equilibrium
constant for the isomerizationwreaction. The n.m.r. spectra

may also be uséd to estimate faé/mer ratios from a measurement

of the relative peak heights of each isomer; details on this

procedure are given in the experimental section and in

Chapter V.

“Values for the extent of isoyerization determined in

this way are given in Table II-4, where the percentages cited

represent the relative amounts of the sample which have |

In all cases, the

e

isomeric purity of the initial sample exceeded 90%. At 25°C,
the equilibrium mixture of isomers has been reached after
3-4 'h; the concentration of the fac isomer exceeds that of’

the mer isomer at this temperature. At 0°C, by contrast,

|

1

/



Table 1I~-4.

Reaction
temp (°C)

25°C

. . ., _a
Extent of isomerization .

1

‘ facb
1
i.r. 5-15% (6.8 h)
1 =
Hn.m.xr. 5~15% (8.4 'h)
i.r. 130-50% (6 h)
B n.m.r. 25-30% (6.3 h)

7l

mer

. 5-15% (6.8 h)

715-25% (9.5 h)

55-65% (6 h)

70-75% (4.2 h)

91

1.5

2.8

,aTable gives the percent of the isomer which has isomerized
in comparable time intervals for methylene chloride solutions

that were initially pure fac or mer IrH3(CO) P

b

Isomer at start of reaction.

Cfac/mer ratio,

5¢
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there was little isomerization in comparpble time periods.

The mer isomer, for example, as measured bf n.m.r., isomerizes
up to 75§ in 4 h at 25°C, while at 0°C,/only up to'ZS%
isomerization was observed in twice that time.
/ i
There is a disbrépancy,between the values obtained by
n.m.r. ;nd i.r. This is especially eviden; for the mer
isomer at 25°C, wheret a highég value was obtained by n.m.r.
than by i.r. The infra-red result is regarded as more
accurate for two reasons: a) the inf&a—red measurements were
carried out under a hyérogen atﬁosﬁhere, whereas the n.m.r.
experiments were not, and therefore might be subject to
’ -
partial oxidation or non-equilibrium conditions; b) the infra-
red measurements are straightforward applications of Beer's
law, while the n.m.r. measuyrements are based on peak heights.
The use of the latter pa;ameter involves a variety of
assumptions regarding the theoretical splitting patterns and
éhe proportionality of peak hHeight to peak area. While the

-

n.m.r. measurements are thus subject to systematic error,

conclusions based on comparison of n.m.r. spectra measured

under the same conditions (cf. Chapter V) remain valid.

4. Decbmposition Products of the Trihydrides

a) Solid-State Decomposition of the mer Isomer

[

The mer isomer of the trihydride decomposes upon standing

s wr
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for more é%an two h?urs in air. Decomposition is apparently
the result of o*idation, since the compound is stable in a
vacuum even if heated (65°C5 2 h), and for long peridds under
hydrogen at room temperature. Decomposition occurs eveg in
dry aifl34. The decomposition product/aoes not add molecular
hydrogen readily in tolﬁene or methylene chloride solution,
but slowly reacts in the latter solvent. :The compound can be
identified by a peak at 1982 cm * (Nujol) in the i.r., which
inpreases upon standinévin air a aks characteristic of the

J

ﬁer trihydride decline. The produét é;;EEIhs\Qzéride, and -has
a five-line multiplet apparéntly consisting of twg\kriplets

of equal intensity in the high field region (lH n.m.r.,
CDZClz, 25°C, triplets centered at 25.35 1, and 25.67 1, with
JP_H(cis) 14.0 Hz both cases). The proton-decoupled 31P n.m.r.
spectrum indicaté; two Eignals of equal intensity (31P{H}, in
CD2C12 at 25°C, 7.60 6 and 2.98 &, relative to externalﬁSS%
H3PO,). A 3lP spectrum exhibiting hydride-phosphorus coupling
indicates that the latter signal is a doublet (JH;£ ca. 15 Hz,
after correction for partial decoupling). The former signal
is obscured by a larg%r multiplet in the coupled spectrum;

in view of the hydride spectrujf, the signal at 7.60 § mugt
also be' a doublqt. Consistent with these data are comﬁlexes

with two equivalent phosphines and one hydride per iridium

atom, such as the following structures:
o

Th e S At S

BALIEIR WarnAES o it bon™ 4
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and

where X 'is a one-electron ligand without spin (other than
chloride). Other possibilities include intrametallated proéucts;
|dimeric species, or two conformers of a single product. A

more definite structural determination must await isolation

of this material. Althoughléhe decéﬁgsgition produc£ itself

reacts slowly with methylene chloride, the presence of a

“ 1

significant portion of the same decomposition material in recovered
n.m.r. samples ensure that the n.m.r. data discussed above are

+

not the results of a further reaction with the solvent.

. b) Reactions of the Trihydrides in a Nitrogen Purge in

Methylene Chloride .

-~

A methylene chloride solution containing the fac and mer
isomefsrwas purged with nitrogen for several hours (Fiqure II-10).
After only 2.5‘h\(Figure iI-lOb), identical spéctra were )
obéained from both faF and mer isomers. Both showed a -
diminution of the pedks characteristic of the trihydride, and
the appearahée of an absorbance at 2012 cm-l\which became
quite intense after 6 h (Figure II-10c). No trihydride was

apparent after 24 h. A comparison with soclution spectra

measured under static nitrogen (Figure II-8) under otherwise

P
-
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__Figure II-10. I.r. spectra of solutions of mer and fac “
. IrH3(CO) P3 under a nitrogen purge, measured ‘.
at 25°C . in methylene chloride. The solutions
- were initially pure mer or fac isomer, but show ‘ -
- the formation of a reaction product with time . T
. in spéctra a, b, and c. Lo '
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similar conditions suggests that a nitrogen purge results -in
1 /' ,
a faster loss of hydrogen from the iridium trihydride, less

ofac to mer interconversion, and. the férmation of a reaction

| product (observed at 2012 ém_l) that is not observed under °

static hydrogen or nitrogen.

The interaction between methylene chloride and the

31

trihydrides was further inbestigated by lH and ""P n.m.r.

Under a nitrogen purge,  a more concentrated methylene chloride

solutiom of the trihydride precipitated a yellow solid upon

slight heating to 30°C for four hours (ca. 20% yield). The

\\precipitate was identified as vaska's complex, IrCl(CO) PZ’

1

by its i.r. spectrum (1948 cm -, Nujol), and its ability to

add hydrogen gas in toluene solution to form IrHZCl(CO) P

2
1 Nujol; 1it.Y7?, i.r. 2196,

H

(i.r., 2187, 2103, 1999, 1974 cm-

2108, 1997, 1983 cm *, Nujol). The supernatent ‘methylene /
0
chloride solution, after solvent evaporation and dissolution

in CDZClz, contained prima;ily,IrHZCl(CO) P (lH n.m.r., 2

2 _
triplets of doublets, H, 17.28 T, JH_P = 17.6 Hz, JH-H = 5.1
_ . - _ L 31
Hz; H = 28,40 7, Jy_p = 14.0 Hz, J,_ . = 5.1 Hz; “"P{phenyl
protons}ih.m.r., triplet, 9.95 §, .J, _, = 16 Hz). The above

175

data is in close accord with the literature values , and

leaves little doubt that the species appearing in the infra-red

1 1

spectrum is the dihydride  (i.r., 2010 cm = in CHCl,, “H

n.m.r., CH,CL,, 17.3 1, J
31

H-P

i

H-P

= 15 Hz,"28.4 1, J = 15 Hz; ’
P n.m.r. not greviousl; reported) . '

MR A i
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Also identified in the methylene chloride solution is
|

- the dichloride complex, IrHClZ(CO) P2 (lH, n.m.¥., triplet

27.10 1, Jy_p = 12.5 Hz; 3lP{ph9nyl protons} n.m.r. doublet,
1

-.70 6, J = 15 Hz).* Although the "H n.m.r. parameters

H-P
for this cornplex‘ have not been reportedll, publisﬁed values

for tertiary phosphine analogues support ‘the dichloride
| .

assignment (e.g., for IrHClz(CO) [P(CH3)3]2, configuration 18,

26.6 T, Jp_g = 12.9 Hz in CH2C12)176. The structures of the

complexes are given below.

H H
): 4 Hy ) 4 Cl
oc i 4 oC ®-
Cl Ccl
17 18

* There are no other species containing iridium-hydride

Ve

bonds in the methylene chloride solution according to lH and

31 3p chemical shifts of other

P n.m.r. spectroscopy. The
species present containing phosphorus, along with a rough
estimate of the relative intensity of the signal, are:

27.20 6 (.8), 24.18 & (.3), 3.95 68 (.1), -9.04 &6 (.1) and

-13.83 8 (.2). By comparison, the relative intensities of

IrH,C1(CO) P, and IrHCl,(CO) P, are 1.0l and .6, respectively.

It is likely that the formation of Vaska's complex

4 '

97

-t a



[

98

through reaction of methylene chloride occurs through IrHZCl (C0o) Pz,
which can reductively eliminate hydrogengs. The following scheme

accounts for the broduction of the observed species.

\

N2 purge N2 purge .
IrH3(CO) IPZ + CI:12C12 ————— IrH, (co)cl 1?2 -——-_—_ﬁ—z——-—-r IrCl1 (CO) P2

Ny | '
purge -CH3C1

\ IrHCl2 (Cco) ]Pz

Scheme t\i Interaction of IrH:,’(CO)‘P2 with CHZCl2 \

i

Since both methyl chloride and hydrogen are gaseous, Scheme 4
also accounts for the reaction being driven by a nitrogen .
purge. The fact that little dihydride is formed in static
solutions suggests that the initial reaction proceeds throug};

the unsaturated intermediate IrH(CO) Pz.

D. DISCUS%ION
{

i
b

1. Preparation of IrH3(CO) P2

The preparation of the \title complex was carried ocut by
a method similar to those of Malatesta et g_l_.ao and Burnett

7
et a1.}32, The separation of the fac and mer somers of the
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trihydride is fully described for the first time, although the
132

isolation of the mer isomer has been previously reported .
; '’ The mechanism of the synthesis of the trihydrides is
'lot clear. One possibility is the production of the inter-
ﬁediate Irti(Q0) P, by reaction with sodium borohydride (the
other products being, for.example, sodium chloride and

,’ diborane), fol;owed by the oxidative addition of hy&rogen.

AN | | ‘ y

. +NaBH ' +H,

Ircl(co) P, — 4, TrH(CO) P, —=+ IrH,(CO) P, (23)

In reactions done under nitrogen, hydrogen necessary for the

second step might be supplied by a separate reaction of
sodium borohjrdride with, for example, trace amounts of

moisture. The reaction dbes in fact proceed under nitrogen,

| but with lower yields than the reaction under a hydrogen

\ o
atmosphere. A high-yield synthesis of IrH3(CO) P, has been
reported with the same reagents under nitrogen in the presence

| of excess p—toluidinel32. It has been suggested that the

synthésis of metal hydrido complexes by reaction with NaBH,

may proceed through metal hydroborato intermediatesla4.

2. The Structure and Spectra of fac and mer IrH;(CO) P,

- ' . \
The infra-red and n.m.r. spectra conclusively establish
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the structures of the two isomers. As mentioned in Chapter I,

some ambiguity regarding the structure of each isomer exists

-

in the literature. The present structural assignments are
in agreement with all previous reports of the fac isomer,

and all previous reports of the mer isomer except for those

0

of Malatesta et 3&.8 The structure of the mer isomer
\

proposed in the present study also corresponds to analogqys

142,143

trihydrides with different tertiary phosphines . Both

isomers have been recently identified and characterized by

1

7proton n.m.r. as reaction products of organic aciés and Ir (1),
speciesl41. In the latter repert, the lH n.m.r. spectrum of
the mer isomer has been fully reported and analyzed for the
first time, in complete agreement with the present assignménts;

however} the spectrum of the fac isomer was not fully

analyzed in that report.

a) Analysis of the Infra-Red Spectra .

The assignments of infra-red absorption wavenumbers to
iridium-hydride stretching modes, shown in Table II-1, are in

agreement with the original report of the isomersgo. Also,

they are consistent with data reported for other iridimﬁ
polyhydride speciesll. For example, mg;—IkH3[P(C6H5)3]3
absorbs at 2110, 1771, and 1750 cm—l, corresponding to
iridium~hydride stretches with hydride trans to phosphorus

- \ ¢ .
(2110 cmil) and hydride’ligands. Fgg-IrH3[P(C6H5)3]3, with all
‘ e
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. carbonyl peak at 1962 om”
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hydride ligands trans to phosphorus, absorbs at 2106, 2094

and 2083 cm T.

The infra-red absorptions in the hydride stretching
region may be interpreted according to group theory. From a
comparison tg other metal hydridocarbonylslss, the peak at \ N
\

1 1

1962 cm — in the mer isomer, and 1953 cm ~ in the fac isomer,

may be assigned to the C-0 stretch (trans to H). The remaining /
peaks in that wavenumber range (2200-1700 cm—l) may theréfore‘

be assigned to Ir-H étretchesi The mer isomer is of point

group C2v' and will result' in three Ir-H stretching vibrational
modes, two Al and a B1 mode. The latter ;nodé .corresponds to
anti-symmetric stretching of H~trans-~H, and may be assigned

4

to the peak at 1780 cm_l, in keeping with many other examples.

AN

of H-trans~H in mer Erihydrides in the 1iterature69.
The remaining Al mode s corfespond to the, symmetric
stretching of hydrides trans to hydride and carbonyl. Under

strict local symmetry, the intensjztiy of the symmetric H-trans-H

mode would be negligible, due to the lack of a net change in
dipole moment. However, mode mixing often occurs with ligand

vibrational modes of the same symmetry and similar energy]'85
\

(which in this case includes the carbonyl stretch), and thus the

'

wavenumber and intensity of these modes are unpredictable. The
two peaks at 2077 and 2062 cn ! are therefore tentatively

assigned to the two Al modes. The shoulder. apparent on the

1 is presumably due to a solid-state effect.

!
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The fac isamer is of point group @f, and therefore three infra—red
active vibrational modes are expected, an A" and two A' modes. The A'(1)
mode, corresponding to an Ir-H stre;tda trans to carbonyl, is assigned to the
185 and by conparison to
tt;e spectrum of the mer isomer, inmid'lasimilarAlmdeoccmsnearthat
wavenuber. The symetric A'(2) and antisymetric A" stretch of Ir-H trans
to phosphorus are assigned to the pesks at 2112 and 2057 an ¥, respectively.
The assigrment of these peaks to the Al (é) ‘and A" stretching modes is

"supported by the absence of similar peaks in the spectrum of facTrD H(®) B,

(see Chapter V). The peak at higher wavenunber is assigned to the symmetric
stretch in view of the expectation that in-phase stretching requires more
energy than out-of-phase stretching, since competition for the same orbitals

is inwlved. Symmetric stretching generally occurs at higher wavenumber

than antisymmetric stretching in octahedral carbonyl ccmplexes?’a.

\
b) Analyses of the 1y Spectra

~

—— -

A first-order analysis of the hydride spectrum of a solution of the mer

isomer yields a triplet of doublets, centered at 20.10 T, and an overlapping

triplet of triplets centered at 20\.53 T, with the coupling constants listed
\

in Table IT-2. Chemical shift. and coupling constants for the mer iscmer
are in line with analogous values in the literature, as illustrated in

Table II-3.. The small difference in the chemical shift for L = P(C6H5)3

140

in this study and that of van Doorn et al.” = may be attributed to

temperature and solvent effects. The trend observed in hydride chemical

shifts with various tertiary phosphines is probably due to greaéer shielding

s A

Ty
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of the hydride with increased basicity of the phosphines,

Iﬁ all cases, the coupliné constants agree closely. ' ‘
The spectrum of the fac isomer, Figure Ii—3, measured
under the same conditions, is not amenable to first-order
ana1y51s, due to the magnetic mequlvalenc‘e of the hydrogens
trans té? phosphorus, J although both have equlvalent chemn.cal N
’ shift. 'Tbe spectrum can be interpreted according to an AA'MXX' '
analysisl‘K in which Hyg (spin M) is in a first-order relationship
with two hydrog\en (H p SplnS AA') and two phosphorus atoms

(spins XX'). Tl/:us results in a trlple}: of triplets for Hy»

from which GHd /(the chemlc’al shift of Hy), Hc‘“d’ and JHC-P
/

may be directly obtained. The rest of the spectrum may be

interpreted qg/ythe "A" portion of an AA" XX' spéctruml73'l74

in which all peaks are symmetrically doubled by the JHC-H

d
. cis trans ;
coupling. Values for ?Hc' JHC_HC, JHC—P' JH _p r and J,

were found by repeatedly varying the various parameters until

the .calculated line frequencies and intensities agreed with )

5cis trans

the measured épectri:m. Exact values for Jy _, and JH -p Wwere
c

eventually obtained from partially deuterated analogues
(cf. Chapter V) of the fac isomer; exact values for chl:fﬂc |
cis
p-p
nature of the spectrum and the difficulty of varying two’

and J cannot be obtained, However, due to the overlapping
parameters simultaneously. Ranges for these parameters are
given in Table II-2. A computer-generated simulation of the

fac isomer, using approkimate values for the coupling constants,




_spectrum. The multiplet at 6.55 §, assigned to the fac isomer,
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\ ‘ o &
is shown in Figure I1I-4, and -closely ‘resembles the measured

spectrum. Trihydrides of both configurations have been

143,144
14

previously analyzed by Mann, MaTte'rs,, and Shaw and values

reported there for the mer isomer, as well as the recently o

40

reported partial analysis of van Doorn et a_l.l , are compared

with the present results in Table II-3.

c) Analysis of the 31p Spectra '

The 31p{u} and 3l}?{phenyl protons} spectra confirm the
e 31 '

'assignments. The quartet at 15.48 & in the “~P spectrum

(Figure II-5}, assigned to the mer isomer,’ agrees well with a
spectrum (Figure II-6) calculated from corrgc\:ted values of ‘

Jep obtained from the hydride spectrum. All six lines in f

the calculated spectrum are not apparent in the experimental
\ .
spectrum due to natural line width and instrumental resolut‘i\on.

An expansion of the experimental spectrum does reveal a ./

. 1

shoulder which corrg—zspgnds’ to line 4 in the calculated —

is in exceilent agregment witl; the calculated spectrum. In
this case, the apparent lack of hydride-hydride cc'mpling
in_the sécond order spectrum allowed discrete values of the
couﬂpling/constantskto be obtained. Numerical values for the
calculated ana experimental spectrum are, given‘ i_n\Appendix II.
The a/pph;rent values\of all five H-P coupling constants

31

used to calculate the P spectra of both isomers are decreased
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by the same amount due to partial decoupling (Table II~-2).
It is interesting to hote that the other apparent coupling

constants, J and JPP' are not affected to the same degree

HeHe
in the second-order spectrum of the fac isomer. The apparent
value of JHch goes to zero, while ‘that of JPP actually
increases upon weak irradiation of the hydride nuclei. The
latter rglation was sgrprising, since only couplings involving

! hydrogen were expected- to change upon weak irradiation of
hydrogen. Presu;nably, this phenomenon is a result of the . )
fact that the énergies of most of the transitions in the AA'XX'

) spin sys%:em are functions of all four coupling constantsl’)’”.

As a consequence, alteration of the energy levels of the
hydride nuclei by weak irradiation also‘ alters the apparent
values of all four coupling constants. The exact degree by

X and J_,, differ from the

which the apparent values of JH

H pp
true value of these coupling constants cannot be measured,
“since discrete values for the latter parameters cannot be
determined f£rom the coupled hydride spectrum.

\ .

3. Equilibrium
, i
It is clear from both the i.r. and n.m.r. experiments

that an equilibrium exists in solution between the two
isomers of IrH,CO [P(CGHS) 3]2. Starting with either the fac
or the mer 'i%omer, an equilibrium mixture results.  The rate

[ of interéonvers'ién is rapid initially: a noticeable change
\ B .

.

TN

§ SN
—
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occurred after only a few minutes. After ca. six hours,
further change ceased and spectra ob*,:aiﬁed starting with
either isomer are virtuélly superimposable. External
hydrogen is necessary for the maintenance of equilibrium,

and no dégraéation of the solution ‘is observable up to 24 hH L!
after the start of réaction. Although only the fac and mer
isomer, a;xd no other iridium hydride, were ‘detectable by i.r.
or n.m.r. spectroscopy when the solution was kept under !
hydrogen, a third speéies formed under static nitrogen, which
‘&ontaix}ed few if any iridium~-hydrogen bondsT The identity

of t§is species has not~beea determ'ined'.

Tﬁe'fact that an equilibrium mixture is formed in each
case, regardless of the starting isomer, demonstx:ates
conclusively that a trune, dynamic equilibrium between the two
isomers occurs ;‘.n solution. This is &ontrary to an early
pfoposal80 which suggested that tpe two isomeric forms of the
; trihydride were the result of the c"onversion of an unstable
isomer to a more stable form. A mixture resulting from
partial isomeric conversion by reaction with an impurity may
likewisd be eliminated. |

Although the present study is the first to explicitly
show isomeric equilibrium between fac and mer IrH3(CO)— [P(C6H5)312,
indirect evidence for equilibfium in this system has been
reported by Burnett et §_l_.l32.‘ In the latter study, a system

which contained both isomers of the tfihydride,' ériphenyl-—

’ " |

.
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phosphine, IrH({CO) [P(CGHS) 3]3 and dihydrogen was found to be

near equilibrium over a wide range of concentration values.

(K = 3.55 to '7.54 at 25°C .in DMF, for the reaction IrH(CO) !P3

+ H, +-> IrH3(CO)‘ Pz + P. This was taken as evidence for

2
the equilibrium between isomers of the trihydride. 1In
addition, solid-state infra-red spectra of product mixtures
suggested that the fac and mer isomers Wevre present in |
constant proportions. In view of the lack of précision of
thel\‘ralues for the equilibrium constants, the complexity of
the“s‘ystem, and the gualitative nature of the infra-;:ed
spec\éra, these results do not demonétrate clearly a discrete
equlibrium between the fac and mer isomers of IrH3(C0) [P(CGHS) 3]2.
The present study clarifies the situation b}} confirming an
equilibrium in solution between t <liisvtinct, isolable
isomers of established stereochemistry, ahd' i:>y providing an
equilibrium constant for the isomerization. The ‘failure of
a number of workers to‘recognize the existénce of this
dynamic equilbrium&gaves the physical parameters measured |
on one oz: the- other of the supposed isomers open to,
quest.mmao,msa,1'41.

There i‘s slightly more of the fac isomer than the mer
isomer] at equilibrium, in contrast to the recent report of van’

141, in which the mer/fac ratio as three to one. The

Doorn et al.
discrépancy between the two values may be due to an interaction

with other reagents present in van Doorn's system. The present

~
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3

results also do not conform with analogous iridium trihydride

carbonyl complexes having different Phosphine .'Lic_;’amilsl‘!z-]'44
R . ¢

in which the mer configuration was predominant, and little

or no fac isomer detfected. With iridium trihydride complexes

]
containing three tertiary phosphine or arsine ligands, however,

many examples of both fac and mer configurations have been

reported, and interconversion has been noted in..some cases

(see Chapter 1). ’ f

. f
The importance of dihydrogen in the gquilibrim is

demonstrated by the fact that an equilibrium is achieved

and maintained for long time periods under hydrogen, but loss ’

of hyﬁrogen from the complexes occurs under nitrogen. The
most obvious explanation is that one or both of the complexes

lose molecular hydrogen in solution. Such behavior is not
' 11,53
[

0

uncommon for metal-hydride complexes

E.  CONCLUSIONS .

3

1. ‘IrH3‘(C0) [P(C6H5)3]2 occurs in two forms, which have been

1

 fully characterized by i.r. and n.m.r.

mer fac ‘
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These two species a;e‘in equilibrium in solution under
H, at 25°C. At lower temperétures (0°C), equilibrium
is approached only very slowly (several days); at 25°C,

it is achieved withi% four hours.

For mer <+ fac , K = 1.5-2.0 at 25°C in methylene chloride.
IrH, ¢ IrH,

N

In the absence of external dihydrogen, the isomeric
solution degrades with loss of hydrogen.

[N

o

Only the two isomers of DﬂyﬂOO)Pzrcan be detected under

hydrogen; a third species is formed under nitrogen.

Methylene chloride reacts with IrH3«I)PZ in a nitrogen

purge to form various chloroiridium complexes.
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KINETIC STUDIES OF THE ISO@ERIZATION OF IrH3(CO)[P(C6H

A. INTRODUCT ION

CHAPTER III

1

!

A
»

\
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In the previous chapter, it was demonstrated that bo%h

fac and mer IrH,(CO) P, can be isolated.in pure form, and -

isomerized to equilibrium in solution under a hydrogen

atmosphere. In order to investigate guantitatively the

isomerization reaction and perhaps gain some insight into

its mechanism, kinetic studies of this reaction were undertaken.

In view of the dependence of the équilibrium on

external hydrogen, a likely mechagism for the isomerization

was thought to involve a square-planar intermediate as in

the following reaction.

. H
P H
oc P
R
mer
7

Such an intermediate has been proposed in synthetic
45,132

and kinetic

14
\

studies of:reactions—of IrH(CO) P

130,172

and the
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trihydride complex. The existence of such aﬁ intermediate

is also consistent with/the following known feactionlzg.

IrH (CO) P3 + H2 = II'HB (CO) P2 + P (11)

1
L

Consequently, a rate study was carried out to determine the
dependence of the isomerization reacticn on the hydrogen
concentration.

For an isomerization process in which equilibrium is
achieved by first-order reactipns in both directions,
expressions for both rate constants may be obtained by a
straightfofward application of the faée laws and the
eguiiibrium expressign&78. Using integrated rate expressions
together with the results of an experimental determination of
the c0ncent£ation of one of the reactants yversus time, values

for both rate constants may be obtained. Expressions obtained

in this way are given below for the case of a first order

e

fac/mer interconversion, where kF,and kR'are rate coqstants

for the forward and reverse reactions, and A is the .
copcentration of the mer isomer at time t, at. the start of

the reaction (A;), or at equiliprium (Ae*). It is assumed

- q
that there is initially none of the fac isomer present.

mer = fac \ (25)
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AL-A
—eq | =
In[ — J (kp+kp) t . (26)
eq .
} .
|
A,-A A,-A .
— &g — 8] = '
T in[ = Jﬁ Kgt (27)

With ky and (kF+kR) known, a value for k, may then be obtained

by difference. The equilibrium constant, Keq’ for equation

25 is equal to kF/kR' A similar expression may be obtained

for the sum (kF+kR) in the case where there is initially no

mer isomer present, and the concentrqﬁion of the mer isomer

is measured with time. In this case, AN

A i
\ o _ |
, | 1n [A__g_eq“A ] (kp+kp) (28)

* w

Under these circumstances, it is not possible to obtain an
expression for kF alone. h

A measure of the concentration of the mer isomer is
cqnveniently provided in the infra-red spectrum by an

absorption at 1780 cm !,

Vdlues for-kF and kR may be obtained
by measuring the absorbance at various times in soﬁutipns
containing only the mer isomer, and plotting the left-hand-

, :
sides of equations 26 and 27 versus t. Since there is no

isolated peak specific for the fac isomer, these equations
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cannot be employéd for solutions initial;y c¢ontaining only
the fac isomer;\? value for the sum (kF+kR) in this
circumstance may be obtained, however, through an application
of equation 28, | ‘

The rate expressions to be expected from the processes
involving a coordinative;y unsafuratedIintermediate, as in
equatign 24, are somewhat more complicated. If A, B and C
represent the concenirations of the mer isomer, the
intermediate, 3nd the fac isomer, respectively, théﬁ the'folfow-
ing rate' laws may be written. The significance of the rate .

| constants is illustrated in Scheme 5.

da _ _ Bf
-2 = (k, )A - (k_,)BIH,] (29)
\
‘ dB - - : !
P2k )A - (k4)BIH,) (30)

! ! '
\
\

\

= (ke4)BlHZ] + (ke-)C

o
(@]

&* = (kgt)BIH,] = (kel)C (31)

These equations may be solved if one makes the "steady~-state"
assumption and sets the quantity dB/dt equal to zero. This

assumption is valid only when B is small coﬁpaned to A or C.

S e

B}



- "The relafionshlp between the individua; and overa]y
rate constants - .

- Qsp ‘
Tb / \ kpsp
kR =~ §p

.

) Co
e “ fac
Jk; - i(k,,,.)(k ) [H] . K ke (32)
- ‘ (km') [H2]+(kf') [Hz_] Ko ki, -
) B -
Ky = LA
o) [ (g o

PTT
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In fact, no intermediate has been detected speétroécopically
in the high~-field n.m.r. or infra-red spectra of solutions
of the isomers at equilibrium' (cf. Chapter II).\J .
Equations 29, 30, and 31 are'solved in detail in |
Appendix I.' The resulting ;xpressions have ths same form as
those obtained for the overall rate constants kF and kR‘
(equ/ations‘zsf 27, and 28) . ,Thé relationships between the
overall rate qonstantg and the individual rate constants

ko4r ks Key and k

m+’ “m £-
a term for hydrogen concentration in both the numerator and

are given in Scheme 5. The presenée of

denqmina;or of both expressions results in expressions
in@ependent of hydrogen concentration. Thus, the rate of an

“isomerization which proceeds tﬁrough an unsaturated inter-
ﬁediate by loés and re-addition of hydrogen will be independent
of hydrogén concentration in both directions. ‘

Consequently, a systeﬁ,whicg‘behaves according to

equatiod 24 will exhibit the folléwing kinetic and equilibrium

19

behavior: . .
a) Keq’ kp . and kR,will alL.Ee independent of hydrogen . o
\ N

| ' concentration; '

| b) ploté\ofstbe funqtioné of A iﬁ equations 26, 27 and
28, versus time will be linear; e
‘c) nonequilibrium in the abseﬁce of external‘pydrogen

will occur; . (s




v

;
d) there will be agreement in valués for (kptkp) . when
starting with both fac and mer isomer; and
e) agreement iﬁ the valyes of Keq determined from the
rate constants (kp/kg) and from independent

spectroscopic measurements (i.r. and n.m.r.) of

concentration will be observed.

Experiments which test these points are reperted in this

chapter.

B. EXPERIMENTAL PROCEDURE

-

lf\ Materials

Fac and mer IrH3(CO) P, were prepared as described above,

and stored at -20°C under hydrdgen. The mer isomer contained .

2 measurable amount of decomposition product in a few
experiments; parallel experiments with freshly prepared

material showeq lit;le or no difference in kinetic behavior.

, Sblvents‘were dried, f;eshly'distilled, and degassed before

&

use.

2. Kinetic Measurements ’ :

} 3y [
An apparatus was constructed (see Appendix IV) which

allowed the isomerization kinetics to be studied under an

atmosphere in which the relative amount of hydrogen present

e

JL RGPy ST
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was known. Since, by Henry's law, the concentration of a
gas in solution is proportional to the partial pressure of
that g\as above the solutién, the relative concentration of
hydrogen in solution can be varied by changing the proPBrtion
of hydrogen above the solution. Accordingly, the kinetic
and equilibrium parametefs involved in the iéomerization
of IrH,(CO) P,, and ‘their dependence on th; hydrogen
concentration, were examined.

The réteé’of isomerization of IrH3(CO) P2 were measured
at 25°C in methylene chloride under various concentrations of
hydrogen. The concentration of the mer isomer w?s determined

1

from the absorbance at 1780 cm =~ in the infra-red region.

épectra were obtained on a Perkin-Elmer 257 spectrophotometer
from solutions in 1 mm-pathlength cells betweeh sodium
chloride windows, and were measured versus a pure solvent
reference. The solvent was distilled before use, and
saturated with a hydrogen/nitrogen mixture immeéiately p;ior
to dissolution of the complex. Reactions were carried out
at a total pressure of one atmosphere at constant temperature.
?he stock solution (25 mg of iridium complex per 5 ml of
solution, 6.7 mM) Qas periodically sampled by pfessurizing
the solution with a mercury pﬁmp, and filiiﬁg solution cells
Ehrough stainless steel tub%ng. In this’' way, a gas mixture

v ‘

of constant proportion was maintained over, the solution.

\ \

A sketch of the apparatus used is given in Appendix IV. -
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solutiong were exposed to the atmosphere only for the time

1

necessary to measure their spectra, and were sealed in all-

Gglass vessels at atmospheric pressure between measurements.
Thé spectrum between 2200 and 1700 em™t was recorded for

. each measﬁrement to monitor the total iridium concenmtration and
the appearance of decompositibn products, as well) as .the
concentration of the mer isomér.

The relative proportion of hydrogen above thé solution
is ekpréssed as the percentage of hydrogen in a\hydrogen/

) q;trogen mixture that was introduced over the reaction |
solution._ The actual amount of hydrogen present in the
isolated system at vapor/liquid equilibrium is less, due to
lthe high vapor pressure of the solvent, methylene chloride.
Since}ali measuréments were recorded at the same temperature,
however, the contribution of the solvent to the total pressure
is constant. The partial pressure of hydrogen above the

4

solution, and concentration of hydrogen in solution, .are both

proportional to the parameter reported.

3. Treatment of Experimental Data

All calculations are based on measurements of A, the

~

absorbance of the mer isomer, obtained from the i.r. 'spectra

of reaction solutions using the expression

¢




‘which little change occurred. The guantity A,
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.1 ‘/
S A

_ $T (baseline)
A = log [%T (measured)]

The conformity of the system to Beer's law was established .
by separate experiments. Absorﬁance values were

used directly to express concentration. V%lués of aA,, the
iﬂ}tial,concentration, were determined by ext;apolation of a
plot of A versus time to t = 0. These values‘were used for

all calculations. A value for A, was also obtained by fitting .
the data to a polynomial by computer*, and evaluating at t = 0.
The equilibrium concegtratioﬁ, Aeq' was taken as the value

of the absorbance at a reaction time of six hours, after

%\was measured in
all but two cases, where interpolated (C, = 0, 50%]H2) or
extrapolated fC°,= 0, 75%‘H2) values wére used to estimate
the valﬁe of Aeq at six hours. The equilibrium constant Ke

q
was calculated from the expression

K = 89 . eq . (34)

Initial rates were calculated for all reactions. This
\

t

was achieved in two ways: a} graphically, by plotting A

b

versus time, extrapolating to t = 0, and finding of the line
|

v

*
tangent at that point; and b) numerically, by computer- .

CURVFT, a FORTRAN subprogram on file at the McGill Computing
Centre, was used. .

'
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fitting the data to a polynomial* and evaluating the

derivative at t = 0. Only values of t less than three hours

i

were used. \
Thé rate constants kF and kR were obtained as the slope

of a function of A versus t. These functions, X and X',

are taken from equations 27 and 28, and are defined as

/

Ao-A A,-A
- eq e
X = —g—3 In e o (35)
eq
Peg
X' = 1n (36)
Aeq-A ‘
/ s

A value for ky was obtained as the slope of X versus t when
Co =0, and~(kF+kR) as the siope of X' versus t with A, = 0,

Another value for (kF+kR) was calculated with C, = O\from kg

and Keq values. Because erratic values of X and X' resulted

as A approached Ae , only measurements at a reaction time less

. 9 :
than 130 min, when C, = 0, and 100 .min, when A, = 0, were
used to calculate slopes.

Values for the absorbance of the mer isomer, upon which

all the results in this chapter are based, are given in

Appendix VI along with associated statistical information.

t

s

* 3
CURVFT, a FORTRAN subprogram on file at the McGill Computing
Centre, was used.

ks i it e
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C.  RESULTS

4

1.’ Qualitative Observations

J

‘'The spectra of solutions of the mer and fac isomers of
IrH3(C0) P2 kept upder anatmosphere of either hydrogen or
nitroéeﬁ‘have been described.in_Chapiér II. The spectra of
both isomers under hydrogen showed that isomerization to .
equilibrium occurs witLout the formation of other species\ ’

within 24 h. 1In the expériments considered in]this chapter, -

solutions were kept under mixtures of hydrogen and nitrogen,

. and the isomerization rates were measured under these

conditions. The spectra obtained from solutions kept under
gas mixtures from 100% to 25% hydroéen were qualitatively
identical. Equilibria were in théée c;ses maintained for 24 h.
The concentration of hydrogen in solution, therefore, does7
not afféct the isomerization’equilibriuﬁ,‘although an
equilibrﬂum is not achieved in the absence of hydrogen.

. Due to the instability of the mer.isomer in the solid !
state, some of the samples of the mer isomer céntainedﬁan‘
estimgted 15% aecompositioﬁ product.: The nature of this
product has been diécus§ed in Chapter II. The presence of
this matprial, however, did ﬁot appear to affect the rate of

isomer ti%n. Separate studies have indicated that while

the decomposition product is reactive under the conditions

-

of the kinetic measurements, it does not form one of the

: | - 1
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‘does not appear to be a factor in determining imitial rates of

isamers in question, and so would not be expaxea to affect the reaction -
rate. &nnettgggl.hm&édxanmd,humamm{tmﬁ:ﬂe;mﬁsamegﬁﬁgng
decamposition product in samples stored for long periods (weeks) in air
resulted in an increase in the rate of-hydrogena i 132’i34.( o
| By

e Raslet
/
!

o

2. Initial Reaction Rates L
{
M

s
Lwl { ~i
Table III-1l gives the |initial rates of reaction for .the
isomerization of the mer (C,=0), obtained graphically (second

\
column) and by a numerical method (fifth column). The two |

B - & I 0 A
methods gave values in ¢lose agreement. Although the initial.
rates vary considerably at different hydrogen concentrations
(¥ 30%), there is no syftematic variation with Hydrogén

concentration. The same is true for reactions starting with the

fac isomer (A,=0, last column). Hydrogen concentration therefore

reaction. Values for A, obtained graphically (column two) or
numerically (column ;ix), are in close agreement for each value
of the hydrogen concentration. Values of kF (initial) , like
those of initial rate, are indepéndent of hydrogen concentration.
A'value for kR (initial), using an estimated equivalent to C,,

is also given in the last column of Table III-1l.

I |

Voo

3. Equilibrium Values ~

Equilibrium constants are given in Table III-2, along
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Table III-lf Ipitial rates of reaction [Initial rate = (dA/dt).].

- -,

. Co =0 : A, =0

102 x b . 10%k,, 102 x4 10% x

H2 0N mmieiar? | A0 (initiglyc - Initial ,/absgibance) Initial
: Rate min Rate ™ - Rate
100  -.21 _.254 - .83 -.23 .254 ] .18
75 )-.23 .200 1.2 ~-029 - .198 .16
- 50 -.35 .210 - 1.7 Z.53 .220 .35
25 -.32 .228 1.4 32 .227 .29
0 . -.36 254 1.4 S -.32 .254 , .22

) average -.29 .229 . - 1.3 ~.34 .231 24
average "initial rate constants": kF=l.3x10—2min‘_l . o }<Re=9.4x10—3min-l -
2.2x10" 4gec™! 1.6x10 4sec™!

- *Rates of reaction in this and subsequent experiments were measured in minutes, and so
individual rate constants are reported in min=1, Where average values for several rate

constants were computed,frate constants in sec=l are also quoted. -
aSlope of tangent at t = 0, on A vs t. bIntercept from tangent line, A Vs t. ckF = (initial

- rate)/th dFrom CURVFT. ekR‘é (initial rate)/C,, with C, = .254. -

|
€CT
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Table III-2. Equilibrium and associated val?es of solutions ¢
initially iontaining only mer iscmer (C, = 0).

\

- a b
$ H Ao ed K
2 (absorbance) {absorbance) eq
100 .254 .101 1.5
75 . .200 .085 “1.3
50 .2‘10\ - .080 B 1.6
\25 .228 | .090 _ 1.5
\ M f
0o . .254 (.050)°€ (4.1) ¢
average (100-25% H,) » 1.5

@rnitial absorbance of the mer isomer, obtéined by graphical
extrapolation.

quuilibrium absorbance, either measured (100, 25, and 0% Hz)
‘or estimated (75, 50% Hy) at t = 6 h.

cSystem not at equilibrium.

~&
%

[
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. Ao and the equilibrium concentration of th
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with values for the initial concentration ]ﬁ the mer isomer,

mer lisomer, Aeq.

q
\ - .
containing externally applied hydrogen at 'a relative

The Kq values are reasonably constant in all solutions
concentration of 25% to 100%. For the purposes of comparison,
a value for "K, " was calculated at a relative céncenération

q

of 0% hydrogen, with "A_ " taken as the value of A'after six

q \
hours{ even though thg system was not at equilibrium. The'
value obtained, 4.1, is ﬁuch higher than values of the
equilibrium cbﬁstants'getermiﬁed at non-zero hydrogen
concentration., The,Ia£ter héve an avé;age value of 1.5. . - -
Equilibrium values for the isomerizatién ieactién‘uhdeg
bydrogen starting with the fac isomer cannot be accuratélf
determined, due to the fact that C, cannot be evialuated from
the spectra. However, the i.r. spectra of isomerization
under various hydrogen concen;fations leave‘little doubt that
similé; equilibrium~behavior occurs. Measurements of thé
n.m.r. sﬁectra (cf. Chapter II). indicate , moreover, that

the same concentration of gach isomer -ogccurs at equilibrium

by starting withyeither_the fac or mer isomer.

4, Evaluation of kF and kR

|
Plots of X versus t, when C, = 0, and X' versus t, when

A, =70, were calculated and are given in Figures III-1 and
4

TP
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III-2, respectively. Both sets of plots are fairly linear,
al;chough some scattering and line curvaj:ure can be observed,
particularly in the reaction starting with 'th/e mer isomer
{Figure ,\III-l) . Numerical values in Isupport of these figqures
are given in Appendix VI, along with statistical parameters
derived from line-fitting by the least sguares method o{)f
versus t and X' versus t. *

" Values for ke, and (kF+kR) were obtained as slopes of
the piots shown in Figures III-1 and III-2 and are listed in
Table III~3. These values do. nhot vary with hyd;:ogen |

concentration for kF' kg: or for either determination of

(kF+k Vhiues of (kF+kR) aré in close agreement, regardless

R). ,
of whether the starting material was the mer isomer (C, = 0)
or the fac isomer (A, = 0). Finally, values of kF and kp are

in guantitative agreemeni: with values of 'kF (initial) and kR

.(initial). N

{

D. DISCUSSION: ' ' o

o

The resulw/@ted in this and the previous chapter '

!

indicate that an equilibrium occurs between isomers of

IrH3_(,CO) P, which can only be maintained under hydrogen.

2
With external hydrogen present in the system, there was no

-

relationship observed between the hydrogen concentration in

solution, and any of the following quz;ntities: initial.

et
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Figure III-1,
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Plots of X versus time for solutions originally

y containing ‘only the mer isomer, at 100% (a),

50% (b), and 0% hydrogen in the feed gas.
is defined in equation 35.
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Figure III-2.

ot a

R |
Plots of X' versus time for solutions
originally containing only the fac isomer,
at 100% (a), 50% (b), and 0% hydrogen in the
feed gps, X' is defined in equation 36.
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Pable ITI-3.

‘ a
Values for kF and kR

- z
PR

- kp
{ mex (A) T=—=-fac (C) .
c T;_ -
c, = o° ] a, = o°
Cﬁﬁcﬁﬁsiigiﬁpd 8 10%,%'9, min7! 102 (k4 ) 8P min™t Ky min ™t . N® 10%(kk) ', mint
, -
100 7 1.27 ¢ .03 2.11 # .05 .84 *+ .05 7 2.16 * .05
75 6 N 1.04 + .09 1.80 £ .16 .76 & 16 J 6 1.67 * .18
50 7 1.07 & .06 1.73 + .10 .66 + .10 7 '2.17 + .05
25 7 1.15 £ .08 1.93 + .13 .78 £ .13 7 1796 + .09
0 7 (1.5)1-0 . - ) 6 r.9y™®
average® 113 % .16 1.89 & .25 6+ .01 1.99 ¢ .37 g
:(1.88i.27)x10;45ecdl (3.15%.42)x10 s (1.27¢.18) x10~4sec L (3.3+.6)x10 Ysec™t B
aAll values from data measured in methyiene chloride at'25°C. Experimental Data in AppendiQ/VI bséiutlons .

initially contained only the mer isomer.

hydrogen in the initial hydrogen/nitrogen mixture.
gSlope of a line flt.by the method of least-squares.

kFx[AO/(A -A q] *col. 4-Col. 3. jPlot of X' vs t (equation 36).
confidence limits, N =

Number of p01nts in the plot.

Mean of values for 100%-25% Hj,

4. lusing "Aeg" = .050 (value at 360 min). "Using "Agqy"
System not at equilibrium; estimated slope. '

o

fflot of X vs t (equation 35).

®solutions initially contained only the fac isomer. dPercentage of

Error limits’ quoted are the standard deviation of the slope.
+95%

= .081 -(value at 360 min).

62T
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reaction rates, equilibrium constant, or any of the derived

‘rate constants kF (init\ial) ’ kF and‘ (15F+kR) . All reactions

measured under hydrogen followed the “integrated rate laws
derived from eguation 24 ox 25.'

These results are all consistent with the hydrogen-

e g

dissociation mechanism via an unsaturated intermediate, as
shown in equation 24, Indirect evidence consistent with this
mechanism 1ncludes chemlcal ev1dence that these lrldlum
trihydrides react by dlssoclatlon of hydrogen to add a variety
of classical donor ligands and oxidative addend580'129’130.
The common inte\rmeqiiate in all these reactions is believed ]
to be IrH (Co) [P(C6H5)3]2. Furthermt?re, kinetic studies of

the f:'LV:-:§—coordinatel iridium species:, IrH (CO) 1'3, have
established that oxidative addition occurs through the: same
intermediate as the one expected in a hydrogen—d:.ssoc:.atlon

45,132-135

mechanism of isomerization . " Finally, there are

known examplés of oxidative addition to square-planar complexes
which form structural analogues of both the fac isomer

\
(e.g., Si-H and IrH(CO) P3),159 and the mer isomer (e.g., H,

e ————

and Ir(CO)Cl Pz) of the trihydride. ’ v

Alternate mechanisms of—-isomerization are shown in

\

Scheme 3, wherelequhtionls"ﬂa and b represent the isomerization

i

model already discussed (equation 24), under conditions where .

‘the rate constants for the addition and loss of hydrogen

‘have different relative values,




Scheme 6. Alternate Mechanisms for the Isomerization of

IrHB (CO) ]P2 .

km_, k

km"’ k

£-

£~

2. km+,

<< km""

kf+

kf"‘

B+H2
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(37)

{(37a)

(37b)

. (38)

(39)
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In equations 38 and 39 of that scheme, plausible alternatives
are given whxere one of the isomers is|in equilibrium with
hydrogen and an unsaturated intermediate. The isomerization‘
reaction in these cases oecurs by a process apart from hydrogen
dissociation, such as intramolecular isomerizatiofi, dissociation
of triphenylphosphine or carbonyl, or a process involving

dimeric species. There are many examples in the llterature

of intramolecular isomerizations among octahedral transz.tlon

metal dihydridelso and polyhydride specieslal, oct\ahedral

182 : 2 183

chelate and monodentate complexes . Also, dissociative

and dimeric mechanisms, including a recent proposal of
hydrogen-bridged dimers in a similar reaction of iri"ldium

140

hydrides have been described.

¥

All of the isomerization mechanisms mentioned above,
except possibly the dimerization mechanism, can be regarded
as first-order equilibrium i)roces.'ses. Consequently, ;he& all
would beha’ve—' in the manner outlined in the int’roduction and
are in accord with the rate and equilibrium results éiscussed
above.

The initial rates of reaction may. be examined to

distinguish between the alternatives in Scheme 6. One would

expect the same initial rate (equal to k C o) when starting with
the fac isomer (A,=0) by both equation' 38 and 39, regardless

of the initial concentration of hydrogen. When starting with

*

1
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e

the rpér isomer (Co = 0), however, one would expect, by
equation 38, a different iniltial rate [equal to -(km_+kF)A°]
when the initial hydrogen concentration:_is zero than when. it
is nOn-zelfo, (initial rate = -kFAo when [Hz]o # 0). l%y eguation
39, the 'ipitial rate is the same (equal to —kFAo) regardless
of the initial concentration of hydrogen. Since no ‘difference
in initial rate was observed experimentally undér zero and .
non-zero initial concentrations of hydrogen, it is not likely
that the visomerization proceeds by equation 38.

‘Equation 37a implies that the initial rate when A, = 0
would be zero. Since a non-zero initial rate was observed,
this mechanism is also unlikely. Also, the failure to
observe B experimentally L‘in the infra-red or n.m.r. studies
of the isomerization also does not supéort this mechanism.

Equation 37b would be expected to give the same initial
.rates'as equation 39 (see above). Both agree with experimental
results. (Table III-1) in their inaifference to hydrogen
concentration, and in the measured values of kF and kR'
Additional experimeﬁts are necessary to distinguish between
tht\a two' alternatives, as well as to provide mozie precise
measurements than can be made from initial reaction rates.
Consequently, expériments we_lre carried ou£ in which the
individual rate constants km_ and k_._ could be measured.

”* f-
These are reported in the next chapters, where the m)echanism

o

' ! g ’ 3 3 1]
. 0of isomerization is further discussed.



E. CONCLUSIONS

vy,

The interconversion of the mer and fac isomers of
v ’ ' 1

-

& o

IrH3"(CO) P, was found to obey first-order equilibrium kinetics

i . .
under a hydrogen atmosphere at 25°C in methylene chloride

for the reaction °

kF

ner [r——.. fac

R
Kgq = 1-5
* kp = (1.88 £ .27) x 107
\ -4
- +

(kgtkp) = (3.15 ¥ .42) x 10

ko = (1.27 * .18) % 1074
g= (127 % .

(kptkg) = (3.3  .6) x 1074 s

5
\ \ g

The parameters listed above were found to be ind

sec—l, "[facl =0
-.1 _
sec ~, [fac]l.=0

sec'l, [fac]l o=0

ec”!, [mer],=0

(25)

ependent

lof hydrogen concentration. From initial rates and chemical

evidence, the most likely isomerization mechanism is considered

to be the following

K- '
mer == IrH(CO) P
K .+

Key ,
2 t H = fad
£

(37)
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This mechanism is' kinetically equivalent to equation 25 when

\

and

Since other mechanisms are still piausible, additional

experiments must be carried out to confirm this mechanism.

¢

L

[

ra)

K4

£-

k

R=

ko4 Koo

K+ F Ker

<< kn{+'kf‘*"
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to add to the trihydride by the following reaction®’.

CHAPTE% v

KINETIC STUDIES- OF THE REACTION OF TRIPHENYLPHOSPHINE
\ d
AND IrH{CO) [P(C.Hg¥4],

A, INTRODUCTION

The rate of displacement of hydrogen by triphenyl-
phosphine was studied to obtain additional evidence for the

1

isomerization of IrH,(CO) P,. Triphenylphosphine is known
80

"

¢

IrH;(CO) P, + P > IrH(CO) B, + H, (9)

1 5

If it is established that the reaction Qf,both isomers of
the trihydride proceeds through the dissociation of hydrogen

to form an intermediate compléx, then the rate constants

of dissociation are equal to km‘ or kf_ in the isomerization rate

_expression (Scheme 5, Chapter III). Useful comparisons between the

rates of substitution and isomerization may then be made.

S
'
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B. EXPERIMENTAL PROCEDURE
1. Materials

'Fac and mer IrH,(CO) P, were prepared and stored as

described in the previous chaﬁters. Triphgnyiphosphine was

1

recrystallized from methanol. H n.m.r. spectra were

prepared and measured as described in Chapter II.

7

°

2. Kinetic Measurements

\

. . t .
The rates of substitution of triphenylphosphine with

fac and mer isomers of IrH3(CO) Pz were determined in the
presence of excess ligand in methylene chloride and in
toluene at 25.4°C. The absorbance of the reaction product,

IrH(CO) P3, at 330 nm was measured on a Perkin~Elmer/Coleman

" 124 double-beam spectrometer, equipped with a Hitachi 124

thermostated cell-compa;tmen£ accessory in qonjunction with
a Haake K-41 temperaturé ‘controller. )

Since the reaction product was fo;nd to be sensitive
to oxygen, solutions were prepared under nitrogen from degassed
solvents. Reactions took place in quartz UV cells of 1 ém
pathlength that were fitted with glass stopcocks. The cells
were flushed withanitrogen {ca. 5 min) ﬁrior to‘intréduction
and mixing of the reagents in' the cell bg syringe transfer. \;

The cells were then sealed from the atmosphere.

|

v o b o e e
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i

Three samples of different>concentrations were measﬁred
concurrently. Since the same stock solugion was used for
each series of measurements, the relative concentrations
were known within 10% for each serie57 Triphenylphosphine
concentrations were in 200, 100 and 50 fold excess of the
iridium complex (.050 ﬁM) in those series whe;e the rate
dependence on the ligand was examiqed. The concentration

of the iridium complex was varied in the ratio 1:2:3, in a

constant concentration of triphenylphosphine (5.0 mM}, in 300

fold excess of the most dilute sample of the iridium complex.

Preliminary experiments indicated that the reaction ,
\ ‘ -
product obeyed Beer's law in the presence of excess phosphine,

and that the iridium trihydride complexes did not \absorb '

at the wavelength of interest. Samples were removed from
- /

v

the constant temperature bath only for the brief interval
necessary to measure their absorbance.

A-u.v. spectrum of a solution of IxH(CO) P3 exhibited,
besides the absorption due to tﬁe tris (phoSpﬁine) complex,
additional peaks at 330, 384 and 442 nm which are suppressed
in the pre;ence of excess triphénylphosPhine; The additional
peaks are presumably Que to the dissqriation of the tris-
(phosphine) to'form IrH(CO) Pz. The extent of dissociatioQ,
however, is not great. A n.m.r. spectrum at 25°C in fiethylene
chloride showed less than 1% dissgciaiion for a 40 mM solution.

The reaction cells were imberﬁeable to the
\
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atm'osphere,\\ and contained ca. 2 ml of solution under ca. 2 ml
of nitrogen and solvent vapor. Under these/ conditions, along
with dilute soluticitns and excess tr‘iphenylphosphirlle, re—

add;tion of hydrogen to reform the trihydride is believed to
be negligible. In selected experiments, the cells were - *

covered with metal foil, to investigate the effect of - SN

Y

incidental light on the sample. ) -

\

3. Treatment of Experimental Data

The substitution of P for hydrogen by a dissociative
- . Ve
mechanism can be represented by the following equations,
\ .
where D, B and E are the concentrations of the iridium

complexes indicated.

\ L

v

ﬂ Xp
IrH,(CO) P, =3 IrH(CO) P, + H, (40)

D(fac or mer) B .

\ k4
IrH(CO) P, + P -—T__—&
/ -p

B E

IrH(CO) P, (41)

!

L]

Equation 40 yields the following rate expression in the

‘absence of the back reaétion.
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- 3= = k.D (42)

. ) \
In the presence of a large excess of ligand, the equilibrium

indicated in equation 41 lies far to the right._ Consequently,
\ \ ' «
equation 42, after integration between D and D, and .
! .
substitution for D, results in’the following expression,

where E is the product concentration when the reaction is

rl

complete. ..

=1n ~E) = kst - 1 4
n(Eeq ) kD n Eeq‘ (43)

j

In these expériments, the dissociation rate constant kD
was gbtained from plots ofb—ln(Eeq-E) versus t over two to
three half-lives. The validity of eguations 40 and 41 was
investigated for eacﬁ isomer by an anglysis of the initial
reaction rates, as well as the linearity of tﬁe plots of
equation 43.
' Although sdiutions containing ﬁhe tris .(phosphine)
éqmplex were stable in. oxygen-free solutions of tolu;ne,
the cgncepération of the complex in methylene chloride
solution was foundﬁtq_égg}}gg\ggg; several hours, presumably
througﬁ reaction with the solvent. The result was severe
curva;ure.in plots of equation 43 wiph‘methylene chloride.

Because the rate constant for decomposition, k' was found to
e R . ;
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\

be first order and much smaller than the dissociation rate \
constant, kD, it was possiblg to correct for decomposition.
The following expression, eq&ation 44, was therefore used to
ca@cu}ate the diséociation rate constant for experiments

done in methylene chlorfhe, iﬁ plgce of equation 43. The

derivation of equation 44 is given in Appendix I.

-k't E _
-ln Je - g = th - (44) |

) eq \ ‘
In this expression, Eéq is the value of Eeq which would be .
obtained in the absence of decomposition. - .
To facilitate the éSe of qu§tion 44, the computer -
program KINCOR was written.. The complete progr;m is given
in Appendix III. The program functiogs in ghe following
manner: i) an estimate of ky is obtained through the

application of egquation 43, where "Ee " is the largest value

q
of E; ii) from ky, a value of t is calculated where the .

initial reaction is 99% complete;’iii) values of E at larger
t values are then used io calculate k'; iv) equation 44 is
applied to find a corrected valué of kD; and v) the 9?%
completion point is recalculated and, if necessary, steps
iii and iv repeated one or more times with improved values

,

t 1
of k' and Eeq‘ |
The computer Qgtput for a typical experiment is given in -

N
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n

Appendix V.i The final plots of the data plotted according
to equation 44 gave very good straight-line fits. The values

of kD are believed to be as accurate as those obtained under

conditions where decomposition diq not occur.

The décomposition of IrH(CO) P3 in methylene chlaride
was furthe£ examined in separate experiments. Assuming
equation 41 and a first—order decomposition through inter-

) ) .
mediate IrH(CO) P,, the decomposition rate constant will be

pseudo first-order in excess ligand, and inversely proportional

to the ligand concentration. Accordingly, the following

expressions may be written.

£
~

—-——*decompositisn products (45)

IrH(CO) P3 ‘
where . ‘ : .
\ , | k"k_p
k' = (46)
k,p®l ‘

&

,

In these‘equatiéns, k' is the apparent decomposition rate,
k" is the reaction‘ratqﬁof Irﬁxco) P, to gt@e decompqsifion’

products,” and k_P

derivation of, these relationships is shown in Appendix I.

andvk+P are as shown in/equation el. The

Initial reaction rates were determined to find the order"
of the triphenylphosphine substitution, eaction &f IrH3(CO) Pé

N . 4 \ | /
(equation 9) with respect to the irid?hm complex and \
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triphenylphosphine, in methylene chloride and toluene.
r . Values for the instantaneo;hs ‘rates of ﬂ:eaction were obtained
= using CURVFT (see Chapter III). It was found that reaction
rates evaluated at t = 10 min gave more rellable\ results

' than those evaluated at t = 0. This is presumably due to the

fact that the latter value is derived from an extrapolation

of a non-linear expression, while the cufve at t = 10 min is ’

still "within the range' of the experimental data. Consequently,

the "initial" reaction rates are those at a reaction time of ‘
10 min. Since the reaction is only 10 to 15% celﬁplete at \
* this time, such an approximation is not l'ikely to lead to

s:.gn:.flcant error.

Inltlal rates were also calculated to an 1n1t1al '

' concentration of ze;o. These rates were found\ to be quite

‘erratic, and are ppt reported.

1 As a check on .the initial rates, rate constants were

calculated from 1nit1al rate vales by dividing the latter by

Ee’q or, for reactlons in methylene chloride, E' eq” These

E ‘ initial rate "constants" are generally in good'agreement

‘ with the rate constants obtai;med ffom the integrated rate

, expreseions.' ’

’ | In a few cases, erratic points near t = 0\cagsea
unreasonable values of the initial rate. Hand~drawn tangents

. of E- versus t were used in these cases, which are marked

; "estimated values” in Table IV-l. | ®
. \ ‘
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C.  RESULTS , 1 —
y \
, | |
The initial rates of reaction and reaction rate constants

determined for the substitution of triphenylphosphine for
" both! isomers of IrH,(CO) P, are summarized in Table IV-1.
A computer analysis of 'tfypical experiments in each solvent
is shown in Appendix V. ..‘I‘ables of data for all experiments

follow in -Appendix VII..
4 A\

v
i

1. Initial Reaction Rates ‘ \

The initial rates of reaction for both isomers are

listed in Table IV-1. Since the experiments were done in

groups of ‘three samples takén from a stock solutiox}, and
there was variation in ccnceﬁtratidns between soJ:utions,
initia‘lrrates and concentrations were calculated from mea%ured,
values, with the intermediate value of concgntrat;ion and |

\ the corresponding rate taken as unit;y.

The initial reaction i'ates_change very little when the

concentration of ligand is varied relative to the fac isomer

I3l

in methylene chloride. The mer isomer under tfxezse conditions
shows more variation \in initial rates with ligand
~clc'>ncentration, althoﬁgh the results do not indicate any
systematic dependence on tr‘ip‘l'lenylpho:‘liphir;e. The initial
rates are ciirectly prcport‘;g‘rial to the starting concl:entration,

of the fac isomer, indicating a first-order der:vendence. fhe
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Table IV-1. Initial Rates of Reaction of the#fac and mer isomers of IrHa(CO) »,, with

triphenylphosphine, at 25°C. Values of the concentration and initial

rates are relative to the experiment at intermediate concentration.

145

1) Ligand concentration varied: [Ir) = ,050 mM; [ P] = 10.0, 5.0 and 2,5 mM.

11) Metal concentration varied: ([Ir} = 075, .050 and ,025 mM; [ P) « 5,0 mM,

¢

Expt. Initial Relative Expt. Initial Relative Expt. Thitial Relative
[ Rate Kate ] Rate Rats L Rate . Rate

A. in mathylene chloride

i) {») fac isomer .
2.0 34 .0041 0.9 43 .0050 1.1
1.0 55 .0044 1.0 44 .0047 1.0
0.5 36 .0036 0.8 4s L0042 0.9
’ . mer isomar
2.0 a1 .« .0103 1.4 37 .0098 1.0 55 .0070 1.3
1.0 32 .0075 1.0 38 | .0100 1.0 56/57  .0052P 1.0
0.5 "33 .0090 1.2 39 .0052 0.5 58 .0041* 0.8
ii)(1r) . fac isomexr
1.5 46 , .0071 1.5 69 0095 1.5
1.0 47 .0047 1.0 §8/70  .0064° 1.0
0.5 4 .0017 0.4 67 .0038* 0.6
mer isomer
1.5 49 .0119 1.5 59 .0135 1.4
1.0 50 .0078 1.0 60 =€ --€
0.5 51 .0026% 0.3 62 0048 0.5

B. in toluans

HemM fac isomer per isomer

2.0 22 L0113 1.0 40 .0146 1.2 ‘
1.0 23 .0107 1.0 41 .0117 1.0
0.5 " 24 0102 1.0 ‘42 .0130 L1
11) [3z] fac isomer mer isomar '
. 1.8 27 .0163 1.6 54 .0127 la
1.0 26 .0103 1.0 53 0089 1.0
0.5 2% 0087 0.6 52 .0042 0.5
M i
‘ l
Spstimated valua. . \
Paverage of two values. e

SAccidental-oxidation; rates relative to .0048 (£.5).

e
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3

initial rates of the mer isomer also are roughly proportional
to the concentration of the metal complex, although, again,

somewhat less regular than with the fac isomer.
! " 1

All results obtained in toluene are in good agreement

!

with the, trends suggested by the methylene chloride results;
that is, zero-order dependence on triphenylphosphine, and a first-

order dependence on the irn&umlcamﬂex for both isamers. The more remﬂar
i oy
results obtained in toluene probably reflect the non-

participation of that solvent in the reaction.

‘%he order of the reaction in both reagents is‘clear
from a double logarithmic plot of the init:al rate versuE .
reegent concentration, Figure IV-1l. In this plot, the slope
of tﬁé line indicates the reaction order. Although there is
considerable scatter in both plots, the best fit for either

;) : . . .
isomer correspond to the reaction orders described above.

2. Reaction Rate Constants °

e

\

Rate constants obtained from plots of integrated rate
laws are listed in,Table IV-2. All plots of the experimental
results were éuite linear, whether or not they were co;rected
for solvent-induced decomposition. This lineatity is |
feflected\in the statistical parameters calculated from the

plots of equations 43 and 44. The correlation coeff1c1ent

generally exceeded .99, and the standard deviatiomim the —

4
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The concentration dependence of the initial
reaction rate is- showh in double logarithmic

plots of the initial rate versus the concentration

of triphenylphosphine (a) or the concentration
of the iridiumi complex (b). Because all values

‘are ‘relative~tq intermediate values of the

initial rate aqp concentration, all lines pass
through the origin. Initial rates were measured
for the mer (filled symbols) and fac (unfilled

symbols) isomers in’methylene chloride (circles)
and toluene (squares).
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. - Table IV-2. Reaction luLa Constants for Equation 40 at 25°C. ’
A Methyloono Ghloride
- MER FAC
. 2. b 2 b
' \ 102 1r) (Pl FI/lr) 104k, B:q:t. 0%, Bx;;t:. ,
: B , W = . Dmin‘l min-l
¢ S 10.0 200 1.17 EN 1.2 3
] : . ‘112 37 1.22 43
1.29 55 | B
2.5 5.0 200 ,97¢.01 59 1.01,01 67
‘ . \ 1.402.03 63
; 5.0 5.0 100 1.36 . 32 1.11s.01 kH
) . . . 1.20 . 8 1.75%,03 «“
¢ ° 1.462.02 56 1.00%.01 68
N , S 13900, s 1.03£.01 $o2
T / 1.19%.01 64
. . 1.122.01 66t ¢
. . -
' * 7.5 5.0° 67 1.30%.01 62 1.02¢,03, 69
: ’ 1.27s.01 65 ‘ .
5.0 2.5 50 1.66 23 '1.87 %
M 931 39 1.65 ' 45
. ° 1.56 58 .
, . N .
’ P e . -2, =1 -2, -l
, o ' . Avarags vilues {1.30£.09)x10 “min (1.26%,20)x1Q0 “min
. ) v -
. > {2.172.18)x20"Ysac™t ¢ (2.108,33)x20"*sec”t
i v\ -
) : ! B. Toluene | “ -
: ’ . 2.3 7.5 ‘a0 ° ' 1.91 o 12
’ T ~ 5.0 10.0 200 1.61 ’ © " 1.858.02 2 .
| 5.0 7.5 180 2.06 26
: 7.5 7.6 100 ‘ Ve “2.09 2
o sl slo 100 1,48 41 1.802,02, .23
) ’ T80 2.8 so 7 L4y 42 1.76 2 '
\ . ¢
e ea > . Aversgé values® gt N x10"2min™l (1,914, 04) 210 nin"} .
. L ]
' (2,482,200 x10"%sac™  (3.18:.22)x20 Yaec™d
: t N 1,4 . " . -
. Sgamples protadted from the light. ., | T -
I .l °
) - > Pgrror lmits are tha standard daviaticn of tha slopes, computed for typical experimesits.
. o ! v » 0
o - . “usan of values, 1958 confidence 1imits, M » 1§.and 10 in Section A, N = 3 and 6 !
1 . ) ,in Bection 8. '
- . y . |- . \
| C s ) { - ,
O SV |
. e ! r . ! ' )
' ¥ ¢ ‘ \ - ®
1 , s \
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A N
slope was less than 2%. The variation in rate constants
obtained in experiments under similar'conditions, however, is
considerably greater. There appears to be systematic error

v

due to some variation in reaction conditions between

2

experiments. Daily tempetaturé fluctuations are ‘a possible
\ .
cause; although the samples were kept in a constant-

- v

temperature bath, measurements involved’ periodic removal fto

) ¢

t:.he bath. Consquentj;y, the verror limits given on average
values are 95% confidencé limi}:s based‘on the 'precision of
several experimental '\values .
There is no large variation of the rate constant with
N ligand qonoem;:cation. Slightly higher/values: érl»pear at low
phosphine concentrations in methylene chloride, although the
tendency is not clea\r\-—cut. 'i'he effect may be solvent~induced,
since it does not appear in toluene.
There  is no significant di:‘.ference between the rate .
constants of the fac and mer isomers in methylene chloride.
The fac isomer reacts sliélitly faster than mer isomer in
toluene.
The effect of the soivent is small in these reactions,
consistent with a dissociative process. The reaction rlate
i \ constantﬁ are virtually the same' inlthe two solvents for the
mer iso;ner , and slightly faster in toluene for the fac isomer.

A previous kinetic study had found that the rate constant for

dissociation of P from Irf (CO) P, was slightly slower in

|




Q

OD

toluene than in methylene chlofidel 17.

| In reports in the literature, ultraviolet radiation was

found to greatly increase the elimination of hydrogen in

53

some iridium polyhy\drides To protect against this, some

samples were protected from the light, as indicated in Table

——d

IVv-2. These samples showed the same rate of reéaction as the
exposed sample, indicating that accidental irradiation is not
a factor in the reaction rates report{éd here.

)

3. Decomposition of IrH(CO) P, in Methylene Chloride

!

3

a) Decomposition in the IrH(CO) P3/IrH(co)E’2\‘System

-

in Table EV-Z ; were corrected for anaerobic decomposition
of the product, IrH(CO) 1!'3. A first-order decompoéition at
a rate that generally decreases with increasing ligand |

concentration was observed. The results, however, were not

%

The‘rate constants measured in methylene chloride, listed

150

{

inversely proportional to the ligand concentration to an extent

, |
that would give reliable results if a single decomposition

rate constant, k", were to be used in all experiments.
Conse%uently, individual apparent rate constants, k', were

calculated for each measurement.

[ o " !

U ——
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!

b) The Rate of Decomposition of IrH(CO), Py

\‘ The rate of anaerobic decomposition of IrH(Cx))P3 in

methylene chloride was measured in sepafate experiments
starting with that complex in the presence of excess ligand.’

For -three concentrations of 'triphenylphosphine, plot\s of
X \ o ,
the integrated rate expression (see Appendix Ic) versus time

' , \
are very linear, and the apparent rate constant is inversely
proportional to the phosphine concentration. The decomposition
) i

rate comnstants are given in Table IV-3.
ot

¥

\

Table IV-3. Reaction Rate Constants for the Decomposition

: of IrH(CO) Py in Methylene Chloride at 25°C.
(] x[ 03k 5pn
(Ir] (el | [®1/[Ir] 107k', 107k"k_p/k 5
M . mM min~1 min~t Y
.05 10.0 200 1.4 1.4
© .05 5.0 100 3.5 1.7
.05 2.5 50 6.4 1.6
‘ -5 . -1
average values 1l.6x10 min
=7 -1

y |

These results are all in accord xith decomposition of

e

IrH(CO) P, via the intermediate IrH(CO) 'Pé, according to

equa;u.m 45, Tp,e apparent decomposi{tion rate constants ,\ k',

~

'
A

1
'

Ta




'

O

a

152

in Table IV-3, generally are of the same order of magnitude

as the values of k' obtained in the experiments with the

.trihydride at similar phosphine concentrations. Variability

in k' values for the latter case may be the result of trace 7
impurities, or of the formation of reaction products which

affect the decomposition rate at long reaction times ,in the

more cémplicated trihydride ‘ system. \

i

c) The Oxidation of IrH(cO) P,

*

Solutions of IrH(CO) lP3 in methylene chloride that were

1eft open to the atmosphere, but\under otherwise similar
conditions to thf-: decbméosition experiments, reacted by a '}-
process strictly first-order in the complex at a rate almost
one hunhr& tin[\es that of anaerobic decomposition, to give *

an apparent rate cons\tant of 3.7x10"3 sec™t ([Ir] = .075 mM, .‘

[ ®]'= 7.5 or 5.5 mM, at 25°C). Since this represents a |
half-1ife of ca. three min\:ftes, the need for ‘rigordusly “ !
anaerobic conditions in Measurements involving this complex ‘

is appar’énfi. It is expected that, like anaerobic decomposition,\

oxidation proceeds through the square~planar intermediate.

d) The Products of Decomposition \

The long—{erm‘ stability of a CD,Cl, solution of IrH(CO) P,
\\l“ .

was also investigated. After a week at room temperature,

1

Q

H n.m.r. spectrum of the solution showed that other iridium

/7
\ \
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hydride species had formed in the n.m.r. tube. Besides the
quartet‘characteriétisoof the tris(phosphine), in a rel#tive
concentration of ca. 85%, there was evidence of a dihydride

species, indicated by H-H coupling, whose chemical shifts

and splitting patterns suggested H trans to P and Cl.

Structure 19 is consistent with the observed spectrum (Ha

/

18.46 1, JHP {trans) = 148.7 Hz"JHP (cis) = 23.2 Hz’,JHE'z

4.7 Hz; Hb = 37.55 T, (c1$) = 11,2 Hz, JHP (cis) = 17.2

HP
Hz, JHH 5. 2 Hz), and corresponds to a spec/les\present in

co. 12%. This structure haS'not been previously reported in

20 . ' 21

y
the literature, presumably due to the preferential formation
of the trans P isomer by the usual synthetio route (addition
of hydrogen to Vaska's complex). A quartet can also be
observed at 30. 32 T (JHP = 18.0 Hz), corresponding to a mono-

hydride species prosent in ca. 3%. Structure 20 1§ in clos%

»

agreement with literature values (for IrH,Cl P, in CH,Cl,,

configuration 20, Vg = 30.2 1, JHP = 15 Hz)l75. The formation

of 20 would be femarkable in being stereospecifically produced;

!

\
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5.
none of its isotopomer is present in the spectrulil. Structure

21 is also considered possible, since its reported chemical

shift, while outside the reported error range (% ﬂ.l ppm), is

i

nOnetheless close to the observed wvalue (1lit. 29,2 1:, JHP =

15 Hz in CH 012)175.

+ D. DISCUSSION

A

s . " "l .’ I’ ﬁ ] ., [}
1. The Mechanism of Triphenylphosphine K Substitution in

IrH3 ((E(i) P2

The results presented above show that the addition of

. \ [,
‘triphenylphosphine to both isomers of IrHs;(CO) P, is first-

order in the iridium complex, and zero-order in trlphenyl-
phosphlne. Initial rate studles of each isomer, and the hlgh
degree of linearity of plots of integrated rate expressions
clearly ;pdicqte' these rea‘ction or_ders. Furthermoré, the
absence of solvent effects on the reacfion rate; and evidence
for aecom'position through coordinotely unsaturated inter-
mediate all suggest a "d_j.ssociative« process.

The regcéion me‘cﬁanism-given in equatiohs 40 ‘and 41 is
consistent with all these results. Accordlngly, hydrogen is
lost from the startmg trlhydrlde complex in a’ rate-controll:.ng
step to give a four-coordmate .J.ntermediate. The ligand

adds relativeiy quickly to form the proéuct, IrH (CO) IP3

through a reaction which goes to cox'r'tpletion in the presence

’
/

\ "

e by
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of excess ligand. ] X

P

Previously reported systems involving IrH(CO) P3 also ~

give résults consistent with a dissociative process \

(equation 41). The square-planar complex formed by '

3

dissociation of the tris{phosphine) complex has frequently
been cited as an intermediate in reactions of theé latter
complex (see Chapter I, section c). Kinetic studies of the

reactions of Group IV hydrides witi.h the tris(phosphine) complex
/ ’ N
concluded that thé reaction proceeds accordinhg to equation

4145’117. ‘Chemical evidence first led researchers to propose

that the iridium trihydride reacts through loss of hydrogen,

80

to form the intermediate ILrH(CO) P, . Of particular relevance’

to the, present work is a kinetic and equilibrium ﬁ'tudy in

- - i
wpich the same reaction mechanism (equations 40 and 41) was -

;&rc»posed for a mixture of the isomers of IrH3(CO) }!>2132;“ The

present study, besides verifying the measurements by a
o ‘ \ '
different procedure, adds to information already in the !

Q

literature mainly in establishing that a dissociative mech‘ani'sm,

is valid for each isomer individually. .

v

Besides the direct and indir%ct e%lidenc? 'mghtioned
above, the lack of a sui‘\table alternative mechanism also lends

J

; / a ) ~
support to reaction via pre-dissociation of ‘hydrogen. A

displacefneiﬁ:ﬁ.pf hyd;:ogén by free ligand, for example, cannot
occur given the zero-order dependence of the reaction on free
ligand. Conceivable ﬁs'sociative mechanisms, besides involving

\ - N
. | \

\
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species of greater than the usual 18 electrons and six
ligands, \gerierally would not result in the rate laws observed.
The results obtéined in the present study are compared

> with literature values in Table IV-4, In particulat, the !

!
2 on the -IrH,(CO) P,/IrH(cO) B

rEqults of Burnett et §_]_.'; 3

! . .
system in DMF are of interest. Since the isomers of the

trihydride were not isolated, individual rate conﬁtants for
\
.each were not determined. An average rate constant for

hydrogen dissociation from the isomeric mixture, k_H‘, although
a \ . . . . . !
not given in the'work cited, may be calculated from reported

-

values of K (equation 9) and k given in Chapter I,

~-P +H/ k+P

The calculated value of k is in close agreement with the |
J I

» . results obtalned in. the present study in both toluene and

\ methylerie chloride. . : \ ] ’ o
Although the solvent may influence the rate .constant
for hydrogen addition, the va'lues:in Table IV-4 suggest that
it does not greetly affect hyzzlrogeri elimination. ‘ ;I’hekabsence\

of a large solvent effect is characteristic of dissociative

processes, where the ligating ability of the sol\‘rent"is not . %

a maJor factor in the reactlon. The literature’ values suggest

*

that the rate of hydrogen addita.on is faster than that of
hydrogep elimination, consistent with the failure to observe |
the‘in‘termd‘iéte in the isomerization reactions. It also can

Fe seen that the rate constant for hyd:.:ogen eliminhtion from

IrH,X (CO) P, is an order of magnitude larger when X is hydride,

t

AT

e Dendy,
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Table IV-4. Comparative values of rate constants kyy and k_4.

k

+Y
IrX(co) ¥y + Y === Ir¥y{Co) r,
k_y Lo
o
product temp 105 k-Y k+¥
X Y . solvent’ o _ R reference
. structure *c (sec 1) (sec 1, 1)
. \
H Hy mer H nzcc12 25 2212 present work
H l-lz fac H# 1!2(:(:].2 v 25 21t3 present work
H 82 mer H CGHSCHB 25 253 present work
L fac 0 CH5CH 25 32¢2 ' presert work
y A -
# B,  mer #/fac H* DMP 25 27 .3 1329
v
NCO 82 trans P CGHSCI . 30 1.4 .022 \ c 51
cl Hz trans P CSKSCI 30 4.0 \ 1.2 S1 .
I Hz trans P CSHSCI 30 1.0 ' 430 S1 \
Cl Hz trans P C5H5C1 25 1.7 .88 s1°
Cl Hy trans P CgHCH, 25 1.7 .45 51 .
cl H, trans P DMF 25 1.7 1.4 51 ’
H thp HyeCl, 25 10t >104 1174
B tbp CGHSCHJ 25 5,700, o 117
) 4
H . tbp DMF 25 >1000 132
S Y] a
B m,sied cls p CHsCHLS 20 2,2 117
e d
4 nasm\ ci’ ) 4 CGHSCHS , 0 u/ﬁ 41 . [ 45
] i d
R RyS1H cis B CgHeCH4 30 210 45
, .
%1someric mixture. : : °
"b
{CH,) {0y HO) 81 v J%

c
(Celic) 3SL!i

o]

“cuc\mud from rsported values.

”

'kﬂ, eatimated from n.m.r, spettrum indicating IrHCO PJ less than 1y dissociated (see Chapter 2),
. . ., .

i

l§7

2

.
e e

3
2.

Y
p<3
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C | | .
~ than when X is a halogen or pseudohalogen. Such a relationship *

, is consistent with the large trans effect of hydride, in the

’é . case of the mer Frihydride, compared with a halogen or A

pseudohalogenlzl. The fac trihydride has a different

structure, and cannot be compared. -

The rate constants for the didgociation of triphenyl-

el

\
|

phosphine, shown in Table IV-4, are much ‘largefr than

o B cc')mparablé values for hydrogen. '»I‘hé large rate consténf. for
)‘ ' triphenylphosphiné agditioh, however, résuﬁ:s in a complex
that is 1arg2=_-ly updiésociated in solutiox;, even thcsugh the
ol:\i.gand exchanges ra;;idly with the complex. The rate of

triphenylphosphine addit;\ion is much faster than even hydrogen

| -}
addition, \which itself is sufficiently fast to prevent |

o accumulation of the intermediate IrH(CO) le. The rate of

!

P ! » ,
dissociation .of silicon hydrides are given as examples of

compounds which, like hydrogen, react with IrH(Cb) Pé bg( a
\ \ .
v - concerted mechanism of oxidative dddition an«% reductive .

e

‘ eliminatién. The rahge of reaction rate constants for silicon

hydrides is very large, and may be mich faster or slower Q:han

the anai'ogoﬁs' eliminatioh of hydrogen, depending on the
r ! N i
su.bstituents\a on the silicon atom.
AN

H . [

\

SR /

2. .The Hechaniém of IJ:H3 (Co) Pz, Isom'erization

°

; : In . view of ‘the foregoing results and discussion, it is

(O o | : ‘

N s AT wdan e
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clear that IrH3 (CO) 12'2 reacts with triphenylphosphine through .

a dissociative process. The rate constants obtained represent
\ .
. the rate at which hydrogen is lost from the trihydride,
. . 3 N
independent of other reagents. Dissociation rate constants
1

. -
are compared with isomerization rate constants in Table IV-5.

, Table IV-5. A Comparison of Isomerization and Dissociation Rate

Constants in Methylene Chloride at 25°C (104 k, sec 1y .

Isomerization Dissociation
| .
ky km_ i
mer —= fac . - mer —— IrH + H, |
'kR , . B '
kf..
fac ~=~=—= IXH + H2
. + +
kF 1.88 T .27 ka_ 2.17 .; .15
&b
! + ) ¢ 4 +
kR 1.27$- .18 . kf_ 2.10 I .33 ,
\ . L 7
It can be seen that theﬂ dissociation rate constants are y
as large .or larger than the isomerization rate constants. ) ¥
This-is consistent with an isomerization w]hich proceeds .

through dissociation and re-addition of hydrogen, as in

‘equations 40 and 4l1. ‘Accordingly, the rate constants for

.

'dissociation of hydrogen are identical to k- and k. in

Scheme 5 and equations: 32 and 33, and are indicated as’ such

a

\

¥
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<

. ® . :
in Table IV-5. The valxge's— of 'km‘ and ,kf_ are dquite.reasonable

in view of tﬁhe relétiohship between the rate constants and kF
and k; (equations 32 and 33} For example, if the ratio

km‘g/kf*' i% 8efined as x, substitution into equation 32 yields

. the following expression

k- = kgp(l+x) . . (47)

o

i
N t

Thus, 3:h$ dissocidtion rate constant, km_", can be equal
(kp+ < kg4)y slightly larger (fcm+ "~ key), or much larger
(km+ > kf+); than t/he lsomerization rate c¢onstant, bilt cannot
be smaller. A similar argu:gjentl: ‘holds for the giis‘sociation
rate cc':nst§nt:.\kf_,\ whi'ch: isg &ccordiqgly !qual to kR(l + 1/x).
The| comparative vaiues'of the isomerization and
dissociative rate*rconstar!ts are:also zl'aeiasonable from thé point
of x}iew of the tétal react_.:i.on mechanism (Scheme 5). For
example, k"f_ tan be vlarge‘rl than kg, because not\ ally instances '
of dissqci;tion from the fac isomer resu}t in isomei:izatioﬁ;
addition, of hﬁdrogen can occur to reform the‘\ fac isomer.
Thirdly, there is independent chemical and rate evidence
for each ste;; -of the isomerization mechanism. ' That both
isomers of IrH,(CO) P, can lose hydrogen has “been amply
demonstrated in Chapter Ii;.‘ _ The addition of hydrogen to\\

o :
IrH{CQ) Pz is indicated by the known reversibility of

equation 9. Experiments described below demonstrate that

a
i

o
S
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1

hydrogen adds to ]IrH(CO) P3 to form‘ both isomers of the

trihydride by a mechanism other than isomerization. In view

-of the well-documented dissociation of the tris(phosphine)

/45 117

complex to fJarm IrH(CO) Pz » one can conclude that,

9

hydrogen adds to the latter complex.

a

Finally, it ”is clear from the éero-Qr.der d%ende}nde
of the substitution.reaction on tri;phenyiéh.osphir;e that both-
isomers of Irﬂ3(c0) Pz u_roulq 1\ose hydrogenx at rates.at least -
as fast as isome;'iZation éven in the abéence of 1%@#:1&. To

. . o 7
propose t;hat isomerization can only occur by a‘me’ anism

v

other than dlssoclation weuld necessitate the esta.blislﬂ'lent
of separate equilibria of both isomers w1tL hydrogen, tc avq:.d

net loss of hydrogen. This 1n tuxn mplies two dxffergnt

1ntermed1ates, for ,example, cis and trans IrH(CO) ’2 Th
*, 4 ' 4

struqtures do, in fact appear in the literature to adcount for

hydride exchange in the products of silicon hydﬁde asldft*o}n

to the tris (phosphmé) complexlo

1

5 In the present case, at least, the postulation of two

intermediates is an unnecessu';y complication. SO too is the
postulation of isomerization by nore than one mechanism. \ .'.
Igsomerization by loss a,m:E!1 re-add#tion of hydrogen, equation ?

24, 15 the ‘simplest and most likely mechariism, and 18 Ln

‘accord with all experimental results. o e

Isomerization via loas pnd re-addition of hydrogen,
couplad with the fact that hydrogeq is lost, at equal rates

PO
i

W T
-~

s

2

e




et o

e w3 s Sl pepcinn

Sy .

© e emrtom——

.

"from both isomers, implies that the prevalence of the fac

isomer at equilibfium is a result of a somewhat faster rate
of hydrogen addition to form that isomer, compared with -th
mer isomer, In terms of equation 47, an isgmerization .
constant of 1.5, therefore, implies x:f\.66. Use ‘of this
factof to calcﬁlate km_‘and kf_ from measured values of kp
and kp in fact results in higher values [kg_ = ke = (3.15 t

'y 1074

. 45)
The difference is likely due to an undétgxmined systematic

error in one or both methods of measurement, and can be

sec—l] than obtained experimentally (Table IV-5).

162

expected when comparing kinetic parameters obtained by entirely

different methods. Given these uncertainties, x may be
estimated to range from :3 tb‘l.o. Consequently, the rate
constant of hydrogen‘addition to form the fac isomer is from
one to three times as' fast as that for the formatién‘of the
mer isomer. \ :

The mechanism of isomerization of IrH3(CO)JP2 proposed
in equation 24 implies that there are two different modes of

addition to the square-planar complex, IXH(CO) P,. The

addition of hydrogen to square-planar iridium (I) species ;n

nearly all other cases is stereospecific. For species of the

formula IrX(CO)Lz, where X is an anionic ligand and L is a
tertiary phosphine ligand, the resulting six-

coordinate species has hydride ligands cis and phosphine

ligands trans, as in species 22. In the present experiments,

v »

!

e e
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where X = H, addition in this,rﬁode would form the mer trihydride.

e e rpe

ey g

1 . M N '
The formation of the fac isomer represents a mode of

hydrogen addition in which the p;:-oduct has the phosphine
ligands in a cis configuration. Addition of reagents to
IrX(C’C))L2 to give products of a cis—phlosphine configuration,
2/3, although musu;l, is not without precedent. The addition
of silicon hydrides to IrH(CO) ]P2 to give products of this
stereochemistry has been mentioned aboye (Chapter I) 172.
Although the addition of hydrogen to IrCl(CO)[P(CH3)2(C6H5)]2 i
t ’ results in thé conventional‘trans-phoéphin; structdré, 22, ‘

86 104

the addition of allyl halides1 and tetracyanoethylene

v e g e e

forms products having cis phosphines, analogous to 23.
More to the point in the present case are the stereo-

chemistries of the hydrogen addition products to complexes

o s sy

of the formula IrX(CO) P2124, where X is a og-carborane, R-

Depending upon the nature and position of R,

bt e s

i

B10%2%1p -
hydrogen adds stereospecifically to the solid complex to

form either 23 or 24. 1In solution with the complex IrX(CO)dp,

ot s § N e -
Y -
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where dp = 1,2-bis(diphenylphosphino)ethane, and the ligands

187

{

!

i

!

|

}

% are restricted to the cis configuration, the addition of
g hydrogen results only in structure 24 . In mgi:hylene
t

chloride solution, however, structures 22 and 23 were produced
in propo‘rtions of .60% and 40%,&respéctively, along with small
a;t\lpunts of 24 (ca. 2%). If X = H, the production of 22 and
23 corresponds to the faé and mer trihydrides of the present
work, formed in the same solvent and in the same proportion}s.
In't'he carborane case . the complex 23' isomerizes
quantitatively to 22 in solvents such as methylene ‘chloride

and benzene. Further experiments indicated that the

'3

production of 22, 23 and 24 is entirely the result of direct

addition of hydrogen, not subsequent isomerization. In

acetonitrile and other highly polaf solvents, 24 is formed .

gtereospecifica}lf. The aéditi\on of acetonitrile to sglutions

containing 22 and 23 induces isomerization of 23 t'o 24, but

do;es not affect 22124. ‘ - L
The mecﬂanism of these is'omeri'zation was not determined.

v

Preliminary measurements indicate that the conversion of 23 to

|
|
-
|
|
|
{

Zé is first—-order in the startin;g complex, ar!xd occurs about
ten times slower‘th?n the isomerization described in the
present experiments (1:1/2 = 460 min at 25°C'in 1,2-dichloro-
ethane). “ The appearance of s\evera.l isomers was thought to
be the r‘esult of steric crowéing of the large carborang and

phosphine ligands. Distortions induced -in the square-planar

T VR

v ey o gl et %

e S o e e et - L - -7 .- R o ot d .
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starting complex, it was suggested, result in formation of

the cis phosphine complex, 23, in addition to the complex of .

A &
conventional configuration, 2%124. e

2
e v ' !

In view of the isomerization mechanism of IrH3CO Pz

ST AR YO ey RPN o g W =R £ s

proposed above (equation 24), jt is iptereétinq that a similar
mechanism fits all the information on the proéuction gnd
isomerization of the carborane dihydrides of structures 22,

23 and 24. Thus, in non-polar solvents, if one ignores the

minor product, 24, the following mechanism for the isomerization

may be suggested, where X is a carborane ligand. 1 .

(48)

In this mechanfgm, hydrogen oxidativély adds to 25 by "two

stereochemical modes at nearly equal rates. “The dihydride, 23,

‘ iloses hydiogenoat a much slower rate to reform 55, while dihydridg,

) 22,is stable towards hydrogen loss. The isomerization is ) -
identical to that of IrH3(CO) P/, except for the stability of 22./

l ?Ee ratio of rates of hydrogen/ addition to 25 is similar to the

‘ - é&uivalent ratio, km+/kf+ in thg trihydride case. As in the

litter case, the-magnitude of the addition rate constants to 25

must be much greater than that for hydtoéen elimination from 23. .

| ( ) .
é : : v
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A similar mechgniém may be proposed for the reaction in

3

e ap ey

acetonitrile and other very polar solvents.

(+H,)
polar
solvents

23 25 . " 24

The isomerization in this case is similar to that in less- . :

polér solvents (equationg48), except that the reaction. of 2§

along the reagtion pathway'leading to the dihydride, 24, must \

be much‘faster than the addition to form dihydride, 23.

3 . i . The above mechanisms (eéuations 48 and 49) provide an . \

E e¥planation for the fact that both the addition of p§Qrogen

g agd the isomerization of 23 are ;olvent-dépendent, and both

; exhibit a te;dency to form species 24 in the(presenge of very

. polar solvents. Further elucidation of the pathway 25 to 24
(equation 49) is Erovidéd in a very recent report by the\game “oy

authors197

. The reaction, at least in the case of aceto- .
nitrile and benzonitrile, apparently proceeds through inter-
’ | mediate complexes formed by reaction with the solvent, as

in equation 50,




B R L T E L

e o wd w e wae

H
*f;N - P H
25 ——=2 Ir(CO) (RCN) (X) ® —2+ ZREN, 24 (50)
(RCN) X
Cco -
26

| ‘.:’ -
Isomerization by redugtive elimination of hydrogen from the
] .

dihydride, 23, provides a pathway for the formation of the

square-planar complex, 25, from which isomer 24 can be
produced through.equation 50.
All the evidence cited avae indicates that there are

at least £wp cases where the oxidative addition of hydrogen

3

to square-planar Ir(i} complexes, IrX(CO) Pz, is not stereo-
specific. The reason why these cases, where X is a hydride

or carborane, differ from others, where X is a halogen or
. )

pseudohaloge‘rt, is not clear. It does not seem to'be the electronic

influence of X, since the electron-withdrawing ability of the
carborane is comi:arable to that of the chloride 1igand188.
The suggestion advanced in the case of the carborane complexes,

that the requirements of a very .large ligand (X) result in

unusual modes, K of hydrogen’ additionl“,\ ig also \inconsiétent

M

with the fact that very similar be:hgvior occurs when X is the

smallest size possible. |
i N |

In the formation of the two isomers of IrH3(CO) 1!’2, there
are at least two modes of addition of hydrogen. It is not

clear Yhich two of the three hydrqide ligands are the added’
. A -~ .

e — ]

v
=
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ligands. To answer this question, the labeling experiments -~

described in the next chapter were carried out.

E. CONCLUSIONS

The‘rates of reaction for the éubstitution of tripheqyl-
phosphine for hydrogen in both isome;s of’IrH§CO) Pz weré
méasuféa in toluene and methylene chloride, and are listed in
Table IV-2. The reaction is fi;st-order in the iridium
complex and zero-order in triphenylphosphine. The kinetic
behavior stréngly suggests a mechanism by which both i;omers
react by the reductive elimination of hydrogen to form the
intermediate complex, IrH(COf PZ'

A éomparison with the rate of isomerization (Table IV-5)
indicgtes that'isomgrization also proceeds by the reductive
elimination of h;arogen. The implicatjion is that non-stereo-
specific oxidative aédition of hydrogen to IrH(CO) P2 is |
occurriﬁg. Because the addition of hydrogen to—square—pla#ar

iridigm (I) species is generally stereospecific, this form of

isomerization is unusual. However, it is likely that a

.

.8imilar isomerization occurred in some iridium (I) carborane

complexes, and had not been recognized.

A

— e

- ——— o e
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CHAPTER V

SPECTROSCOPIC—ll_STUDIES OF Ir (D/H) 3 (Co) [P(CGHS) 3]2

&

A.  INTRODUCTION %

ats

The labelling expe;iments described in this chapter were
carried out to determiné the stereochemical mode of‘ modes of
hydrogen agldit?ion to the square-planar intermediate, IrH(CO) P,,
to form the title complex. In these studies, deuterium or
hydrogen gas was added to the iridiun.\" (I) hydride or deuteride,
and the resulting mixture analyzed by infra-red and proton
n.m.r. spectroscopies. It was possible to distinguish befween

!
primary products"/formed by reaction with the feed gas, and

H
i

" secondary products resulting from intermolecular exhange in

’

;static solution.

i

a

The reaction examined here is the reverse of the one

studied kinetically in Chapter IV. , .

P P H P H, '
. ) P i IrI—!3 (co) 1!’2 (51)

CoO

27 14 | 1

Evidence for an intermediate was found in the u.v. spectrum

of 27 (see Chapter IV): moreover, the kinetic behavior of \

-~

~
-

" S
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3

13 toward oxidative addition leave

et (€0) P, 132 and rma(co) Bt
little doubt that the intérmedigte IrH(CO) P, is involved.
The stereoch{em“istry of the intermediate is suggested by

i) analogy with IrX(CD)stll (X = halogen, P = aryl or alkyl
phosphines), ii) steric grounds, since the bulky phosphine

are expected to assume trans positions, and iii) the spectro-

Al -l

scopic observation of a trans-'P structure in the rhodium ®

analogue, RhH(CO) lesg‘ It is therefore assumed that thg

intermediate also has trans-P ?s in 14.
B. EXPERIMENTAL PROCEDURE

1. ° Synthetic Methods and the Sources of Reagents

Deuterated reagents were purchased from the following
sources, and used without further purification: methylene
chloride-d, (99.5%), toiuene-da (99.5%) and deuterium oxide |
(99.6%), g‘;tohler Isotope Chemicals; deuterium (99.5%), Linde/
Union Carbide, Ltd.; sodium bo:_rodeute,ride '(98%) and l:fthiun;

aluminum deuteride (99%), Merck, Sharp, and Dohme (Canada),

‘Ltd. The synthesis of IrH, (Co) P2 is described in Chapter II

154 96 147

and those of IrCl (60) P,

'~ 80
and [IrH2 (co) l’3]C104 .

' IrCle (co) P2 ' IrH(SOz) (co) Pz

appear in the literature.

a) IxrH(CO) PB

IrH(CO) E3 was prepared according to literature methocls154
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and recrystallized from hot ethanol to give pale yellow

crystals, i.r. 2087, 1930 cm ' in Nujol.

b) IrD(CO) L .

/

IrD(CO) P, was prepared by a modification of literature

3
methodst07130, A suspension of IrCl (CO) P, (.25 ', .33 mmol)

was stirred with LiAlD, (.042 g, 1.0 mmol) and excess
triphenylphqsphine (.26 g, 1.0 @ol) for two hours in freshly
distilled, dry tetrahydrofuran (25 ml) under nitrogen. Excess
I‘.iAlD4 was destroyed with a few drops of'DZO, and the grey
mixture évaporated to dryness. The residu(; was stirred in
toluene (25 ml), filtered, and the filtrate was left for 12 h
at 25°C under nitrogen. Following Ievapbr:aition of the solution
to 1 ml, the crystallization of product wa\ induceél by the“
siow addition of hexane (10 ml) and cooling to =10°C. The
product was filtered, washed with hexane, aﬁd dried. Yield:

4
i

.25 g (71%), isotopic purity > 95%. -

c) IrD3(<I)) 1'2 :

'
l

I:r:D3 (CO) 1'2 was also prepared by a modified literature /

80

method . IrCl(CO) P, (.25 g, .33 mmol) was stirred with

2
LiAll_)4 (.042 g, 1.0 mmol) in freshly distilled tetrahydrofuran
(10 m1) for six hours at 25°C under nitrogen. Excess LiAlD4
was destroyed with a few drops of D,0, and the mixture was

evaporated to dryness, The residue was extracted in toluene

Il
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P

.= '
(15 ml) by stirring 30 min under D, and filtered. The fac
and mer isomers were separated in the same way as the tri-

hydride isomers. Total yield: .10 g (41%).

1 '

d) Attempted Stereospecific Synthesis of mgr—IrH3(CO) P, \

In typical experiments, small’amounté (ca. 20 mg) of an

iridium complex, Ierci (co) P,, IrH(SO,)(CO) P,, or

[IrH, (CO) P,IClO,, were mixed.with an excess of hydriding

agent (ca. 10 mg), briefly at 25°C, or longer at low
temperature, in ca. 2 ml of solvgpt. The suépe%sion was fhen
evaporated.to dryness iﬂ a stream of nitrogen and quickly
extracted into ca. 1 ml methylene chloride, filtéred, and again
evaporated. After trituration in hexane, the resulting

powder was anaiyzed by i.r. as a Nujol mull. further'détails

/

of these reactions arYe given in Table V-6.
|

2. }nteraction of H2 or D2 with' Ir (D/H) (CO) P3

/
fo
|

a) I.r. studies

i
¢ The iridium complex (ca. 100 mg) was dissolved in 25 ml of

' freshly distilled methylene chloride (4 mM) in a flask fitted
with a serum cap anﬁ needle for the release of pressure. A
continuous stream of H2 or D, was passed through the solution

via a syringe needle. The yellow solution faded as the

reaction progressed. The reaction was monitored by periodic

=
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, »‘ . withdrawal of 1 ml of sélution, rapid evaporation (< 2 min)
to dryness in a stream of nitrogen, and trituration in
hexane (1 ml). The i.r. spectrum of the resulting powder was -
IR . taken as a Nujol mull or a KBr disk. 1In these experiments,
‘the effects of intermolecular H/D exchange were minimiZed by

© constantly purging the solution with reactant gas, and

solid-state samplin—g. 2 5 |
. b)’ N.m.r. Studies : - ‘
- . iwooo - e —
R ‘ The reaction products were analyzed by solution-state

¢

n.m.xr. ”spectro.scopy in a manner similar to that described'-

\ above- (part a), but on a smaller scale (10 mg Ir(I) complex),
, - ’ \

( ; in deuterated solvents (ca. 1'ml of CD,Cl, or toluene-dg) and

' at somewhat higher concentrations (10 mM). The gas was
/

bubbled for ca. one hour at 25°C or ca. five hours at 0°C.
* The solutions were then quickly filtered into n.m.r. tubes

and g:opi:ered under nitrogen.” In some cases, Dthe sax;tples

were then ceoled. Only a short tine passed betwee;'a the
N cessation of bubbling and cooling (< 51 min) . Further dm;dzails
of the i.r. and n.m.r. spectral. measurement are given in -

}
Chapter II, section B.2.

cC. RESULTS AND ANALYSIS OF SPECTRA | i
§ ’ I\o
Spectral data and structural assighments.of the ‘

PRSEIN
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/ .o
Ir’(D/H)3(CO) 1?2 reacgion products are deécribgd below, as
well as the effects "of varying the reagenf, the temperature,
(3

and the solvent.. The range over which the reaction temperature could

be varied wds limited: much above ambient temperature, the

_loss of hydrogen from the complexes was too fast, while at’

temperatures below 0°C, no reaction at all occurred, even

o

after six Hours.
>

Structures referred to in the‘tegt are listed in Table

V-1l. Isotopomers with complementary H/D substitution patterns

are indicated by superscript primes, and hydrogen atoms

having the same relationship to the tertiary phosphine and

carbonyl ligands'are ind;‘.cated by subscript letters. '
) 3
1. Infra-Red Spectra. ’ .

Solid-state Spéctra were méasu:;ed on Nujol mulls
obtained from methylene chloride solutions of the tris-
(/pho;,gpl:line)‘ complex, 27, treated with hydrogen at room .
tq;i\perature. These spectra é:e compared to partially

°

’deuterated products, obtained under similar conditions, in

-
. wFigure V-1, \

N

Assignments of the peaks in these specfra may be made'’

with’ the aid of phe trihydride spectra and Vaska's study of

some partially deuterated hydrido-carbonyl complexeélss',lsg.

In those studies, a resonant interaction between metal-hydrogen"

i
n

-~

\Wrg
i
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9
Isotopomers of IrH(CO) P3, IrH (CO) ’2' and IrH3(CO) Pz.
K4 «
He
? ) 4 H
»
r o
° co .
27 s 14
D
P ) 4 D
' ) 4
P | oc ®
co
27 14!
] 10
H . H
) ] Hy » H
oC P P HC
Ha co .
7 3
H‘ Ha D \ Hd
(o] | 4 » c <
D ", . co co
28 29 b0 31
i . - '
D D Hd N D - )
» D r Hy ) 4 D » /Hg .
.
ocC » [0 ed P » ]
H‘ D co co
¥ ¥
28" 29! e’ 31
!
, I :
5 .



Figure V-1

e A

-
N
E

\
Y

I.r. spectra of Ir(D/H)3(CO) P, reaction products
in the Ir-H and CO stretching regions, measured

in nujol mulls. 1In (a), the spectrum of IrH(CO) P3
treated.with hydrogen is shown before the -
reaction (a.i), after ca. 1 h (a.ii), and after -
ca. 4 h (a.iii). In (b), the spectrum of

IrH(CO) P3 is shown before reaction (b.i), and
after bubbling D2 for 1 h (b.ii) and 2.5 h (b.iii).
In (c), the spectrum of IrD(CO) P3 is shown before
reaction (c.i), and after bubbling hydrogen for

0.8 h (c.ii), and 1.5 h (c.iii).
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!
and carbonyl stretching vibrations was noted in complexes

where the hydrogen and carbonyl ligands are trans to one

o I
. . . . S 5.
another. _ This interaction would in the present case result in

1

an increase of 20 o 30 cm © in upon the substitution of

Vco
deuterium for hydrogen trans to carbonyl. Furthermore, the

ratio vIr—H/vIr-D for a similar H/D substitution cis to the

carbonyl ligand was found to be 1.39. Accordingl?, for Vir-H
} .

trans to H,'one would expect an absorption at 1281 cﬁ”l upon

substitution with deuterium. A

Cy

These relationships were verified by the preparation

of fac and mer IrD3(CO) P2. Both isomers had the same vCO

(1986 cm-l), but the mer isomer exhibited a broad, weak

1

absorption at 1280 cm — that was mis§ing in the fac isomer.
: k!

i
The absorption due to Vip.p trans to D is much weaker than its
\

trihydride counterpart, possibly due to a lack of resonant

interaction in the former case.

a) IrH (Co) P3/H2

Both fac and mer IrH3(CO) PZ are clearly present after

——one hour of treatment with'‘hydrogen (Figure v-1, a.ii).

Further growth of absorptions due to trihydride species ceases
\
after a reaction time of ca. 4 h. The spectrum at this time

indiéates\that only the three species 27, 3 and 7 are . °

present.

T e e ————— T e ——

R
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b) -IrH(CO) P,/D, \ -

After 60 min (Figure V-1, b.ii), absorptions character-
istic of H trans to CO (2073, 1965 cm™ %) and D trans to CO
: {1998 cm-l) are apparentL All these peaks continued to gro&
with time (Figure V-1, b.iii). Very weak, broad absorptions )
afe tentatively assigned to Viren trans to D and H, respectively.
A weak absorption appeared at 1285 cm_l, and is(assigned to

¢

, Vip.p trans to D. In view of the relatively low extinction
coefficient of this stretching mode, the presence of this
absorption suggests that appreciable amounts of a compound with

trans D ligands was formed.

* c) Irb(cCo) PB/HZ .

After a reaction time of 45 min (Figure V-1, c.ii)

several peaks appearlwhich_are assigned to Vip.g trans to P

trans to CO (2076'cm—1ﬂ, and v trans

Ir-H co
It is expected that the substitutiom of

(2110, 2061 cm X)) v
to D (1986 cm 1),
! deuterium for hydrogen in a position trans to hydrogen will ,

result in an increase in Vip-g* Consequently, the large
1

I

is assigned to vIr-H trans to H.

(trans to H or D) was apparent in the’

absorptdion at 1780 cm

No evidence of vIr-D

region 1200-1350 cm 1.

d) Exchange Processes I - = - _

Intermolecular H/D exchange is expected to be small under

5' ’ t A |

S | \j“\\\ ‘ i ' i
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S

the conditions of these experiments (i.e., constant purge of
the solution by H, or D,, and solid-state sampling. The

relatively slow growth of v., due to 27 (1930 cm—l) in the

>

laddltlon of H2 to IrD (CO) P3 (Flguge V-1c) gpows that exchange _g

e
is not a major factor in these exper+ments. The absorbances '{\\
A

mentioned above in sections b and ¢ are therefore due to

IrDzH(CO) E and IrDHz(CO) Pz, respectlvely.'\ .

e) Structural Assignments

The'spectra in Figure V-1 ipdicate that the fa%,ggomeris formed
by addition of hydrogen trans to P, since both of these
stretching modes [A' (2) aﬂa A" in Table II-1] a;egpresent in
c¢ and absent in b. The mer isomer is formed by the added
hydrogen occupying trans positions in the broduct. This is

lndlgated by presence of v (trans H) in c ' and the absence

Ir H
of it in b, as well as the presence of Vrr-D (trens D) in b

but not c¢. -Also, there are indicabions of additional -
species pbesent (i.e., H trans CO in ¢, and D trans CO in b
which implies non-stereospecific formation of each isomer.

The n.m.r. experiments described below determined the nature.

of these éddithonal species. o

£) IrHKCO) P3/D2 Reaction Products in KBr Disks’

.
[

Reactions with deuterihm, carried out under the same

™

conditions as in seqti6n b, were also analyzed as KBr pelletsg
\
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\ o
(Figure V-2). Although all the absorptions noted in spegtré
,ﬁaken as Nujol mulls (Figure V—lg) were also pfesent in
.those taken as KBr pellets, additional peaks appeared at
BN 1730 and 1280 cm - in the latter case.' Curiously, thebe peaks
continued to grow eveﬁ after forty hours of a deuterium
purge (Figure V-2c), when no other Ir-H stretches were evident.
It is believed that the additional peaks are a resélt of a
solid-state‘reaction which occurred during the preparation of
the KBr pellets. Under these conditions (i.e., an evacuated
‘die-press under a pressure of 7,000 kg/cm2 exerted for ca.
15 min with the concurreﬁt generation of heat), it appears
that an intrametallated species, such“as 32 or 33, was formed
( by transfer of a hydrogen atom from the oLtho—phenyl position
of the triphenylphosphine 1ligand of an Ir(III) species,
along with the elimination of HD or D,.
Consistent with structures 32 and 33, the rather large
1

are assigned to Vir-H and

D’ respectively. The relative increase in intensity of

' absorptions at 1730 and 1280 ‘cm

vIr-
absorptions assigned to Vee (1572, with smafl shoulders at ‘

1762, 1745 and possibly 705 cm ') suggest changes in the

N

substitution pattern of the aromatic ring, and are character-

*
istic of intrametallated qompound553'190. Furthermo%e, the

intensity of v (trans D) is roughly proportiongl to the

Ir-H
amount of Ir(D/H)3CO P, present in solution, regardless of

“whether the Ir(III) species is IrDZH (Figure V-2b) or Irb3

( 8
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(Figure V;2c) . IThe source of the hydride iigand is theréfore
not the startihé material, 27. * The fact that the apsorptions
at 1730 and 1280 cm ' are present at a reaction time of 90 min
(Figure V-2a) rules out a reaction witp solvent as a

possible source of hydrogen.

.
P el
‘A
oc T Tp
1 . \ ¢2
D
32 33

% .
The above proposals should be verified by n.m.r., to fﬁlly
establish intrametallation and to perhaps distinguish between
32 and 33. Isomers of 32 and 33 having cis hydride and cis

¢

phosphorus ligands havéf\éen prepared by the 6xidative addition
of hydrogen to Ir(CO)fé*c6H4)(c6H5)2] P10, since, in the
presené case, the compounds are formed in high yield, tb;
preparation of intrametallated complexes by‘solid—state '
synthesis ma§ be a useful synthetic method7 The n.m.r. results
presented in this chapter clearly demonstrate that a similar
reacfipn does not occur in solution. Solid-state intrametal-

lation ai high pressure; if verified, would provide an

interesting illustration of Parshall's suggestion that "any

famanndin v 4 won
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C-H bond may be metallated'if it.is 'rubbed' sufficiently

hard against a reactive metal atom"lgl.

2, N.M.R. Spectra: Primary Reaction Products

¥

!
The primary reaction products of the addition of hydrogen

or deuterium to the tris(phosphine) deuteride (27') or
hydride (27), respectively, may be found by carrying out the
reaction at 25°C, immediately cooiing the solution, and
measurlng the spectrum at low temperature. The véry small

amount of the hydride, 27, which can be found among the products

v

of hydrogen addition to the deuteride,27',(see Figure V-3b)

.

demonstrates that this procedure does indeed eliminate
secondary reactlon products. formed by further 1ntermolecu1ar

reaction of the Ir (11) products. This hydrlde (27) would

L4
domlnate the spectrum of a solutlon in whlch secondary processes

B %

occurred to a significant extent.

The spectra of the solutions that result from the

i

addition of hydrogen or deuterium to 27 or 27' are shown in

Figure V-3. The chemical shifts of all peaks in Figuresiv—3 and

V-6 are listed  in Appendix II. Resonance patterns are
identified by a number and subscript letter which correspond
‘to the 'structures listed in Table V-1, ‘ '

In the following ana1y515, only isotopomers of the fac \
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Figure V-3. The lﬁ n.m.r., spectra of primary Ir (D/H) 3(CO) P2
reaction prog)acts, measured in CD2Cly at 25°C
(a) and -20°C (b,c). The spectra indicate the

( products of addition of Hy to IrH(CO) P3 (a), H2

- to IrD(CO) P3 (b), and Dz to IrE{CO) P3 '(c) for
ca. 1 hiat 25°C. The resonance patterns are
identified by tie~lines and numbers corresponding
to structures in Table V-1. The fregquencies of
all numbered peaks are listed in Appﬁndix II.
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and mer trihydrides of structures 3 and 7 are explicitly
discussed as possible react;on products. Isotopomers of 4,
_the mer-H, cis-P trihydride isomer which was not formed in

any of the reactions previoﬁsly discussed, were also considered
as possible products. On the basis of the n.m.r. spectra, -

it was found that these isotopomers are not present in any

of the deuterated samples.’

a) IrH(CO) P3/H2

The large guartet in the center of the spectrum (Figure
V-3a) is due to the starting complex, 27. A comparison to
the spectrum of §n equilibrium mixtpre of the trihydrides
(Figure II-9) indicate that all other peaks in the spectrum
may be attributed to the \isomers, 3 and~7. ‘The isomers
of the trihydride are present in the same proporéion in

both cases.
\

b) IrD(CO)ZP3/H2

\

The largest peaks in Figure V-3b are singlets of‘ﬁearly
equal intensity at 20.85 1 (peak 19) and 22.01 T (peak 23),

and are accompanied by»unresolved multiplets that are*symmetric

1% r

_to the resonance center. This second-order pattern indicates

‘hydrogen trans to phosphorus in a /situation in which the-

\

hydrogen atoms axiiequivalent in chemical shift, but

magnetically ;nequivalent. The multiplet is similar in

! B \
/ \ N
. « R .
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N . ,
chemical shift and appearance to the faf: trihydride, 3, but
without obviou; H~H couplingr Structuze 30 is therei‘l:'ore
as;igned. | h |
The next largest peaks, 3, 6, and 10, form a s\imple

triplet centered at 6. "The triplet splitting indicates

hydrogen cis to equivalent phosphorus atoms. The absence of

hydrogen coupling in this tripiet indicates either two

chemlcally and magnetically equ:walent hydrogens,‘ or a single
\

hydrogen. Of the possibilities, 29, 28' and 29', the '
dihydride, 29, is assigned on the basis of the chemical shift,

the coupling gonstant and the indication of trané-hydrogen in
the infra-red spectrum (see Figure V-1l¢). Furthermore,

it is unlikely that a species containing two deuterium atoms

wopld be formed by this reaction, since 'other' evidencé‘e

indicates that H/D exchange does not occur.

The remaining lines in the spectrum may all be assigned

to a specieSowith hy&rogen cis to hydrogen. If the triplet
’ \

due to 29a is ignored, a triplet of doublets is apparent in
the region 19.8 to 20.3 1, centered at peaks 4 and 5. The

triplet pattern is indicative of hydrogen cis to equivalent

- phosphorus atoms. Another doublet.(peaks 12 and 13) of

.approx1mately equal 1ntens:.ty is apparent further upfield with

the same H-H coupling constant. Only 28, of the possible
igomers of formula IrDH,(CO) P,, has the appropriate structure,

chemical shifts and coupling constants. The 28a multiplet

i

[
|
! °
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shows clearly, although the 28b multiplet is partially N

obscured by other peaks.

The assigned structures, 28, 29 and 30, account for nearly
every line in the’'spectrum. As mentioned above, the absence
of significant H/D intermolecular exchange occurring through

intermediate 14 is indicated by the absence of a significant

amount of the tris(phosphipeY complex, 27. ©Peaks 16 and 26,
"\

the center ln.nes of the 27e quartet, are clearly present,

although the outer peaks, 11 and 22 are barely perceptlble.

c) ;rH(CO) 93/0‘2 G- \ \

The addition of deuterium to 27 gives rise to a spectrum
that is much simpler than those described above. There is
no H-H coupling apparent in Figure V-3¢, suggeéting the -
absence of IJ:DH,2 (Cg) IP2 species‘, and thelrefore the absence
of intermolecular H/D exchange. ‘Furthermdre, there is no

evidence of hydrogen trans to phosphorus. The spectrum may

be completely analyzed in a filrst-order manner, and considered

«

to be composed of symmetrical triplets and a quartet arising

\
from hydrogen cis to two and three equivalent phosphorus '

B3

atoms, respectively.
C

The largest peaks comprise a quartet due to the starting

+ N

complex, 27,  The larg]est triplet is assigned to a fac
4

configuration with degterlum trans to phosphine, structure 4'.

ke

Th& absence of any hyc&rogen trans to phosphorus in the spectrum i .

)
° i \

R
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demonstrates that this isomer is formed stereospecifically,
which is again consistent with the absence of H)D inter-
molecular exchange.

The remaining two triplets i{l the spectrum are assigned
to two forms of the mer isomer.\ The larger triplet is
assigned to 28', which has deuterium in a cis confic_;uration,
a:nd the smaller"tri—plet to 29', having trans deuterium ligands.

\ - p

»

d). Structural Assignments .

Chemical shifts of the deuterated products of the
hydrogen (28, 29 and 30) and deuterium (28', 29' and 30')
addition reactions discussed above are l\isted in column 2 of
Table V-2. The close agreement with chemical shifts of
analogous trihydride resonan;:eé strongly supports the above
assignments. The.small differences between the trihydride
shifts and those of the partialiy deuterated products may all
be'attributed to the effects, discussed systematically below,l
of temperature and solvent on the chemical shift. Moreover,
the coupling constants are in excellent agreement with tri-
hydride measurements in all caé’es {see Appendix Ii for spectral
data). ~

The complementary reactions, IrD(CO) ]!’3 plus hydrogen,

and IrH(CO) P, plus deuterium, both give three different

3

‘primary reaction products: a fac isomer, in which the added

molecule is in a cis configuration (30, 30'), and two mer
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Table V-2. Chemical Shifts of Isotopomers of IrH3(CO) Pz. ‘

Structure

28
28!

29

28

29!

30

30"

27

S
-~

Chemical Shift (t)

Methylene Cloride

-20°

20.05
20.06
20.17

20.54

20.54

)
21.43

\

0° 25°

_resonance a

20.10 20.06
.20.02 19.96
20.04 19.99
20.14 20.08

resonance b
20.53 20.54
20.56 20.55

\ .
resonance ¢
21.40 21.42

'21.43 21.42

resonance d

20.22 20.20:

20.g3) 20.22 20.19

120.82

resonance e

20.79 20.72

Toluene

25°

19.27
19,29
19.38

20.09

20.10

20.48

19.57

20.42

LY

AT
A®

‘ (x 103)

© 189

A
- %*
[Ttol Tmc]
\ (ppm)

-.69
-.70
-.70

-.46

-.94

-.38

-.32

—
The difference between the chemical shift measured in toluene

and that measured in methylene chloride, at 25°C.

e ki
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| : R
o |
isomers, in which the added atoms are cis (28, 28') and trans-

(29, 29') to one another. These are entirely consistent

with the products observed in i.r. spectra.

3. Secondary Reaction Products ‘

|

When spectra were recorded after lettiﬁg reaction solutions
stand a few hours at room tempgrature, mixtures of Ifsz(CO) P,
and IrD2H(CO) P2 p;ogucts were obtaiﬁed. The following
results indicate that intermolecular H/D exchange occurs in
static solution, and the extent of exchange increases with
time. Analysis of spectra containing secondary products
revealed the presence of all ten isotopomers of the frih&dride
3 and 7, listéd in Table V-1.

\
\Intermolecular exchange is indicated by several spectral

!

features, identified in Figure V-4 as i to vi. Schematic
representatiéns of exchange - produced spectral features are

»

shown in Figure V-5,

a} IrD (CO) P3/H2

. \
i: A decrease of the dihydride, 28, relative to the

dideuteride, 28'; is indicated by the transformation in the
lowest field doublet in Figure V-4a,b. Because the chemical
shift of 28'a is slightly higher than 28a, due to an isotope

shift, the right side of the doublet is larger than the left.

/

AN
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Figure V-4. The H n.m.r. spectra of secondary Ir (D/H)3(CO) P,
reaction products, measured in CD2Clz at 25°C
(a,b) and 0°C (c). The spectra are the products
of Hy addition to IrD(co) P3 after 1 h (a) and

. 2.5 h (b) in static solution at 25°C. The

products of D2 addition to IrH(Co) »3 after 3.5 h
in static solution at 25°C are shown in (c).
Features indicating exchange are indicated by

i to vi, described in the text, and illustrated
in Pigure V-5, -
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.Figure V-5. Schematic representations of the spectra of some

secondary reaction products indicated in Figure V-4.
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~

ii: The largest triplet in Figlure V-4a, assigned to the
dihydride, 39, decreases in intensity rel\ative to a lower-
field tripiet assigned to a dideuteride, 289'.

Aiiri:, The tris(phosphine) sgecies, 27, produced by £he
loss of HD from a dihydride , is the ddéminant 'species in
Figure, 4b. Species 27 is barely detectable in the analogous
low-tegperaturé ‘spectrum (Figure V=-3b).

iv: The high-field pattern )in Figure V-4b indicates
clearly the formation of a species, 31', not present i‘n any
low~-temperature spectrum. The doublet of doublets expected

of 31' accounts for the sharp singlet growing out of the broad

multiplet near 22.0 .

/

b) IrH(CO) 1’3/D2

v: The main exchange product to be expected, 31, is
indicated by a widely split qt:{artet of doublet:e., all of equal
intensity‘, assigned to 3lc in Figure V-4c. Thé broadening
apparent on the ri<3:ht side of the doublets may be due to small
amounts of 31'. The triplet of doublets expected from 31d ~«

was presumably obscured by primary products.

e

vi: A small triplet was assigned to the secondary product
29 in Figure V-4c. The primary product, 29', present in the
low—tem;ﬁrgture spectrum (Figure V-3c), is not-.apparent in

Figure v-4c.
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4. The Effects of Solvent, Temperature, and Isotopic

Substitution on the N.M.R. Spectra |

a) Reactions in Toluene

The addition of hydrogen and deuterium to 27' and 27,
respectively, wag‘carried out at room temperature in éoluene—d8
to wverify structural assignments and the absence of so_lvent
participatic;n in the reaction. ‘i‘he results in both solvents
were completely analogous. All of the primary reaction

products found in methylene chloride are presént in toluene, ;

and in roughly the same proportion (see Table V-4). Secondary

reaction products are formed in static solution upon standing,
indicating that intermolecuwlar H/D exchange occurs in the .
same manner as in methylene chloride. None of the ‘produc,ts
of reactioné done in methylene chloridé; therefore, are a

result of a reaction with solvent.

b) Effects of Sol{rent on the Chemical Shift

-

' Reaction products measured in methylend chloride exhibited
higher chemical shifts th;,n those measured in téluene, as
shown in Table V-2. | The difference in chemical shift due
to the 'solvent, here called the solvent effect, varies
significantly from one type of proto}r to another (see Table V-1
for the positions of protons a to e). Solvent effects are

\

related to structural features of the complexes in the

T

following series:

, 1
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‘ 1 Pcis 2 P cis 2 P cis |P cis 3 P cis

1

o
1

The most likely interpretation of the dbserved order is
ﬁhat solvent-solute interaction is sterically inhibited by

‘the presence of large triphenylphosphine groups in the cis

position. Thus the largest solvent eﬁfect occurs when the

L - " proton is least sterically blocked from the surrounding

J -

environment by adjacent triphenylphosphine ligands. A solvent-

I

solute interaction of this sort might occur if metal-methylene

chloride "outer-sphere" coordination effectively shields the

1

hydridic protons. By thié>interpretation, methylene chloride
\ \

( . has the larger effect on tﬁé solyte, contrary to the

usual situation in organic molecules, where the shift induced

|
by aromatic solvents is considered most important192f193.

The interpretatioﬁ of solvent effects is further complicated
in the pfesent case by the fact thdt neither solvent can be
considered completely inert with respect to interactions )

4

i
witn the solute.

)
|

c) Effects of Temperature on the Chemical Shift

The effects of temperature on the chemical shift, listed
‘in Table V-2, are much‘leSS'than those apparent on changing
the solvent, a change of at most .l ppm occurring over a 45
degree rangé. Like solvent effects, the effect Ef temperaﬁure

- | :

il

S e
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variation on the chemical shift is dependent more on the

/

resonance type than on' a particular molecular structure. For .

example, the chemical shift of proton 28a is temperature
dependent, but 28b is not. The same temperature dependence
observed in "a" resonances merely reflects the indifference éf
the temperature dependence to isotopic substitution. The
resonances either move downfield with increasing temperature,
or are unaffected by temperature . The order in which the
va'larious resonances- ;are affected by temperature is not the |
same as that observed on changing sol\vents.

Thé effe_cti of temperature on the spectrum of theaIrD(CO) ]P3/
H, system is illustrated in Figure V-6. Resonances due to the
same proton are joined by linés and the ekXtent to which
each pattern is shifted can he seen. The spectra are
identical with respect to splitﬁing pattern‘ and coupling
constant, and show none of the line broadening characteristic
of fluxionality.

The irreversible formation of secondary products can be
seen from a comparison of Figure V-6 a and c, both ‘recorded

3

at -20°C. For example, a sharp peak due to 31', ca“in be seen
in the center of the multiplet to the highest field in
Figure V-6c. This peak, not present in Figure V-6a, was
‘produced by intermolecular H/D exchange occurring durihg the

time (ca. 20 min) that the éample was ~at room temperature.

et
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~ Figure V-6.

+ 28a
294a
28b

The effect of temperature on the chemicaltshift.
The same sample of IrD(CO) Pj3 treated with hydrogen
in CD2Cls was cooled to ‘=20°C (a), let warm to
25°C for .4 h (b)], and re-cooled to -20°C (c).
Resonances of the same speca.es are joined by

lines.
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d) Isotope Effects on the Chemical Shift - \

A

The chemical shifts of Ir(DAHfé(CO) P, isotopomers

[

are listed in Table V-3. The substitution of one or two
hydroggn atoms by deuterium at positions cis to the proton

5eing observed has 1little effect on "the chemical shift.

-Protons trans to each other, however, show a marked downfield

, ! ) .
shift of .08 ppm upon changing the trans ligand from H to D.

This shift is opposite in direction to that usually found

in isotopic substitution in organic molebuleslg4. Downfield

)

) Q . . 3
isotope shifts, although rare,- are sometimes observed in
organic compounds, and have' been attributed to intermoleculatr

effects sggh as hydrogen—bonding195 or interaction with

solventlgs. Recently, largeodownfield, as well as upfield,

isotope shifts were reported in paramagnetic metalloceneslg7.

t

The present results are the first observation of downfield

isotope shifts in diamagnetic transition-metal complexes.

In structures where the proton opsérved is trans to

. phosphorqs or carbonyl (Hb or'Hc), the isotope shiff upon

¥

substitution of one or two deuterium atoms in a’cis position

is in no case greater than the experimental error inherent

Y N
in comparing different spectra. Since the isotope shift is
generally proportional to the degree of isotopic substitution194
the lack of a measurable shift implies a shift‘bf less than one

Hertz. withéﬁitrans to D, "a small ﬁpfield isotope shift waQ

&
] .'i ,
W

14
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Table V-3. Effects of Isotopic Substitution on the Chemical

Shift*.
83 Sz
Resonance trans \ .
type Ligand c1s ¥1gan§ N
4
) \ cis H cis D
a B '20.10 (7) 20.14 (29)
a D 20.02 (28) 20.04 (28')
cis 2H cis 'H, cis D cis 2D
b co 20.53 (7)  20.56 (28)  20.54" (29')
c P 21.40 (3) 21.43 (30) 21417 (31")
. *21.41 (31)
d . Co 20.22 (3) 20.23 (31)  20.22 (30')
for *

v’

199

*Shifts measured in methylene chloride at 0°C, unless otherwise
noted;, are in units of Tt (ppm). . Structure numbers are in

parentheses.
1.

Shift measured at -20°C. The same shift is expected at 0°C,

+Shift measured at 25°C. The same shift is expected at 0°C.
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detected in H by the asymmetric overlap of the resonances

of the same spectrum,

The difference in isotopﬁ shift caused by substitution‘of’
D in a cis or trans position in an otherwise identical molecule
resembles the large diffe;ence in cis and trans coupling

constants observed in these molecules (e.g., cis, 18.1 Hz;

JHP

JﬁP trans, 123 Hz). .In fact, a systematic¢c study of the

isotope shift in some organofluorine compounds have shown it

to be, at least in some cases, directly proportional to the
194

* coupling constant . In the present case, the\isotope shifts-

and the coupling' constants J (cis) and J (trans) do not

HH HH
appear to be similarly related. The absence of noticeable.

. N

JHD (trans) couplihg in 28'a (see Figure V-3c) suggests,

since JHD = ca. 1/6 JHH’ that J... {(trans) is less than 6 Hz,

HH
which is the same range as JHH (cis). .

The isotope shift in n.m.r. h been interpreted according

ncluding zero-poirnt
198

to several theoretical models,

vibrational amplitudg lowering
o
194

; lsotope-induced changes

in bond hybridization and, recenfly, the result of

rotational’ and anharmonic vibrational contributionslgg'zoo.
According to tﬁé latter interpretation, the temperature
dependence of the chemical shift'is related to the isotope
shift, and both are related to the variation of chemical

shielding with internuclear displacement. In this context,

it is noteworthy that the temperature dependence of Ha is

’
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1arger(than that of Hb’ Hc or Hj. The reason for éhe’
unusual downfield direction of the isotope shift, however,
remains uncléar. The large difference in isotopic‘shift for
deuterium substituted in the cis and trans position may be

yet another illustration of trans—inf;uence in octahedral
201
\

e) Effect of Concehtration on the Chemical Shift

transition metal complexes

The effect of concentration on the chemical shift has
not been expllc1tly determlned but does not seem to be a’
facto& 1n the result; dlscussed abovg for the follow1ng
reasons. All lnltlal solutions had roughly the same initial

’ Q
concentration of the starting Ir(I). dbmplexb 27 or 27' (ca.

20 mM). The chemical shift of 27 present in very different

concentrations in Figures V-3b and c, changed only very little
(ca. 20.84 T versus 20.82 1). Finally, the changes in temperature

and solvent result in the same type (e.g., Ha in 28, 28' and
"f“"”'.’.- wl

' 29), even when these species were present in different

concentrations.

5. Relative Amounts of Ir(D/H),(CO) P, Products

Product ratios were calculated for each feaction, and
are listed in Table V-4. These figures represenf the molar

amounts of each isomer, relative to fac isomers 3, 30 or'30'.

3

@ m——



Table V-4,

- mer isomer

.

. 4
Raactnmtsc Cond(i‘tci)ona

Added cis Added trans Total

Relatjive Amounts of Ir (D/H)3(CO) e, Products®.

fac i1somer tris({phosphine)}’
k)

(30,30}
1 (28,28")  (29,29")
N }]
A. Iru/H, 25/25 .47 1.01 2.15
! .50 .99
B. I1rD/H, 25/125 .4 .2 .6 1.0 1.0 ,
1r8/D, 25/25 .2 - .2 1.0 2.0
1zp/H, 25/25P .6 .3 .9 1.0 1.0 4
Izh/D, 25/25° 5 - 5 1.0 1.8
c. 1m/m, 25/-20 .37 .21 .59 1.00 .10
. .38
Ie/D, 25/-20 .27 .09 .36 1.00 142
»
D. IrD/Hy 0/0 b3 .18 .51 1.00 .18
.30 -
1:D/H, 25/0 A .20 .54 1.00 " Co1s
N :
IrD/H,  above, after .40 .22 .58 1,00 " .29
24 h at 0°C .32 )
A -
i
i
1

.

2Estimated error limits B:*.1; A,C,D:T.0S.
chloride, unless otherwise noted.

bnucticn- and measurements in toluene.

csnrting complex/gisecus reagent.

dRcaction tsmpsrature/measurement temperature.

] -
1

’

IrH is 27; IzD is 27

Reactions and measurements in methylene

202
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They were obtained by measuring the peak height above the

base-line, multiplying by a factor appropriate for the splitting

pattern, and averaging values for several lines in the

multiplet. The peak heights of individual lines of the multi- -

N

plet were generally in the proportion expected for that
| ‘ ,
pattern. In the case of the fac isomer, the broad, unresolved

multiplet of 30c is ca. 15% lower in intensity than expected

from-simulated spectra, and so the average value of the resolved

and unresolved part of the multiplet was used. ‘Agreemént
between the two resonances due to 28 “(Table V-4, column 3,
sections C gnd D) éuggests that line broadening due to
deut%rium‘coupling'is not significant.

In section A of Table V-4, the product distribution for -
the reaction of 27 with hydrégen is given as an example of an
undeuterated reaction. The effect of changing solvents is
shown in B, where both hydrogeh andkéeuterium are added to 27'
or 27 in methyléne chloride and toluene. Since both the

reactions and the measurements were done at room temperature,

‘these products contain a certain amount of "scrambled"

!

or secondary products and so are only approxima;ions. Morg
accurate pgpduct ratios can be found in C, where the spectra
were méésured at low temperatures. The effect of different’
reactién temperatures is shown in D. ¥

In all experiments listed in Table V;4, more fac isomer

is present than mer isomer. In methylene chloride, the

P i o
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\
mer/fac ratio is usually in the range of .4-.6, ‘while in I

toluene there is slightly}more of the mer isomgr. Parpial
deuterium substitution doeé not have a great effect.on the
}nér/fac ratio, since it is in the same ranée;f@r the unsub- .
stitutgé case, .5. BSince n$arly the same value, .4, was ‘
obtained for the iridium trihydrides in solution in the o :
absen?e 6f the tris(phosphiné) complex, 27 (see Chapter II),
27 does not in@%rfere in the equilibrium between the two '
trihydride species, ' In expefiments in which deuterium gas is
a reéctant) a smaller amount of the mer isomer is produged
(see Table V-4, column 5, section C). The efféct is not large,
however, and it is not possible ﬁo decide from these data
whether the difference is due to a kinetic isotope effect on
the initial reaction or thé.trihydride'equilibrium, or merely co
unanticipated expgrimental error - Similarl;, the addition\
of deuterium results in relatively less mer product in which
the added molecule is trans icolumn 4, section C) than the
analogqggﬂhydrogen addi;ion. For réa;ons similar to those
cited\above, the significance of this observation is-unclear.

The most xeliable(figures (Téble v-4, section C) for both
hydrogen and deutérium addition indicate that'the ratio\of
the amount of mer isomer in which added iigands are c1§

(column 3) to that in which they are trans' (column 4) is

approximately 2 to 1. This ratio is that expected

e e
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from a random distribution of hydrogenh isotopes over the
three available positions in the mer configuration.

There is no difference in the product distributions
between reactions carried out at 0°C and room temperature,
ﬁeasured under identical conditions, as shown in section D |
of Table V-4. Furthermore, the distribution of‘Ir(III)
products does not change after 24 h at 0°C. »The\formation ‘

of a sm?ll amount of the tris(phosphine) product, 27,

" indicates an equally small (ca. 10%) .decrease in the |

concentration of Ir(D/H)3 products. No other evidencévfor
secoﬁdary reaction products can be seen %n the spectrum: It
lmay be concluded that all three reaction prodﬁcts are formed
unde£ conditions where further intermo;9cular reactions 4o
not occur, even at long reaction times.

4

6. Attempted Stereospecific 'Synthesis of mer-IrH3(CO) P,
l

Attempts were made to produce mer-IrH3(Co) P2 under

conditions Qhere'the effects of intramolecular positional _
scrambling and intermolecular hydrogen exchange are minimized.
The results are‘shown in Table V-5. The failure of either
lithium aluminum hydride or sodium borohydride to produce (N
the trihydride from IrH'ZCl(CO)MP2 in a Qariéty of solvents

under mild conditions eliminate this route as a useful method.

Attempted in situ production of [IrH2(C0) P2]+ClO4 (reaction 3,

3
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Table V-5, Attempted Stereospecifiy Synthesis.of

Ir Complex Reagent
1. Iercl(CO) 1’2 lt.jJ\lﬂ4
/
2. IrH2C1 {CO) !’2 NaBI-l4A
3. IrH,Cl{CO) r, a. Ag(ClM)
b. LiAlH,
‘ \
4. IrH(So,)(cCO) B, H, '
§
5. [IrH,(CO) B4lClO, NaH )
6. tIrd,(co) Pjiclo, LIAIH,
“, '
L.i.Al.D4
A,

Solvent

toluene
H 2 CClz \
CH 3CN
pyr;di‘ne
THF

ethanol

THF/toluene

H,TCl,
CH3CN
pyridine

THF

THE

H,CCl,
H,CCL,

THF

THF

'+ 206

»

nmer-Ird 3co Pz .

Conditions Result?
-40°, 1 h NR
ca. =5°, 4 h NR
NR N
NR
25°, 1 min NR
NR
' NR !
ca, -5°, 4 h NR
. ¥R )
* NR
25°, 5 min
25*, 1 min product (i.r.,
2004, 1998 cm—1)
28, .sh NR
25%, 2 min NR
-15°; 10 min NR
25*, 1 min  1rH(cOY By, ca. 75%

‘IrHJXCO) P,, ca. 25%
25°, 1 mun Iz (D/H) (CO) PJ

Ir 5D/H) 3(CO) Pz

2NR = no reaction,
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Table V~5), followed by treatment by LiAlH4, resulted in an
unidentified product rather than the trihydriae. The report

of the isolation of this cation, as ﬁentioned in Chapter I,

is likely erroneousgo. Displacement of SO2 by gaseous hydrogen,

like the displacement of CO from IrH(CO)2 P280’13O, is not

more facile than displacement of P from IrH(CO) P3 at 0°c,

|

and so 'is not a promising route. The reaction between

[Ier(Cb) P3]+ and lithium aluminum hydride yielded primarily
IrH (CO) Py the small amount of the trihydride éroduced is
probably formed by a further reaction of the tris(phospﬁiﬁe)
product (27) and molecul%r hydrogen. The reaction of/ the
cation with lithium aluminum deuteride did not produce stereo-
specific products.\

7. ‘Summary of Results and Conclusions

!

a) The addition of hydrogen to IrH(CO) P3 results in fac
and mer trihydrides in the proportion 2/l1. The same

\ proportion occurs in fag/mer equilibrium in solution.

b) Deuterium labelling experiments indicate that primary
products of hydrogen addition to IrH(CO) f3 have three distinct
stereochemistries: a fac structure, (30, 70%); and two mer
structures , with added hydrogen in Fhe cis (28, 20%), and trans
(29, 10%) positions. These results are consistent with infra-

red measurements.



o o o mr ktem

'

)

208

¢) Changes in the added molecules (H2 versus D,) or the

solvent (methylene chloride versus toluene) had little effect
.

on the distriLution of products. ’ l

. \
d) In static solutions, intermolecular H/D exchange

products ﬁere formed at 25°C but not at 0°C. The appearance
of these products is consistent with the loss and readdition

of 'HD.

e) The proton cliemical shift varies with temperature,

1

solvent, and isotopic substitution pattern. The variation

in each case is a function of structural position.

¥

£) A downfield isotopic shift occurred upon substituting
D for H in a position trans to the observed proton. Such a |
shift is opposite to the direction usually found in organic
molecules, and is the first of its kind observed for diamagnetic

transition metal hydrides.

g) All three stereochemical reaction products are .

fogggd at 0°C, in the same proportion as at 25°C.

}' h) Analysis of a deuterated reaction product im a KBr die

suggests that the intrametallation of a coordinated ligand

has gccurred.
1

: i) Attempts to stereospecifically synthesize an isotopomer

°

of mer;IrDHz(CO) P, were not successful. '

¢
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D. THE MECHANISM OF ISOMERIZATION IN IrH3(CO) P2
Mechanisms consistent with the kinetic measurements and

i \

labelling experiments reported above are shown in Schemes 7

and 8. The stereochemical course of the reactign is indicated

'

in terms of the fac and mer dihydrides, 28, 29 and 30;
completely analogous mechanisms coulﬁ oflcourse be drawn for'
the dideuterides,zs'; 29' and 30'. Both of the schemes

shown here are\adaptations of the one suggested by the kinetic'
measureménts, equation 37, modified to account for the mer
isotopomers, 28 and 29. The difference between Schemes 7 and

8 lies only in tﬁe way 28 and 29 are formed.

In Scheme 7, product 29 is formed by the trans addition

1
of hydrogen to the planar 1ntermed1ate,l4' Trans addition

has not been previously observed for hydrogen,\although
such a reaction does not vioclate orbital symmetry rules120
(see Figure I-1).' Trans addition has been reported for the

oxidative addition reactions involving other addends. Alkyl

_Halides can add translzz; the mechanism has. . been the subjecp

N i
of some controversy, and it now appears that a free radical one

is operative, _as_in _ Schem 2 or 3116. Otheﬁ examples of

i

'trans addition are mentioned in Chapter I. ' The addition of

protonic acids to Ir(I) complexes can result in trans products,

-

but the solvent-dependency in these cases suggest ionic

intermediates, again as in Schemes 2 or 3121; Recently, the

Sk APy e & o e
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Scheme 7. Three Modes of Hydrogen Addition.
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addition of protonic acids to cationic Ir(I) in a ¢
| ‘manner suggesting stepwise addition, as in Scheme 220% was re
/ Trans addition of hydrogen in the present.case would imply

that a concerted addition, as in Scheme 1, can 'occur in a

A\

trans fashion.

Scheme ‘8. Two Modes of Hfdrogen Addition.

D H
, P P D
£r/\ - S
P | H
27" - P +H, 28
+ P -HZ,HD
{ | 7
W !’ [
P D .
VAR e iar
molecular
oC ]

14'

30 29
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Scheme 8 shows a mechanism for isomerization which
includes intramolecular positional interchange in the mer
isomer. Although no line broadening attributable to fluxion-
ality was observed in the n.m.r. spectra of the mer isomer,
it is possible £hat‘ such interchange occurs at a rate slow on =~
the n.m.r. time s:aé:alei, but fast enough to form both products,
28 ané 29 (see below). ' This mechanisnm is strongly supported
by the product distribution reported in Chapter V. The ratio
of mer isomer with added hydrogen in the cis positiéhs\ (28) to that
with added hyarogeh in the trans positions‘(29) is about 2:1,
the same as fhat ratio expec‘ted'when"the “hydrogen lisotgpes
are randomly aistributed among the three available posiyfons.

Schemes 7 dp@ 8 might be distinguished by the stereo-
specific synthesis of pure 28 or 29 by an alternate method.
The absence of positional interchange after-several hours in
solution at(0°C woul‘do be sufficient to eliminate Scheme 8.
Unfortunately, several attempt;_s at such a syn;:h:;sis, reported
)a‘bove, have not been successful.

It is not possible, however, t? distinguish between
Schemes 7 and 8 on the basis of the distribution of
proéucts among the mer isomers 28 and 29 at different reaction
.te!i;::erattmes. Similar distributions cbserved may reflect either stability
t'owards' loss of H,; or HD in‘Scheme 7, or the establ;i.shmen£
of gquilibrium between mer isotopomers at 0° in Scheme 8.

iy

For the latter situation to occur without line broadening in

s
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thé n.m,r. spectrum at 25°C, the rate constant of mer positional
interchange, k, would be between 10_'4 sec—l and 10+2fsec—1*.
Since these limits are quite large, it is possible that

rather high temperatures would be necessary to observe line

broadening. High-temperature spectra would likely be further

complicated by loss of hydrogen and fac/mer isomerization.
In most cases, six coordinate transition metal complexes
are stereochemically rigid, probably because the regular

geometry of the octahedron minimizes inter-~ligand repulsion.

Consequently, gross ligand movement involves a relatively
)

high activation barrier. There are, however, examples of

fluxional octahedra among chélate, low~-valent carbonyl, and

hydride ‘complexes. .
f . ,\ N .
The tendency for chelate complexes to rearrange rapidly

or isomerize204 may be due to relatively low activation

barriers in situations where the concerted movement of ligands

is necekssary. Chelate ring-size and ligand ﬂ—aéidfty‘may also
be relevant factors in the barrier to rearrangement182 \In
the case of cis/trans isomerization in Os(CO)4[Si(CH3)3]2,

for example, rapid migration of the trimethylsiiyl group
across a carbonyl carbon, via an acyl-type intermediate, was

considered a possibilitylaB. Other cases of intramolecular

*

The low limit is the rate of Hy loss from the mer 1somer,
the high limit was calculated. from Gutowsky's formula 203 for
the shortest lifetime p0551ble for protons separated by Av:

T* = 1/k = YZ/mAv.

-4

\

[E—
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isomerization in polycarbonyls, such as Mo(CO)4(PR3)2, where
R is an alkyl group, have been recently r portedzos. 'In that
ciSe, isomerization occurred very slowly (siower in fact

than fac/mer isomerization in the present study), and was
interpreted by a mechanism analogous to the Bailar twist
through a trigonal prismétic transition state.

| In metal hydride complexes, stereochemical qon—rigiéity
has been attributed to distortions from octahedral geometry
that result from the disparate sizes of the h&diide and other

180,181

common ,ligands . Cié—MHZL4 complexes, where M = Fe

or Ru and L = a v§riety of tertiary phosphine ligands,
yielded’ temperature dependent 'n.m.r. ;pectra'that were
inﬁerpreted according to two mechanisms in which the phosphorus
atoﬁs moved little compared to the hydrideé. The structure
was regarded as a tetrahedron of pposphorus*atoms around

the metal w}thxhydride ligands in the center of two faces.
Fluxional proéesseg were described by thé movement of a

hydride 1ig$%d across a face, the “tétrahedial jump" mechanism
shown in equation 52, or through the formation of an inter-
mediate complex, as in equation 53. The hydride ligands of

the intermediate complex, 34, occupy a face and an opposite

edge of the phosphorus tetrahedrbn, corresponding to the trans

configuration in octrahedra.

A

SRR
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A H H H _ .
————— & . (52)
A ————
, 4 ~ ' .

34 - ‘ \

1

[N

In the preéent case, an intramolecular rearrangement
of mer—IrDH2 (co) P2 in which cis H/D ligands are transposed
-is tonsistent with experiméntal results. A similar "single

206, although

twist" has been discussed for a bidentate complex
not for monodentate complexes. Non-rigidity in the mer
-~ '

1 //
isomer would not'be due to octahedral distortion, since one

T
P 0

wou;d expﬁssi/gn/stéfic gréunds, greater distortion in, the
rigid fac isomer. \Anaiogously, the n.m.r. spectrum of mer-
IrH3 ?3 is temperature dependent and reversibly converges
to a single resonance at 40°C; fac-IrH, P, is rigid at. room
temperaturelgo.

Intramolecular electronic effects may be as important

as steric factors in some stereochemical rearra§gements.

[

o,
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The o-trans effect is stronger for hydride than for any common
iigand77'207. One exgects a ligand with a high o-trans effect
to gchieve a large overlap between thekligand aAd the pg

orbital of the metal Et the expense of the corresponding overlap
in the ligand trans to it. Thus, a hydriée ligand trans to
hydride would be more labile than a similar M-H bond when trans
to another ligand. \Since the former case corresponds to mer\
trihydrides and the latter to fac trihydridés, intramolecular

: \ }
hydride exchange in mer-IrH3(CO) P, and fluxional behavior

2
in mer-IrH, P,, as well as the rigidity of the fac isomers
of each, is consistent with the high o-trans effeét of the
hydride ligand. ‘

In view of the above discussion,:the isomerization of
IrH4 (CO) P, through two stereochémiégl‘modes’of hydrogen
addition, as in Scheme 8, is a more likely process than the
three stereochemical modes shawn in Schgme 7. Further
expérimental evidence is necessary, however, before eithap
mechanism can be disproved.

The significandy, of elucidation of the mechanism of oxidative additicn
of hydrogen has been discussed in Chapter I. The '
demonstration of two stereochemical modesgof hydroﬁen addition
to form fac and mer IrH,4(CO) P, indicaﬁes that concerted
oxidative addition need not be StEIEOSpElelC. The

possibility of trans oxldatlve addltlon of hydrogen or limited

positional lnterchange in polyhydrides is lnterestlng in view
; ' \
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; . of the importance of this class of compounds. Further
| x ‘
"‘invéstigat on of the processes discussed in this thesis may
lead to a deeper, more detailed understanding of catalytic
' .
by 1
; . processes. l , )
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been unambiguously established, and their 4.r.,
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CONTRIBUTIONS TO KNOWLEDGE

The stereochemistries of fac and mer IrH3(CO) P2 have
‘ lH and 31P
n.m.r. spect{a fuliy analyzed and assigned. The rate of
interconversién of each isomer has been measured and shéwn

to be independent of hydrogen concentration. The rates of
hydrogen substitution by triphenylpﬁosphihe have_been.measuied
for each igomer in two solvents as a function of isomer and
triphénylphosphine concentration. On the basis of these
ﬁeasurements, a mechaﬁism for isomerization involving molecular
hydrogén is proposed. Tﬁe uﬁushal non-stereospecific hydrpgen
addition implicit in this mechén;sm\is‘relevant to homogeneous
catalysis and the general understanding of concerted oxidative
addition reactions. The pbssibility of a trans oxi&itive
addition of.hydrogenz or a cis intramolecular’hyd;ide inter-
change, neither of which has been previously observed, is

suggested by deuterium labelling .experiments. An unusual

isotope shift in the ;H n.m.r. spectrum is noted and discussed.

s &7 ' I \ ’ -
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?UGGESTIONS FOR FURTHER WORK

The iseplation of an analogue of the proposed intermediate,
IrH(CO).Pz, might be achieved through thé use of° tertiary phqsf
phines large enough to inhipit further coordinadtion. The
suggestion in Chap;er IV that iridium dihydride carborane A
complexes isomerize éig the loss and re=-addition of hydrogen
could be tested by, for example, examining the behavior of
23 in a Litfogen purge.

Attempts at a steﬁéospecific synthesis o; gg;—I§DH2(CO) PZ
‘could be continued by, for example, low temperature irradiation
of IrD(CO),P, in.the pfesence of hydrogen, or by the in situ
greparatlon of IrDX(CO) 2 where X is easily dlsplaced by
hydrogen at low temperature. 'The hlgh temperatuée n.m.r. spectrum
of ggg-IrH3(CO) P2 might be examined for line broadening by
éreparing a concentrated solution of the trihydride inm an—inert
solvent under a hydrogen athosphepe in a sealed, thiék—wall
n.m.r. tube. ‘ |

A syétematic n.m.r, studg o% mer trihydri&es'might be under-
taken to teét the generality of fluxional behavior at elevated
temperatures and, in partially deuterated samplﬁs, of downfield
isotopé shifts. Finally, the structure of the intrametallated

r
species postulated in Chapter V, 32 or 33, should be established

by 1H and 31

P n.m.r. Solid-state intrametallation at high
pressures might then be attempted on other transition metal
arylphosphine hydrides that reductively eliminate hydrogen.

A

— e e
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APPENDIX I
| \ <~
MATHEMATICAL DERIVATIONS |
. ’ i
-]
a. Derivation of Integrated Rate Expressions from the
'Isome.rization Rate Laws
\]&:
The isorhéﬁization reaction involving an unsaturated
intermediate,
i
‘ K - kes
mer—-IrH.(CO) P IrH(CO) P, + H, === fac-IrH,(CO) P, (37)
== 3 2 < 2 2 —_— 3 2
k_, - C kg ‘
i
A B: ¢ C
gives rise to the following rate laws, where A, B and C
represent the concentration of each species.
da _ o .
\ , at - km_A km+B[H2] ‘ (29)
dB - g X k4B [H c (30)
T = Ky 7 kpeBlHy] - keyBIHG]D + kpo )
| \
|
dc
JF = kesBIH,] ke-c (31)

1

!

The stéady-state assumption that B-is small compared to A and

i4

o
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C implies

| ’ ' o

. " C = A,-A (A-1)
where A, ils the initial concentration of the mer isomer, -
‘and

dB/dt = 0 | ' (A=2)

By using expressions A-l and A-2, equation 30 may, be rewritten

as follows.

(k= kg) ke-

B = A+ A, (A-3)
K o + ko) [H,]

| K, + Kgp) 6]

[ 4

Substituting this expression for B into the rate law for

-dA/dt (equation 29) yields

dA _ _ ( _
T kaA }kbA, . (A-4)
K (k__ - k)
where kK =k _ - W m £ (A=5)
- a m LS e R
ko.k
) +Ke—- .
and . . k= S L e (A—6)
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After cancellation, all terms for the hydrogen concentration
have been eliminated from-the rate expression.
Equation A-4 may be integrated to yield the expression
in (kaA - kbA‘.,) - In (ka-kb) (A,) = -kat ‘ (A-7)
- i
Algebraic manipulation results in the following expression
|
for the rate law: ‘ : \
(k, + kp)A =~ koA '
F R R - . -
In KAq = (kF+kR)t (3& 8)
S (e ) (Key)
where kg = %y + Kgo) (32)
' ST,
SRR Lk 4) (ko)
and © ky = n £ (33)

R (km+ + kf.,,)

~ The integrated rate ,expres‘sidn, equation A-8, can be

A
|

simplified w’hen equations conéainin'g the. equilibrium constant,

Keq' and the equilibrium concentrations Aeqf,Beq and ceq’ ar;e
~ introduced. Thus, from equation 37,
_ ) .C C_B_ (k) (ket)

! K - _edq _ eq eq _ ™ £ (2}_9)

‘ eq A

eqd . Bogheq  Rel(Ryy)

! |

t

e —g
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\

Substituting the constants from equations 32 and 33, one
. \ ; ‘

obtains the expression
Is

|

. - C k
b Ke = 29 _ k_F_ . (A-10)
g eq R
Sincé B is'small,
!
A, -A _=cC._, if Cc, = 0. (a-11)

Equations A-10 and A-11, when substituted into equation

'

A-B8, result in the ‘simplified expressions given below.
{

|

A -A B
(. e _
1n -5-_—A-ﬂ = (kp + kp)t \ (26)
eq
| Ao"Ae\) Ao—Ae \
and 2 1n | =53] =k_t (27)

In the case where A, =0 ’(that is, if the stairting material
is pure fac isomer), an analogous derivation may be 'carried
out from equation 31 by integrating|with respect to C. The
result/ing{equation, exactly analogous to equati'on 26, may be

simplified éo give the folquing equation.

el

o F

.«
o
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\ In | 3= | = (kp + k)t (28)

Expresbions 26, 27 and 28 can be used to determine

values. for k and kp from an experimental determination of A
bY

versus t. These expressions are 1de£1t1cal to those obtained

o

from a simple two-component equ:.llbrlum that is first-order

in both directions. The significance of the above derivation,

\

'besides demonstrating this equivalence, is that it shows .

R’ and Ke - are all independent of hydrogen
concentration under this model. Furthermore, the relationships

\

between k, and kp and the individual rate constants (k 4,
1 N

km"’ kf+ and kf_) have peen determined in equations 32 and 33.
G

that kF, k

v

B. Derivation of "Corrected" Rate Expression

In' the presence of excess’ ligand, the primary r;ea'\ction to
form IrH(CO) P4 is a, first-order decay of IrH,(CO) "Pz (see
equa,ticuil 42, Chapter 1IV). Since tile decomposition of the
product is also first-order, the following consecutive

reaction can be written.

kD k' '
D ~— E —» F (A-12)

»

In- this expression; F is the concentration of decombosition

| ' |

\
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o

products, and the other quantities are as defined in -Chapter .

. o e
IV. A standard first-order treatment of consecutive
1:'ez=\c1:ionsl78 results in the exp‘res;.iop -
N Xp ~kpt X't '
E =D, ——— (e D" - ¢ ) ' (A=13)
k'-k
D
\
One may define the following constant, E' eq’
|
\ DokD
VOl e -
eq~ " Kk, (Ar14)

Substitution into equation A-13 yields the following .

} i

expresgion. |
AN - ° \ ? '
& o & ' \ - ‘ E
“'g?g Fo v E' = - (A-15)
N - s - -l V4 ,
s&-"vh - m eq e th“ - @ k't \

» . \ 1

Because -k >> k', the constant’ E* eq MaY be evaluated from

measured values. ‘At very long reaction timeé, where t = t,

!

and E = EL, the quantity exp ('-th) is negligible compare?i" to

,exp (~k't). Therefore,
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" one may obtain an expression for B from equation A-19..
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Rearrangement of equation A-15 yields the following expression,

given in Chapter IV.

1t
-1n | 7K't - _E = k.t (44)
eq 5

.

. , ‘
c. Derivation of a Rate Law for{the Decomposition of IrH(CO) P3

Decomposition of IrH(CO) P3 proceeding through the
intermediate IrH (CO) P2 may be represenfed by the following

reaction, where k" is the rate constant of decomposition.
\ . \

" Irm(co) P, X', (1n) (A-17)

B | F

‘From this equation and equation 41 in Chapter IV, the

following rate laws are obtained.

-9 = k__E - k,BIP] . (A-18)

dB _ _ S ew -
X" k+PB[P]! k"B + k_pD (A-19)

If omne makgs the steady-state assumption that dB/dt = Q, then

\
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\
Substitution for B in equation A-18 and rearrangement results

in the following equation, \
1

_%E:. = k'E,¥ d (A-_-20)
k"k_p,
Where k' = k+PT‘i] + k" . (A"Zl)

[y

The quantity k', the apparent rate constant of decomposition,
willsonly be constant when [P] is in large excess. Since

k_P >> k', equation A-21 H may be rewritten as the following.

K"k _p
' o=
]f W . (46)
The apparent rate constant, k', is, by equation 46, inversely

sy A
proportional to the ligand concentration. Integration of

equétion A-20 yields

-~ 1ln E= k't -~ 1n E,. ' ° (A-22)

L

Consequently, a linear plot of - ln E versus t with a slope

-

inversely proportional to ligand concentration provides strong

e [2
>
&,

support for thig mechanism.
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APPENDIX II

A

1. Mer-IrH, (co) P2

Data in the High-Field Region.

o

in CD,C1, at 25°C (see”Figure II-2).

Chemical shift (1)

(ppq + .0lppm)

Peak Peak
Number Shift
1 19.85
2 19.91
3 20.04
4 20.09
5 20.23
6 20.28

6 (20.28) *
7 . 20.32
B 20. 38
9 20.49
10 20.54
11 20.60
12 20.70
13 . 20.76
14 20.81

Center

20.06

20.54

Coupling Constants
(Hz = .05HzZ)

H~-H

19.5

19.5

Assignments

. 7a

7o

* . . .
In this and subsegquent tables, peak shifts in parentheses

indicate overlap by neighboring peaks.

N
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2.  Fag-IrH,(CO) P, in CD,Cl, at 25°C (see Figure II-3).

‘

Chemical shift (1)®

(ppm = .0lppm)

Peak Peak
Number shift
\

Y 1l 19.97
N 2 20.00

. 3 20.03

7 4 20.17

5 20.20

6 T 20.23

7 20.37

8 20.40

9 20.43

10 ca. 20.6t

11 ’ 20.83
12 20.86,

13 22.00

14 22.02

15 ca. 22.2%

h

Center

20.20

Coupling Constants

(Hz t+ .05Hz)

JH—H

Assignments
J
H-Pcis
18.1 ‘
3d
19.1
]105.1* 3¢

e
R

* -
\ Apparent trans coupling.

\
( \ .+Unresolved multiplets.
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g 3. IrH(CO) P3/H2 in CD,Cl, at 25°C (see Figure V-3a).
\ |
Chemical shift {t) , Coupling Constants
, ““{ppm * ,0lppm) \ (Hz .+ .05Hz)
Assignments
Peak | Peak '
Number ©  Shift Center JH-x JH-Pcis
\ r
1 19.85 ' -
2 19.90 Js4.8 16.6 , \
6 20.03 v . 7a
7, 20.09 20.96 Jeas
10 (20.22) 1 l16.6
- 11 20.27 . i
3 19.97 o
4 19.99 ]g'g -
5 20.02 y 8.1
"8 . 20.17 - |18 3d
9 20.20 20.20 32'1 -
10 . 20.22 ' ‘ 18 6 \ ¢
13 (20.36). , .
14 20.40 3 r
15 20043 o 4244
C11 (20.27) /
12 20.33 ] ‘
13 (20.36) , 7b
16 20.49 R 19.3
17 20.54 20.54 ] . .
18 (20.61) _ / ‘
\ 19 20.71 as P o o
20 20.76 } . F
21 (20.81)
18 20,61 21.9 ,
22 20. 85 20.73 215 2%
24 21.08 .
18 (20.61) o
21 20.82] , :
23 20.85, L. J2.6 El 104.9% 3¢
25 21.99 . 7 2.5 _]104.8*
) 26 22.02 .
27 22.20 .

*
Apparent trans coupling.
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4, IrD(CO) P3/H2 in CDZCI2 at -20°C (see Figure V-3b).

Chemical Shift
(ppm ¢ .0lppm)

Peak Peak
Number Shift
1 19.84

2 19.89

4 20.03

5 20.08

7 20.21

8 20.26

3 19.99

6 20.17
10 20.35
9 20.31
10 (20.35)
12 20.52
13 20.57
r 17 20.73
18 20.79
14 20.65*
19 20.85
23 22.01]
24 22.22*%
11 20.48
16 20,72
20 20.96
22 21.20

&

Tenter

20.05

-~ 20.17

20.54

21.43

20.84

Coupling Constants
(Hz t .25Hz)

Tg-g JH-Peis
Ja.8 ]16.7
J4.6
]4.6 ]16.5
16.5.
16.7
1
14.3 ]19.2
J4.5
J4.3 ]19.3
18.5
]]104.2*
18.9

-—-r»——-————wx\/ ot

Assignments

28a

29a

28b

. 30c

" 27e

*Multiplet.center.
+

Apparent trans coupling.



. ‘ - 232

5. IrH(CO) 1’3/D2 in CDZClé at -20°C (see Figure V-~3c).

' t

Chemical Shift Coupling Constants

b e A

| (ppm + .0lppm) (Hz * .25Hz)
N Assignments
Peak Peak . :
Number  Shift Center TH-Pei g
1 19.88
3 20. 06 20.06 %g'g 28'a
5 20.25 .
2 20.03
4 20.23 20.23 TR 304
7 20.43 . ,
6 20.33
9 20.54 20.54 ig'i 29'b
11 20.75 .
8 20.47 L
: = 21.4
10 20.70 20 82 b 2 27e
12 20.94 21.4
13 21.18 P EE
' ]
\

o
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and mer~IrH3(C0) P2 in CD2C12

NN

at 25°C- (see Figure II-5).

Chemical Shift
{(ppm t\.ozppm)

Peak Peak
Number shift  Center
1 15.95
2 '15.65
3 N 15.319 15.48
4 15.04
\ 6 8.18
7 7.81
8 7.64
9 7.47
10 7.34
11 5.76 6.55
12 5.60
13 5.46
14 5.26
15 4.93

g

Coupling Constants*
(Hz + 1Hz)
Assignments

J.
H—PCiS ~

1

11
12 7
J 10 ,

*
Partially decoupled values.
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C. Calculated Spectra

Calculated Values?

peak #b freqﬁencyc

1. £ag-IrH,(CO) P,:

2 - 52,5

intensity

2.0

Measured Values

1H spectrum

. peak #d frequency intensity

1, 23 - 52,1 2.0
5 77.4 .45 S
6 66.4 .54 247 _ 64-72 .31
9 69.1 .51
10 72.1 .49
2. iggfIrH3(CO) P, 31P{phenyl protons}spectrum
28.7 1.00 “\\\il .. 28.7 .99 \
35.0 .56 12 34.8 .66
40.6 1.00 13 - 39.7 1.00
Y 47.0 .89 14 47.0 .86
- 59.2 .56 15 59.2 .43
| . | 3. mer-IrH,(CO) P,: 31P{1§henyl protons}spectrum }
{ - . j
-17.45 .50 1 -16.45 .49
- 6.45 1.00 2 - 5.55 1.00
- 4.45 .50 -3¢ A
. ‘ 4.45 .50 4¢
. " 6.45 1.00 5 6.65 1.00
17.45 .50 © 6 16.45 ", 46
\
3The spectra were calculated usigg the ﬁrogram given in ’

Appendix IIT and the parameters in Table II-2. In 1, Jgg = 5.0

cf. Appendix III.
CRelative to resonancé center.

b

In 1 and 2, the multiplets are

3

symmetrical; only the right portion of the multiplets is

tabulated.
d

cf. Figures v-3b (1) and II-5 (2,3).
Cunresolved shoulders.
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APPENDIX III )
! > ﬁ
. .~ COMPUTER PROGRAMS
.
. \
' A, KINCOR
The following probram\ was used to analyze the kinetic
.
. data reported in Chapter IV. Two examples of the output of
,
i
the program are shown in Appendix V. Kinetic data of all™
4 . .
. y N ' A
experiments processed by this program are tabulated in
Appendix VII. '
’ ¢ \ .
C KINCOR
< .
[+ l PRUOGRAM TD PRDOCESS KINETIC DATA
C MEASURING THE ABS50ROANCE OF REACTION PRODUCY
C CONTAINING CORRECT IONS FOR T {ME-MEASURE MENTS FROM CHART O1stance \\
[ AND FOR TIMNE MCASURED BY THE CLOCK
C A LFAST=SOUARES SUBPROGRAM IS US
. C YHr PRUGRAM wllLlL CORRECT FOR SOLVENT INDUCED DECOMPOSITION
- I AT LUNG TINES AN
< - ALL KRCACTIONS ARE ASSUMED TGO BE FIRST ORDE
[4 INITIAL RATES ARE CALQULATED HY FITTING THE DATA TO A POLVNDNIAL
g (USING CURVFT)s AND FINDING THE DERIVATIVE AT ZEROD
P 4
[ IMPYT DATA IS REAOD INTO MATRIX A
4 MATRIX
. [ coL lNrnnuan F1ELDO IMPT CD OUTPUT SPACE R
: ' C 1 DATA PT NUM Fas0  2-10Q ANE .
4 2 TIME(CM) ro.2 11=21 t
t s C K} TIME{HR=-0CLK) Fa,0 22~30 1
C L TIME(MIN-OCLK) Fa,0 231-39 1
C s TIME (MIN) F6.1 AQ-S0 1
c L ADSORBANCE{RAW) F6,3 S1-61% 1
c 7 ADSURBANCE [CODR) ,
C 8 OPD FOR UNCUR RATE ‘
[+ 4] UKD FOR DECQMS® RATE
C 10 ORO FOR COR RATE
(4
c ORDER FUR I1MPUT CARDS v
C NUMOCR OF RUNS IN PROGRAM
\ < RUN IDENTIFICATION CARD
[« DATA CARDS FOR MATRIX A l . s
- € N
[4
ggg; nn:%rr;xuu A‘SO.IO) +B150+121:C(9)40(50) .Elso).r(sa )-G(ll)-d(l).ﬂ(l)
0003 101 FGRMAT (12) ' / !
0004 0O 1o 111, NR
c
c QEAD [N THE AUN lDENT!FICM’ 1ON NUMAER, NUMBER OF POINTS I[N THE
< KUNs WHETHER CORRECTED (NCsL) OR UNCORRECTED (NCmZ) FOR LONG .
g TERN agcumgﬂ;}ueizue Houa (TZH) ANOD NIN}MYS {TIM) AT TIME ZERU. . .
[4 IF MC = 3, THE INITIAL RXN RATE IS CALC AT!D ArTER CDRGECTING
- [+ FOR Thi AND AODSORBGANCE VALUES: LOGS En‘ NOT CALCIR.A
[ 1F NC o ONLY THE INITIAL REACTION RAVE 13 CALCULAI‘EDS ABSURBANCE
[4 VALUCS ALDN! ARE CORRECTED.,
’ [ IF IRR = 1, THE INITIAL RATE IS ORTAINED AT CONCENTRAT!UN OF 2ERQ.
[+ IN THIS CASE, ADSORBANCE MUST BE SINGLE~VALUED OVER THE RANGE USED.
/ - - ‘C: NS2 IS THE DATA PT NUNBER wMICH BEGINS THE 0=2 ABSOR!ANCE SCALE, .
0005 €EAD (5. 102 INIRSNP ¢INC,T H.TZH.OL.!RR.NS?
Q006 102 FUORMNAT (3(1242X)12(F4e0)eF0643,12:12
[«]-1. 14 o WRITE {&,103INIR
0008 103 FORMAT mm.umun NUNOER , 12) !
- 0009 WRITE {6, 104)NP
0010 104 FURMAT [1H » 1O0HTHERE ARE s E2s 24M DAYA POINTS IN THIS RUN)
0011 WRITE (G105 T2ZHsRIM
3012 108 FORMATY (IH J1INTINE ZERO IS «F3.041H:,F3.0.84 O'CLOCK )
Q0173 WitITE (G, 106)8L N
QOo1a 138 FURMAT (IN s23H ‘HA;ELXN! ABSORMANCE 1S , F&,.Y) ~
Q015 1 (HCEQal IWRITE( O
. [ X2 1 FORNAY (1 ot 'mls PRUGRAM (9 COIQ!CYED PFOR ODECOMPUSITION AT LONG
' C REACTIOUN TIMES BY AN ITERATIVE METHOO *)

v

!

1

Q
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£031
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0098
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BNGAPUN= QD

e

DON = e

3

-0~

a

201

{F CeEQL2)WRITE (0e1081
PUﬂi‘:A‘T.(H:O, HTHIQ'DROGRAM lS NOT CORRECTED FOR DECOMPOSITION)

IF [NS2eNEsD) WAITE(Os 121)INS2

FORMAT (' SCALE 0~2 BEGINS AT POINT NuMAER ',13}
READ DATA INTO MATRIX A

DO 19 1281, NP

19
READ(S.IO9)(A(|2-J)7J'I ]
FORMAT (FA.0,1XsF6e2012,2
KK=NP

TO CURRECT FOR TIME AND ABSOROANCE
1IF (NSZ2eEQeD)} NS2m99
S=1, !

=l
we.st)s-z.

60 1O 1

£0:0.) GO TO & I
[

2

3

Q)
(FaaDs1X)eF6elalXsS(FBe3i1X))

13.2} |

Al(LY

-TIM_ .
« |
A(l13

A
i
A
.
[+
TJa= AL
T
4
4
' 3
A ) GO T0 2
‘' -8

IF(NC.EQ.3)GD TU_ 22

IF (NCoEQa2) GQ TO 17

AMAKIO- ! ,
Lasl NP B

ADIfF-AMAK—A(l‘-?)

IF (ADIFF) 14,14,5

AMAXSAL T4 07)

CONTINVE '

GO 10 1

NRITCton 1]

Wl

FORHAT (1M 'TNE MXI&PN AHSORBANCE lS *eF6e3)

TU COMPUTE LOG ( AMAX~A} FOR UNCORRECTED RATE
KK 15 THE VALUE FOR WHICH T (S LESS THAN 125 MINULTS
KK=Q)

oo 7 1521, .

IF (A(ISnS)-GT-IZb.) G0 Yo 8

AARGEAMAX=A(15,7)

IF (AARG-LE.O.)GD TO 8

A {19,8)=~ALOGLAARG)

KKagK+ 1

CONTINUE '

READ IN DATA TO 8 MATRIX TO CALCULATE LEAST SQUARES LINE
RESW TS ARE [N C MATRIX

00 19 1681 XK

Bll6s1)=A(18,8)

U(!lan”‘(chﬂ) '

NOP
CALL STPLN (B.CoNOP
HRIYF(L-llO)A(l-5)-k(lcﬂh!(&KcS)oA(KK:ﬂ)JC“I-C(Z)-C(J) « NOP

. .
TO FIND THE HAXIMUM ABSORBATCE VALUE R

a
NPLT)
s LLB)A
1HO,

aovy

FORMAT ( 1 HO » 3UHLEAST SQUARES ANALVSIS DF PQOINTS FROM 2F6.1,

CBH AND oF1036410H TO POINTS.F6e1s5H e F10.6 /SX.9HSLOPE IS ,
LT 040s 10X, 27UCORRELATION  COEFP ICIENT 19 F 10eds10%e
CLeNY-INTERCEPY 16 . F10.6/5X,24HNUMBER OF DATA POINTS .13}

WRITE (544 00) |

FURMAT (9H ST DEV X.12X.8HST DEV Y. 1ZX.10HST ERROK Y. 10X, 10HST DEV
C SLP, 10X

WRITC (Gpa01)(CLILL) o ILLma,7)

FURNAT (1M +6{F12.6.8X))

#RITC (ce119})

FUPMAT (1 HO, 1THE FOLLOWING 1S A PLOT OF THESE POINTS')

LU 200 12081 ¢ Ni

0(120)=0112041)

E{1201mR{120.2]

CALL PLOTL {(D.EsNDP,101) .

KPL=D ‘ : -

IF (NC.EQel) GU T 20 ;

WRITE (talil)

FORMAT (1HO'S2HTHIS RATE 13 UNCORRECTED FOR LONG TERM DECOMPOSITIQ
s iy

G0 ;

ﬁﬁXTE (6 112}
FORUAT (;MO.‘THIS RA?E IS ONLY AN !STINA‘I’E AND MuUST BE CORRECTED
CFOR LONG TERM VECOMPOSITION'///727/7//7777)

TU FIND THE DATA POINT (KKK) WHERE THE RXN IS <01 FRUM COMPLETION
iF IKP\..GT.S)GO T 2

DEVeLXP (~C{118AIT7e51)
KKX=17

IF (DEV.LY<0.01} Ga TO 10 i N
CONTINUE - Ch

IF (KKK.EQ.NP) GG TO 21 - ! .

TO COMPUTE YHE DECD”OS!TIM RATE, WHERE K& IS YHE NUMBER OFf
PQINT $ usco

h TURKKK o NP .
AC1830) a=ALOG(ACTBL 7)) .
KoaK4e |
BiRastleA(1n.5) .

BUKaL2IxA(TAI9) . .
NDPwK,
umz'r (60113)

FURMAT {110, °*THIS RATE IS THE LONG- TERM SOLVENT=INDUCED DECOMPOSI]
U IEN o cuo
L N
rll’! (62110)A (KKK.S].A!KKK-O).A(M'.S)-A(NP.").C(I)cClZ)'C(JD'NDP
F (KPL,GT4I) GO TO 23
WRITE {6.119) N
DU 201 120sl 40P
D{120)=0{120,1)
EC120)s0(120.2)
CALL PLOTL (D.8 OQP‘ o)

236
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STRLN

THIS SURPHOGRAN' wiLlL USE VALU!S IN A TwO DIMENSIONAL MATRIX
AND CALCULATE THE SLOPE. V;lN‘I‘ RCEPT s ANO COREEL‘A;IIM ‘COEFFICIENT

COHPUTAY!ON OF CORRECTED RATE

RYSTuKKe )

114 (A(KTST.S).GT.lzsr GO To 23

KK =KT

1¥ (KTS?.GT.SO) sTapP ’

GQg TV
AQPF IA(NP.'I)/(EKP(—CII IPAINP,S) ) )

o0 12 9=
AARPHE (EXP(—C(!)‘A([Q.s))-A( 194 7)7A0PR)

Kium [ 9
IF (AARPRLGT.0.) GO TO 31

KNEKN=|
A{19.10)%0a

GQ Tu 32

Al 9-|o)=-ALoG(AAﬂFn) -

B(19.,1)3A(X19,5)

0¢ !")-ZHA(XQ-IO)

KK=KN

NOPw®KK

KPL=KPL+1

WRITE (6.122) .
FDRMAT(///I!1uﬂbCORRFCtED ADSORAANCE MAXIMUMs AOPRs 154F7.3)
WRITE (6411

FORMAT{INO ' THIS RQTE 15 CURRECTED FQR LONG TERW DCCONFOSHION')
CALL STRLN (H,C,NDP)

WRIYE lb.llD)A(l.S).A(l.lO).A(KK‘S).A(KK.IO).C(ID-C(ZMI(JIoNDP
OEV=t XP{~C¢{ AIKKR s 33 ¥

1160 TO 20 ! : o

WNDP.101) .
THIS 1S THE FINAL CORRECTED WATE®)
JICEILLY s TLL=4,9)

[
1
-
fad
: ”

P
Ll Do s
~ONGe ~0 0

. See o

ERNOR: THE INITIAL RXN IS NURE THAN «01 FRUM CUOMPLET

CIUN® ) -

PRINT TAQLE OF OATA (ARRAY &) » ,
wWRITE(6s116)
FORMAT (1M1, 6HPT 4NOs » 3X, 10HTIME UNCORs 19X s BHCOR, TIME 44X, LOHABSORBA

CNCE. 11X QHURDINATES /7 1 QR ¢ 2HCM ¢ 9X « 2HHR, 7X .JHMINobx SHMEN, 8Xy IHRAW,
CBXs SnCUR.BX-bﬂUNCDR 21 0Xe SHOECOMP ¢ 9X 3 INCOR/ )}

oQ 23 F10=3.,NP
WRITE(6, 117} (A(I100 1) eJin l
FORMATIIN +F4.0:S5XsFBe215%, 0-0-5X).F6-l-5x.2(F6 3-5X)-J(Fl°-5-

€5%)) o

g e

H' M CALCULAT!ON OF INITIAL RATE®* /7' THE FOLLOWING IS A P
BSORBANCE VERSUS TIME®

oM 3Gl 10040sG4R)
AT ZERG IS '-FlOb’.’D/' THE Y=INTERCEPY 1S¢,

IF (IRk«NE. L) GO TO 16
CALL CURYFY (E-D.r.m&vlm -G-lloOoOch‘l) .

WRITE {64304 )ﬂ In

FORMNAT {//% AT ZERO COMENTRAT!DN- THE INITIAL RATE 1S ',F10.6)
UIIIYEHNIOIHG(Z).G! 1} .

CONTINUE

sTop

END

SUBRYUTINE STRLN (Be. C. NOP} '

THE LEAST SQUARES WETH

Q
IMPUT 1S MATRIX By CONTAINING THE DATA PCI
OUTAUT (S NATRIX Co WHERE C(1] IS THE SLOPE- €21 15 THE CORRELATION

'C‘QEPFICIENT- AND C(3) IS THE Y«INTERCEPT

IS THE NUMBRCR OUF DATA POINTS: WHICH IS5 RECEIVED AS [NPUT
DIMCNSION B(30.2), C(9)
Sam0,

§Y=Q, s
SXY%0, .
SX2=0.
SY2s0,. ’
00 x50 I=tiNDP N

X

-
s, +8X2
.

il
12} ssy ‘
sideaiiyz esxy
v2)eB(Ts2)e8v2 .

=SY/PTN
SIGX=SORT (SX2/PTN-XAVE®2, ]
mv-son (SY2/PIN=YAVS®2,) ‘
(S1GReE0.0.)$TOP,
S[GY+EQe0 ¢ )STOP . .
SXY/P TN=XAVAYA V] A( SIGXSSTGY] '
(znsmv/sw
v;cul XAV

le=Cl2)0¢2.) '
SSORT (PTN=2,)) W

237
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APPENDIX IV _ .
W

g e e

e

¢

APPARATUS FOR THE MEASUREMENT OF REACTION KINETICS

- o e,

UNDER A CONSTANT PROPORTION OF GASES

i

/
» " The apparatus shown in Figure A-IV was used to prepare, -

maintain and sample solutions under an atmosphere of constant
i ‘ / .
composition. The whole system could be evacuateg\and filled

c

with the gas mixture in the proper proportions before -

i

dissolution of the solid complex. Sample solutions were

foreced out by‘means of the mercury pump. After equilibration -
f . to atiwspheric pressure, the reaction flask K cdﬁld be isolated
From the sfstem to eliminate gvaporation. The detailed

. procedure is given below.

3 \ ]

1. Weigh out the sample into the reaction flask K, and attach
to the system. >

2. Flll the solvent flask 0, include a stirriing bar, and s
degas the solvent.

3. Evacuate the entire system, keeping A, D, E and ‘H closed.

4. With J and C closed, fill the system, with the gases
: through E to atmospheric pressure, QPEn C and H, and
let the solvent stirr for several minutes.

e wn B

5. Transfer the proper amount of scuvent by a syringe from
solvent flask O to the reaction flask K, and start the
timer.

Lo -

6. To measure.each sample, push the stainless-steel tubing ',

' through A into the solution and raise the height of the
mercury reservoir M., Open B and fill the i.r. cell;
then pull the tubing out of the solution,’stopggr the cell,
close B, withdraw, the tube and close A.

( ’LT' 7. _ Step 6 must be repeated for each sample. The gas reser-
voir L may be refilled when necessary as in steps 3 and %.
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Figure A-IV. Apparatus for the measurement of reaction kinetics
under a constant proportion of gases. .
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Y OUTPUT OF A KINETIC ANALYSIS
; -,
A, Reactions in Toluene . '
-

- '
RUN NUMBER 24 ) -
THFRE ARE 26 OAT! FQ,INTS IN THIS RUN F
TimE 22R0 1S st G O'CLACK
BASILINE Aasuﬁamca 18 0.0 )
THIS PIOGRAM IS NOT CORRECTED FOR DECOMPOSITION "
THE MAXIMUM ABSOIZANCE IS 0.629 ) v
LEAST SQUARES ANALYSIS OF FO!NTS PROM AND 0.5863%88 TO DDINTS 118.1 AND 2-6

SLIPE IS 0017657 CORRELAT!ON COE"’ICIEN\' i1s Qe 9994 Y’INTERCEFT 1s 0e55122¢

THE FOLLOWING IS A PLOT CF THESE POINTS ,
7.53Q000 seXeo 114,100 « 563588 ees¥aea 2.51730 .
b -
I3 ‘ -~
. .
AN
- 1 o
\ \
L] .
. .
. .. “ /
. 1
[ -
. I © \
3 . -
v > 6
] -
-
-
L
“ 1
1
. .
. .
-«
' .
L4 | .
»
L) ! '
. !
L]
. .
PT,NO. TIME UNIOR. CORLTINE ABSORBANCE QRO INATES
[="] , HRY BIN MmN RAW COoR UNCOA ORCONP con
R . 8 £ 1 0. Q. 7.5 ' 0.11a Galls 0,663588 0.0 0.0
2e A,68 Ou 0. 9.3 A.124 0,124 0,883197 0.0 0.0
3. .43 N . 0. 10.9 0.l88 0.188 0472867 0.0 . 0.0
.. 6.58 0. 0 .  13.1 d.164 0. (86 0.78571 0.0 0.0
N a.88 ' 0. 171 0s198 ¢ 04198 s84i6e 0.0 0.0
6 10,50 0o 0. 21.0 0,232 6,232 «92381 0.0 0.0
Te 1378 . Qe 273 0,290 04290 ' + 08175 0.0 09
8. 18,20 '™ 0. 3244 0.314 0.314 -18818 0.0 0.0
9%, 19419 0. '™ 38,3 84337 0.337 . «23100 040 040
10. 22.08 Ca o. aa.l 0.370 0. 370 1 1,350928 0.0 0.0
e . 25,65 Qe . 0. Ste3 *  Qe402 0,02 1482808 0.0 0.0
12, 29,88 N 0. 59.7 0.430 0,430 1614680 ' 0.0 0.0
13, 13.90 0. o. 67.8 © 0ad86 0.488 1.784443 0.0 0.0
1a, a1.00 0. Oe 82.0 04492 0et92 +967774 0.0 8'°
13. a8 ,.88 0. 0. 97,1 0.523 0.823 2,244316 0.0 .8
16 82.70 ' I'N 109.4 0s340 04340 419119 040 0,0
17, 59,08 0. 0. 118.1 0.856 0.886 «817298 0.0 o.g
18, 65,50 0. Oe 13140 04571 04571 . 0e0 'N
19, 70.40 0.  , O. 180.8 9.578 0,578 300 0.0 0.0
20. . 76020 [ O 182.4 Qe3486 0,584 b.\g 00 0.0
21, a3.a8 De 0. . 166,9 0. 396 04898 . 0.0 940
22, 83,40 , 0. Oa 184.8 0608 0.608 ) o0 0.0 .0
FED 99.80 4 M 0. 19946 . Dedl0 0s610 . o0 0e0 040
2%, 116,20 0. 0. 232,4 04623 0.62 .0 0.0 0.0
R, vy 139,20 - 0o O 27844 0.628 0e628 ] 0s0 9.0
2a. 170.00 0. 0. 340.0 0.629 0.629 tt 8.0 0.0 N 8.0
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+
CALCULATION OF INITIAL RATE
j [-‘ THE FOLLOWING IS A PLUT OF ABSORUANCE VERSUS TIME
: ' !
. -
i
! 7.50000 ceXes 118,100 v 4114000 ee¥es  +556000
,' , :
‘ o . ’
°
s
! \
5 .
. .
i \\ .
" - ‘
A
-
L Y '
!
. \ ‘
’ ' -
1 . T
) .
-
J | .
’74; -
.. . .
. , '
)
' ’ N
1 » ]
31 .
9 - l
E & '
POLYNOMIAL CURVE FITTING
x ”y 2
047300000E +01 Q411800008400 0410882938400 0419882920440
9994 +0 0.12400006¢00  0.1280211D+00  0.l2802¢
10 0F +02 g:1220000E000  0.18837430+00 0:14437020v0
oL +02 g.l¢r0006¢00 0446333310 04165834900
PO +02 , 0,19800008400 O, 01938355 50 0.20198840¢0 .
00E+02 «2320000E¢00 0,23 40+00 0.2 0400
12008 +02 Q.2900000E400  0028960730+¢00 710400
. 9992 +02 Q.314G000E+00 «31118890+00 330+00 :
9999E+02 0,33700002+00  0.3434 20 D0
0001 +02 0.3700000E+00  0.37115730¢00 $720+00
. 999 +02 0.4020 +00  0,40089320+00 9040
730012002 «4300 +#00  0.43050220¢00 80+90
9998 +02 0.4540 +00  0.45813880+0C 40+0 ,
*03 Oea920 +00 0e 89 182060+ 0C D400 5
1 *02 0.5230000€+00  0eB241214D+00 90 +00 ;
ok+0) o 00£+00 «53898360+00 +33896310+00
0:1181000£+0) 0.88600006400  0.55562323040C 035623160400
SGME0 0.231741390-01 0.187968460-02 0.132396330=03 0.280188480-04
SGMSG 0. 175313080=04 0.)89466490-0¢ Wy,
MEIAINUN SGMSQ= 0,.175013080-04 #OF DEGREE 4 (’_‘/wxfﬁ"\ \ ) .
7 AN A
' ‘ < Jb S
N 7 M//
Ne 4 . ‘
€ 25 . 0.19099212=01
€ 1= 0.1303385F=01
: € 2= =0415753820=03
€ 3 0410434 08 8
( ) € 4« <piisiszeE-ou
- THE SLOPE AT I:i0 I8 0401309 / . .
T™HE \\oxnuuczn Is  oeoi0ia \ .

[

‘

——
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) A .
B. Reactions in Methylene Chloride
. .
f
RUN NUNHER 66 ! -
THCRC ARE 36 DATA POINTS IN THIS RuN \
TIML 2ERD IS 14312, OsCLLCK ©
DASELINE ANSDRUANCE IS o.o
THIS PROGRAY 15 CORRLCTED FOK OrCOMPOSITION AT LONG REACTION TIMFS BY AN {TERAT{VF METHOD
SCALE 0~2 BEGINS AT POINT NUMHER 1
THE MAXIMUM ABSOHRBANCE IS (.51a / ,
LEAST SQUARES ANALYSIS OF POINTS FEoM . T8Q88O TO PD(NYS 1291 AND  2,99573¢C
SLOPE 1S Je )19uA8 cc m:u.nlou COEFFICIENT IS 0.39724 Y=INTERCEPY IS  0.581311
uunnen OF DATA s-umts 21 B
ST DEV ST DEVI Y ST CRROR ¥ .
Ja.nsoo: o.bcusao 04049628
THE FOLLOWING 15 A PLOT OF THESE POINTS
i ¢
- . o
P,
@,70000 ceXos l\zc.lcc 780646 S 3,99573 .
, \
N
E ]
L)
! .
N .
\ T gd
\ .
' i
i - K
- s )
- -
. \ . .
= .
. . ,
£ 1
- -
\ . , \ L%
. - -
-
‘ [s]
.
3 e \
- ll
» ) \ ' -
. . Vo
. .
| . . :
hd B
r
TULS HAYE 13 QLY AN ESTIMATE AND MUSY OC CQRRECYED FOR_LONG TEAM DECOMPOSITION
Vo | ‘
mls AATE 13 THE LONG- TERM SOLVENT~TNOUCED DECOMPOSITION RATE
THERE ARE LESS TrAN 15 Drcuus OF PREEDOM] FANOR LINITS ARE NUT CALCULATED w
l.tnr SQUARES AMALYSIS ;.l!' Puuns FROM 26440 0.681219 YO pmms 602.0 AND \ 1. 37298 3
SLOPE 18 Ce0312¢ CDMN'I.AHON CD FICTENT LS Vs 99384} Y-IN ﬂCl!? 18 03324084
| NUMBER OF nna nolnrs 13 ‘
THE POLLOWING: 18 A PLOT OF YHESF POINTS * , \ .
N \\ '
. & . '
/ | \
. ' s
. i
N R .

B R

K EIE03
3



¢

204,330 seXas eca,c2e 681216 ea¥ea l,0729a
.
S - * *
-
. - ’
\
- t
4
.
- \ '
‘ - . a
t
¢ - - ) ’ .
. ¢
7
-
]
2 . .
'
- M '
' ™ L
: o B
' 3 . .
. ® s ’
\ -
] ' 3 I3
. 2
.0 \
YHE CORRECTED ARSDROANCE MAXIMUM, AORF, IS 0.707 . -
8 o
YRTS WXYE TS CONMRECTES PO LONG TEWR DFCTRPISY TION ™
.
LEAST SQUANES ANALVS!S OF HOINTS FRODY 8. ND 1+ J91285% TO POINTS 120-1 AND 4, 1.565716
SLOPE IS Stlia ORRELATIQN CQEFFIC!ENY s 049996 Y-INTERCEPT IS -C,C04391 .
NUMBER OF DATA POINTS 21
™IS RATQ%}S ONLY AN OSTIMATC ANO MUST DL CORRFCTFD  FOR LON(:. TERM DECOMPOSEITION
L4 s ’
’ \ N t
Coa /
THIS RATE IS THE LDNG- TERM SCOLVENT=INOUCED DECDMPOSITION RATE b \
THERE ARE LESS THAN 1b QEGREES OF FHECDON; ERROR LIMITS ARE NOT CALCULATED
L!A!f SQUAR(S ANAL’I$I$ UF POLNTS FROM J64.0 J+76357) TQ POINYS 6J24C AND 1,372948
PE IS €,23133 RR:LAT(DN COEFF!CIENT is 0.997802 Y~INTERCEPY xs\ De 264671
Nuua:n OF DaATA aolm's 1]
THE CORRECTLD AHSORBANCE MAXINUMe ADPRs IS J.700 \ ‘ . o
THI$S RATE I8 CONRECTED FOR LODNG TERM DCCOMPOSITION ‘ )
I,.lll'f SWARES ANALYSLIS OF PUtNTS FHOM 0,082435 TO 90!"?5 120.1 AND LeddA0 )
SLOPE T8O CORRELAT nu cozrrlcxcm 1s 9997 -lNTERCEPt s o.?aﬂn

. NSMAER mv DAIA POINTS
THIS RATE 1S OMLY AN ESTIMATC AND MUST UE CORRECTED FOR LONG TERM DPCONPOSITION

weed \ . - .
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i ‘ -
P o
- THIS RATE 1S THU LUNG= TLEM SLL VENT= INJUCED .DECOMPNSETIUN HATL 245
THERE ARE LESS THAN )5 DEGLREES OF FRCCDOM; ERROR LIMITS ARE NOT CALCWATED
LEAST SQUARFS ANALYSH UF PUINTS FROM  403,8 S.79A5. 4 TO POINTS 602,0 AND  1,07294e .
} R SLOPE IS JdeJd138 CORRFLATION coessuleur 1s 0, 99844 v~1NTERCEPT 15 Je240982
{ 7 - NUMBER OF DATA POINTS 8 .
N
B . ‘ ‘
N . ¢ 1]
g THE CORRECTFD ANSORDANCH MAXIMUM, ADPR, 1S €,736 3
N !
; TRTT RATE TS IR T Yy P CORG TERM DECUMPUSTYTUN
' Leasr sau.\nes ANALYSIS OF POIMTS FROM ND 34393857 TO pmnrs 12041 AND  1,359066
¥ an conwcuncn coe#rlcxenr 1S ). 999 Y~INTERCEPT 1S D 012421
g THIS RATE IS ONLY AN ESTIMATL AND MUST il CNRRECTED FOR LONG YERM DECOMPOSITION
] ! B )
\
{ ‘ | :
i | .
1 ) :
s ' ‘
y
« / -
i THIS RATE 1S THE LUNG-~ TL=M SOLVFNT—INDUCED NECOMPOSITINN QATE ‘.
N THERE ARE LESS THAN |8 DEGRCLS OF FNFEDOM; ERROR LIMITS AKE NOT CALCULATED
L!Asv SAYAHES ANALVS!“ Ut PUINTS FRUM  A27.0 AND ¢ 835113 ¥0 nmNTs 6J2.) ANO 1.3729 !
. LOPE (5 PIREIL) CORNFLATION COEFFICIENT 15 0,997674 Y=INTE ncsPr 1s 00229615
' Num)cu m mu pnmrs b4 \
' .
o
N
. , " R
: THE CORRECTED AUSDROANCE MAX UM, ADPR, IS ).796
YHIS HATE 1S CORIECTFO FOx LUNG TLAM oEcnnbosnlgN
;!
1 LEAST SOUARFS ANALYSIS UF PUINTS Fnou NOY 081145 TC nos S 129.1 AND  1.33u9%5
i SLOPE IS Je11227 B RHELATIGN COFFFICIENT s \u\ Y~INTERCEPT [S  0,013736
NUMBER OF DATA POINTS 21 \
THE FOLLOWING IS A PLOT OF THLSF POINTS
’ , ! ! N i d [}
. R - N
P —
| 6,70320 seKaeo 120,10 yB8INASSE-CL aeYau 1433895 N o
*
f
3 !
. \
_ 5 | J ‘
. . ° ’ -
\‘«g\ "
d -
. °
. / . .
' P o s
4 . »
1 ¢ ‘
. hd . ’
e
;
- [ ]
{ b ,
- \
, 1 o \ {
N N -
N 3
r "y 1 R , ». ‘ -
- L]
. - ! - L] .
N v
. . R .
- - ' -
.
!
. . .- ‘ !
- R4 - - . s
i
. ° P . ; B e
! ', ’ .
] ! + N
. .. ,
. ! .
. * ! ) ‘
- ~ i “
L) - r <.
i . [ )
| THIS IS YHE FINAL COKMECTED RATE P ‘
- ' I ggv'gt:‘ﬂ Lo 50:*!!)5 ;o’,’==' \ T Bl
. ; , ‘ \ \ ~
7 : ' M ! * :
) ht ' ’ o ' . o
k3 " \ . N Al N & - v
o : \ ) . i
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, - H
' H
J | \‘
l!
PT NN, TIME UNCOR . CORSTINE AHSORBANCE ORDINATES N
oM HR MIN MIN RAW cor UNCOR DECOMP COR R
y 4
1 3o Ce "l Ge? ved2 3.780886 - 0.0 C.083045
2. 5,45 ¢. c. 13.9 3. 242 2.84397) 3ed 04128625
3. 7430 'S Ge 1846 0,054 00901402 Ce0 Gel69513
4. 9,00 2. C. 19.6 .272 0,994252 0.0 0.233177
s, 12,2} e’ Lda 244 3. 388 12367113 00 . 0.,283919
6 1820 B 0s 28.4 Sel97 14139424 340 0.332296
7. 16,35 ° - <. 32,1 fo111 1.231301 040 0.389888
9. 18.135 ds . 367 2.118 1.280133 0e0 04625570 X
9, 2Je 43 LI Js 413 el 1.37832% 0.0 0.488001 i
10, 23.25 2. Co 455 J.142 1.469675 Jed 0.544490
30 ; 25435 0 Qe 8147 0.1%0 1e541779 240 Ge591982
12. 29.900 Je Ze 58.0 c.162 1.66C732 0.0 C.663782
13. 32.4) 3. J. 64.8 3.173 1,771956 0.0 0.731836 :
14, 3%5.60 . U o 712 0,183 1,910542 90 0.8091067
15, 37.9C . 0. 75.48 C.192 2.040219 0.0 0.875152
16. °  al.aQ ). >, 82.8 3,200, 2.17155%6 040 0946974
17, I Co o o 6948 3¢236 ~—2,262781 0.0 1.010225
18, a8.aC c Cw 96.8 3. 217 2,525728 ] 1.115086
19. 2,00 0. 0. 104.0 0.223 2,688246 00 1190603 !
20. 55,42 aCa S 113.5 0.228 2,647310 0.0 1.201359 .
21. ) 62235 de [ 123.1 3. 232 2.99573) 3.0 14338988, '
27, 45,55 0. 0. 131.1 0.242 N 940 040 '
23, 70,50 Q. C. 153.0 3, 248 09 04C 049
26, Jed 3, 24, 192.) 3,287 0.0 0.0 0.0
2%. Se '™ 3o. 264,93 04253 0.0 0.681219 Cad '
26, 0.0 Se 12, 3CCeC 0¢2%) e 0.693187 Q00
27. 0ed 5., a2, 335.9 0.240 0.0 0.733969 0.0
28. 3.2 G, 1€, 364,02 0,233 0.0 E 0.763570 0.0 N
29. Cs) 6o 52 43342 J¢ 225 09 0.798508 040
30. 0.9 7. 19, 427.0 9.218 0.0 0.830113 0.0
3. 9.1 T s2, 460,70 s.2%8 0.0 0.877070 0ed
32. Ied a, 22. 49343 Je2J2 0e0 049006340 040
33. 03 8. y e 508.0 Je393 ¢ Q.0 0.,95191 0.0
3s. G, 9, s 22 S5C. 2 7. 184 040 0:999672 Oed
1S, Wed . 9 50, "78.0 0.178 040 1s044124 0s0
36. 043 10, 14, 662,23 0.171 a,¢ 1,072944 0.0
3 A} *
CALCULATICN OF INITIAL RATE , * °
THE FOLLOWING 1S A PLOT OF AUSORBANCE VERSUS TIMC - L
‘ + g l '
\ |
6470021 eeXeo® 1224122 +3600006=01 4eYu: ° 1458000 ' g
. N ’ - - hd i
- * ¢ f
. g
' i
, . i
. - .
AN N ' 1
» N 4{ P
s * i
* 4
‘ \




ST

\—-».’

i

X
JeATCOC 10w
041090900 +02
2el8002CCEFIR2
1.19%9999E 22
0.2439969E¢+02
< «2BING9OF ¢C2
Je321000+ 32

103672001 #0202
% . 4098999L ¢ 32

De4630000E+02
ceS17J001E+#02
Je58J202) 22
Q0«647909690402
CeT1209CLESL 2
e TSTYQASE S I 2
Qed279999C+ 2
D .8979999E+N2

a

PULYNOMIAL CURVE FITTING

Y
JeL0YII0IL=D1
0, 3399060 ~u 1
So138SCACE+OC
J.1442331F+0)
Ja1TCICOSE+ Iy
2. 194C02CEeCT

D.2220000F+00,

Ces2I59999F+C 2
Jed223I+0 0
Q.2M4Q000E+00
W,d20C0Ck+2C
Je3240033E¢ 20
CaJ340Cu CeCC
CaIOCLICI0E2 0
043339999+ 00
JeMJISQCCEN LS
Je4119999040)

1
JeHHHE I960=)1
0sA33171460=01
A, 1887710431

F2a
Ju0842800-1
J+49381,970~C1
£2.1€087690+99

Je1421374D+)) Ja14213720+00
Cel 7245240408 cel7243210+02
e 19637110¢0C Ce198C7CBD+ 30
0.2164399D0400 2.,21643840+00
¢e239756304) F.23975580+3

1:2504676D¢0) J.299467204¢))
0¢28270210+00 0.28270150+60
2,3024622043¢ 3.3024518D+00
)e324389J0¢)) 2:32438800+400
-+ 863213049C J+3463205D 498
2276583830401 £e36563670+J)
0.37931710¢00 Q.37931820+00

4239887530429
Je41039160+)2

2.39307280409
Je416ABB3D¢))

0.9679959€+02 0.,4340000F+ 03 0,43270%4D400 0.43270120¢C0
Oal108J003F+CI 2.836CCCCEPS T "L Ae89721D+0" G.4459647D43C
2.1128)0IF+I3 1. A56I3)I74)) ).4551782043) J.45337137+00
Qs 12010008 ¢33 VesuasItAeCC 3.40424800+53 0+46423950+30
SGYSO  0,166139980-01 ,8JA0240640-03 0.291357270-04 2.,13472784D-J48 ,
SGMST  0.10775921D-04 U.Ye2481020-05 0.913633040-35 0,955427400~0%
MINIMUM SGMSO=  Ue91do33540-C5 FOR DLGREE 6 '
‘ ,
N\
N= 6
cC t= T .15951680-2 - R
[ 348229169r-02 N\
¢C 2= Os18191375= 31 t *
cC 3= =0 .%5392239k= 3 ' '
C & = 0. 7523007F=27
C 5 = «3,3M1 I3 gF =90 [
€ 6 = Je1159949E~11 { . 7
|| THE SLUPEC AT 2eR0 1S Jev0923
THE v-wurencspr IS ¢,.~1595
.
POLYNUMIAL CURVE FITTING
X v Py F2
. 325600000 <1 3407IIIILEXIL 14666219504+ )1 Jeub622140 )1
0, 8399999F - 01 0s 1090000C+02 Us110358260+02 0411048290402
0.1080035L +02 J.1863075C452 r, 14396560472 2,1439661D ¢52
Je144)301E¢2) Jal9599w0EEI 2 J419858 38N+ )2 201995816002
0+ 1 7000 00F ¢ 30 Qa283999% ¢ .2 Ce28138A50¢02 Je2410894D¢Q2
0.19400¢3E+00 0,2839995c¢C2 2.281 73540402 0.26173630+232
3e222)392k 421 3+3210001F¢02 043316579D¢0? 0.33P65860 ¢02
0.2359200F¢ 33 C.3e70021C+u2 2.3584780D¢ C.353476004C2
De20203CoC ¢4 0e4295999L+52 1. 41353470432 Je41353440¢ 32
0.2340000F +00 0,4&650000F¢02 J.46692010402 0.4659188D+32
2+30003C9F ¢33 0.5170CC1ICeC2 51020820487 9,510C£300+C2
34J243030E4 ) J.5830J)IF¢32 ¢ ), 58I6804D¢)2 2458)67630+02
0434400007 +00 e 0d79999C+3 2 +6436169D437 0.06436101ND+02
0 .3660731F+)I0 S,712CCCIEN2 1471508170002 0671508150492
)<3339999E43) ! 0.7579999%403 3., 774600%0+0 « 77488680 ¢02
J+A0Q00I0E+ IS .8279999€¢32 1.82952810¢0% 0,8295107D¢C2
0441109996000 3.8979999C+ )33 3.87337430¢)2 “Y 87385330+ )2
02 4340000F¢ 00 0496799995 ¢02 0.97204Q70402 0.9720130D+02
3,84060J0)E498 3,104C0CE+C3 0,10431390403 0.1C431030¢03
| 9e456003E+)) 11 I8IJVE+II Je11182510423 3411182180+03
0+8640000E400 Ca1231CCU0E+2 2:11926820403 51192643040
SGNSQ  0,120913290404 CJ.GI1CIL5720402 Co665094CTNeCT  Co261718310401
SGMSQ  0027176434D40]  0415907259D+01 0,113028760401 V.105434360+01 )
t
SGMSQ  0.10837160D+31 . { )

MINIMUN SGNSOS

o

2412543430041 FUR DEGREE 7

nnOnNAnng

~NPBr N

LR RS R

L TE 54 2H9"0¥2
Qe 9I933 2076423
=0.152001 36428
Qe 1810 LKITL+ 06
=0, 72452015 +2%¢6
e 2398343L+237
=0+ 3180443E+07
2.1930681F+07

LLEFRSLIL

AT ZERO CONCENTRATION, Tht INITIAL PATE (S

THE SLOPE AT ZEHO (S
THE Y«INTERCERT |S «19.71289

‘).0:100'}’
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| APPENDIX VI

' INFR.A-IRED MEASUREMENTS OF THE KINETICS OF THE

ISOMERIZATION OF IrH4 (Co) P2

initial absorbance of fac isomer.

Co =
A = absorbance of the mer isomer “(measured absorbance -
) baseline absorbance at 1780 em™d) . : - '
) ' - ,
‘ . He i eq . \ |
A ] . |
eq-
‘ R : o 7
\ | | Ao, Aeq = initiél or ‘equilibr;m abs;rbance of mer isomer. ;%
h \ "N = number of points used in plots of X or X' vs t.
m = slope. - - |

‘ . .
>

r = correlaticion -coefficient.

o
]

intercept of X or X'jat t = 0.

S.E. (y) standard erxror in X or X°'. ,

standard deviation of slope ' i

s T

Q
L

I
' . J
Ll < v

T

-

g

N + .J:,y,‘~
foe



- A. 100% H, in F?ed Gas
[ Co=0
T = 25.5°C
t (min) ‘Ab 0 X
8 .237. .071
16 .220 .151
o 25 .205 | .232
- 33 .190 . 326
46 .168 . 497
60 146 J737
125 .113 1.533
271, .103 2.613
381 ¢ 101
593 _.101
'l 1440 008 ¢ e
A, = .254 7 ‘
N
|N=7
.
m= .0127
b = -.66(
r= .9986
S.E. (y) = .02473
o= 0003 : | 3

t (min)

3.5

10.5

20.5
29.5
46.2
60
97
127
245
372
1260

A

.023

.036

. 050

. 061

.083
“.091
.109
.113

. 122
©1200

.118

= .120

.0216
.104"
.9?88
.0522

.0005

X

. .55
271
1.17
1.42°
2.42, |

2.51

g e e
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|
'B. . 75% H2/2$%'N2 in Feed Gas .
|
Co =10 , A, =0
T = 25.5°C | S 25.3°C
t (min? Ab X | t (min) Ab X!
5.5 .182 .098 F 4.0 .023 .20
ié.g  .160 .245 11.0 h.osl .28
30 .134 . 490 22,0 .055 .57
49 .118 .718 31.5 063 .68
78 .108 925 47 .082 1.05
127 095 1.40 ' 61  .08a . 1.08
. . ' 110 103 1.68
N | 152 .125 & 3.97
" 240 .126 ‘
) e 389 a27.
2, = .200 . o .
Aeq]= .085 o o heq's 127 . .
N = 6 . ~ N =°6 )
m=.0104 | | L0167
b = .114 o | : . .1s0 | o
r=.999 | - .9802
§.E.(y) = .0586 - S .0670 v
o = .0009 . - ... 0018 ‘
S "
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cC. 50% HZ/SO% N2 in Feed Gas

Co = 0

\ T = 25.5°C |

t (min) Ab

~5.5 --+ .195,
12.7 .169
22.0 .153
28,2 .138
.126

48.5

61.5 * 0117

102
'234
1350

A, =
Aeq =
N .=

.210°

'.080
A
.0107
.106
.9883
.0514
.0007

©.138

©.0217

.093

~9989

.0324
.0005

4.9

251

.15
.34
.55 «
.81
1.19

i
©1.46

2.33
2.44

v
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E °' o : ‘ : 252,
] b, 25% H,/75% N, in Peed Gas. | )
’ LG =0 \ A, =0 !
Y p o as.sec T = 26.2°C |
t (min) , Ab X t (min) Ab x'
7.5 ‘\ .204 .116 4.0 .032 .23
13.0 193 177 I 10.0 .047 .36
L . 21.5 .170 .330 © 20.5  .068 .57
29.5 .155 .456 33.0 .090 .85
50.7 *.134 .692 . 48.0 .108 . 1.16
67.2 .120 .923 64.0 124 1.57
\ 95.  ,113 1.08 ~ 98 .137 2.09
. 144 .093 2,32, 127 147 . 2.63
C. 269 086 © ¢ 264 |. .153 3.5 ' ,
\ /- 090 L 369 .157
1560 . °.089 - o 3
. A
A, = .228 . | .
Aeg = .090 Rog = +157 |
. N =7 ' ’ 7
m = .0115 | .0196 . . )
| b = .072 ..185,
| r = .9882 - | .9943 ‘\
’ s.E. (y) = .0526 ) .0645 ' L e
| O = '.ooo‘a T | 10009 |
O \ A
. y )
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* - E. 100¢ N, in" Feed Gas X .

PR
f
‘
B Q
B
e o
-
N ,
.
o

Co =0 A, = 0

T = 25.5°C T T = -25.0°C, ¥

t(min) . ab X t(min) ab - x
' 6 . .234 .083 3.7 l‘\.o'u T .35

© 5

14 210 .195 9.0 o33 .53

22 .182 .350 - 19.5  .046% .84
U . ’ ] !
29 .166 .453 . '~ ‘3.0 . .o057 1.20

| .

-~ 46 .133 . 722 4.0 _ , .077 2,96 ° .

o
.
@,
(7
o

: 63 | .122 62 .089

| ; 131, .077 1.62 95 . 099,
|- 244" .063 2.21 124 .097 . o
o 388 .050 ;° 228. .096

1260 083 © 382 . 08I - :

A, = .254 h ' ' o . |

B

o o° [A\eq = OOSO]* a ' [A
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APPENDIX VII

1

XINETIC MEASUREMENTS OF THE ADDITION

OF TRIPHENYLPHOSPHINE TO IrH3(CO)5P2

\ § N . 7

' The following tables report the absorbance of the
product, IrH(CO) P3, of the addition of triphenylphosphine :

to fac and.mer IrH3(CO) 22 at various reaction times. The

1n1tialkreaction rate and. the reaction rate constants are

reported in Tables IV-1 and IV-2, respectively. The initial
: ’ \

conditions may be found for éach experiment from the latter

tables. N
Rate constants wefe obtained as the slope of a least- ./

squares line in g\plot of ordinate.versus time. The ordinates , '

calculated for each experiment are listed in the third column

of the following tables. For reactions in toluene, these

- Vvt
values are equal to the 'left-hand-side of equation 43, using
the maximum absorbance as Eeq' For reactions in methylng

cﬁloride, "corrected ordinatés" were calculated as described
in Chapter IV. In the latter cases, the values listed under ;

"corrected ordinates" at long reaction times are those used

to calculate the decomposition rFate.

-~ ! - !
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22 l COR.TIME ABSORBANCE 0RO INATES
CORLTINE ABSORY ORDINATES 7 s?:."l’ﬁ ABSORBANCE QROIN‘TES NIN UNC OR
( : HIN uneen " §.058) ‘04621 Lo 9ot -+
- 6.5 0.064  0.599 ;‘g 82833 oot 9-3 0,124 g-ggg
8.0 0.083 Q.634 . 1033 0.100 0.711 . 199 Qelad 0,785
: 1004 2:117  g.re a 19:3 5.126 0.76s 17ed g.108 0. 841
12.8 24137 g.742 183 0.188 . 0.830 21.0 g-198 0.923
) bers  9lie: Biaee : 201 g:z83  Ldues 2705 . 9232 1io8t
. . 6.8 - Y1016 32.4 ETEY 1.188
2%5.9 Qe24d 0+394 2 - 'N
3i.2 0.270  1.096 32.9 81538 ::21127J 28343 9.337 12336
36.8 0.313 1.2¢3 73 oc3ss 14313 .1 00370 1.339
43.0 Ca343 1.316 . ‘o'a 0.+360 .468 55‘7 g.402 1,614
s0.0 Q378 1.4a8 - 293 0398 12629 87.8 0ea32 10784
58.3 9-4i 153 VA 454 0.421 1.771 82.0 082 1.987
: :
80.8 0.479 24009 81-3 8:::3 ;:2"“ oT.1 0523 22203
. 56,1 0.508 2.253 968 9287 2.283 105. 0.540 2.419
10423 8.528  2.483 19723 0.518 20617 3rer - §r3%e alo
117.0 0. . . M
129:9 6.%56 Q.0 130.3 3:33 9.9 120.8 0.578 22
139.9 04563 0.0 2000 0.546 0.0 6649 i35 0.0
15120 G.573 ' 0.0 13003 0.56s 0.0 1833 9.5 0.0
183.6 0.588 0 40n 105’-A ceosm2 8% 152.2 0.605 39
218.0 0-3599 0.0 215.4 g.582 0.0 1938 0.610 0.0
252.2 2.608 5 0.0 252-23 0591 80 32t 0.623 33
) 340.0 0.613 a.0 340. ] 218, 0.628 o'o
i N 126 340,0 0.629 .
25 ORD INATES |
OR .« TINE € R » ARSORMANCE ARDINATES
) Con.TIME  ABSORS DROIRATES o ABSORBANCE 00 oR SR TIvE a €&
. WIN UN .
Ted Qe 068 Qo723 « 337
6.7 0e027 1,390 a5 0. 083 0.761 143 S:11s 3322
8.2 0,038 1435 9.6 0.090 Qo776 10,0 0.1358 0.393
9.3 0.042 14452 10,7 0.107 0.814 11e1 04173 0.415
10.3 0.049  |.482 11.7 o0.118 04839 1 oL184 0,432
114 02035  3.%09 12.7 0. 121 9,840 1300 0,201 0.a%n
. 12.3 04062  {.581 13.8 0.1236 a.a81 ta.g 0.219 0,487
1304 0.066 4,550 1426 9.138 0,886 15:0 0:710 0.50%
14,3 0.068 | ,570 1546 0.182 0,921 1.9 0,243 0827
18,2 0.071  1.8504 165 QelsQ 0o281 16.9 0.257 0,551
16.2 04078  1.619 17,5 Q.167 0.959 Ti7.8 0.273 0s579
17.2 0.082 1.639 185 Qel73 09738 19.0 0.28% 0. 601
- 18.1 0.087  1.666 20.0 0.190 1.021 205 04303 0,634
19,8 0.091  1.887 21.2 9-200 12049 21.% 0312 0.682
20.9 02097 1720 22.3 0.208 1e072 22.7 0,333 0.593
219 04103 1,754 23.2 0.218 1.096 23.8 0,342 0.711
23.1 0.108 12771 2405 0.223 10117 Za.8 0,351 0. 729
24.2 04109 1,789 26.% 0.2238 10164 3608 0+373 0e776
26.2 0.117  j.,a38 27.4 Qe 242 1177 278 6.38% 0.802
27.1 0e119  1.83) 28.4 0.2st 1.207 24.8 01395 0.82%
28.1 0.123 1.877 29.5 <0e258 1.231 3et 0.406 0.A%0
29.2 0el28  1.910 3044 0.265 1.288 Yoot C.la 0,855
\ 30.1 0130 1,924 32.9 0.282 1.316 1303 037 0.926
32.4 0.131  [.084 33.9 Qe288 10339 H 0.847 0.939
33.5 0a138  ;.980 35.3 ¢ 0296 1,370 P b et 00 96T
35,0 0.142 2,009 37.6 0 w307 1414 378 AT 1.013
373 Q.14  2.032 3804 9.300 1.822 a2 0.50% © 1114
3803 0.148 2.058 2202 0.330 1.514 42.5 9.303 e H
38.8 04149 2,083 5.2 0,343 10575 %4 0.546 1.2a8
1.9 0e161 24162 aB,.1 0.358 . 1,6%0 ©gant 0506 1.398
44,9 0.166 2,207 53.2 . 0.386: 10807 EPOSH 0,607 1,287
47.9 0.172 2,263 8.0 04392 L4845 es. 0.6%9 1.589
2.3 . 04183 2.37% 86.1 Qo413 1.987 3507 0.568 1,801
5741 Oel92 Zo476 74,0 0o 836 24171 a0.7 0.682 1890
N 66.8 0,208 2,688 ! 80.1 Oo44n 2,282 2.9 0.710 2.09%
73.0 0.215 2,796 88.3 Q4463 20841 9% .4 0.719 2.171
7904 0218 2,087 95.9 0,472 2,551 1030 0,733 2.302
87.6 O.228 3.036 1024 0s480 2659 111.2 0.7%0 2,488
10147 0.236  3.218 11048 0.404 2,882 12045 0.768 2:733
109.7 0.2480 37324 11949 04501 3.01% 13a.1 0,772 0.0
. 11931 0.246 3,308 T128.4 9.308 9.0 137:6 G.7R0 0.0
127.8 0.247 0.0 13701 0.517 g.0 18001 c.788 0.0
1361 Oe 2582 0.0 14847 Q322 [ T 18003 0.798 0.0
18729 0.2% 0.0 159.7 0.528 2.0 16912 0.300 0.0
159.1 02358 0.0 16864 0e%28 0.0 JoM.8 0,833 0.0
- 167.7 0.262 9.0 Jnd.2 0.%%80 2.0 . *
300.0 04276 (.0
43 132 433 s
ROINATES Time ABSORS OROINAT
APSOLTANCE R.TINE ABSORE O €oR, \
GoRuTiwe 1S 4 won coR com HIN con coR
s - Be .126 7 0,099 0.161
L ? 0u1 CaCeb  g.cmo 82 ostae E T 1904 oti1e 0.192
ato Alema a.114 19.2 0.123 02154 14sa 0151 0261
1207 Ali1?  nlie2 7.3 - onie 0s 204 1807 0.186 9,336
16,7 A 0,211 P 02180 02308 23.3 0.212 .40l
187 ce227 37.6 00213 0380 28.2 0,242 0uA?9
?1.9 €273 1.6 0.23a 0,438 32.7 04267 Oe982
ES G336 3.8 0e236 c.ags 36,4 0,286 0.811
31,1 0.383 1e0 0.286 0+ 566 Al.8 3,311 De 698
Ialh D.e26 233 0s316 0.68% PY 3% 0.340 0.813
P cfete? 542 0.338 Qe 740 84,8 04380 0.908
7.3 C+S70 L &0 % D384 Oa 837 61.4 0,388 le 032
-y, Ceba2 69:6 0e392 0+ 963 70.8 Qs401 felS9
VT 3454 -394+ Geats 1e113 20.9 0,426 1330
69,1 04823 8623 °  0.429 le19¢ 86.9 0.436 L.ags
75.0 0,957 ,7'6 O.448 $1a348 98,2 Qeda8 1e 643
8% .9 1.07e 105:3 Oed52 19434 106.0 0,453 1.770
&%, t1elae 1150 0.a82 18569 115%.7 Q.e58 1938
.o1na,T 1.229 122.8 G.469 14685 124,0 0.462 2.103
s 1149 1.3¢0 13402 0o 474 040 130%9 04463 .0
2315 12483, 17720 g-a72 0270 17710 0.8a? 0.808
- 3.0 T PRA S a.463 04768 2010 0,428 -848
19903 ¢, 23120 0.450 0.798 231.0 04403 0.908
2C1.n0 Q.0 26020 0.431 04837 280.0 0,374 0.983
231, 0.¢ 3010 0.399 0.918 301,0 0.338 1.090
2£5,0 (4,452 323.0 Qe379 0.970 323.0 0,317 JelNB
NN Ne 508 33920 De 365 Le007 339,.0 0.308 1e.190
323.¢0 7.%2% 39720 0.318 14148 397.0 04287 1358
~, %36 23200 04293 te227 432,0 0,238 1.482
R gteas 43228 0-383 1231 43350 os21e 1a9e1
32,0 cab21 49140 O0e252 1378 491,0 0,196 10629
“5%.n o652 : 0.237 Le429 51040 0.188 le002
PEIIE G.6a3 319.0 .
19,0 O.TYHY
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A, 127 .8
delb e J%;z
veal 2 TR
r.243 & 15.6
A2TC 191
e297 28,7
o33 2503
Ce359 27.¢
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C.%¢ 3 iTE
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f.8Q2 269.)
CehTa e,
& 322,93
eT21 364,10
T, 316, ¥
vers 2 4240
ne? [1 Y]
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0,612 48,3
0.703 54,2
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6149 0253
67.9 0a269
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81a.6 Q.288
92.1 0.308
9942 0.318
108.1 0. 328
1196 Ge337
1271 Qs 342
154.0 Q.339
180.90 0339
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24640 0.298
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109 0.077 0.014
1441 Qeltl ge0S
18.9% D164 0+106
222 Qo212 Qa161
27.0 06.257 0.218
3t.8 0303 0277
IT7 «4 0357 0. 348
433 Gea13 Q.430
437 d.47T0 0.522
55,3 0518 0.606
82 0eS567 0.701 *
68, D.608 0.787
7449 OebAB Qe 879
82.9 0697 1.005
$0e7 0e?33 1.108
99,2 0.768 1.220
106.9 0.801 1.339
108.2 | 04817 1,402 @,
1169 Qo847 1.832
12840 0e867 1.629
130.7 0.891 0.0
1510 D931 Ced
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N S I TR S T Y . P AT R AL ' cnr.1IMg  ABSORE gRDINATES
uIN ] oo . wre e - mIN 4] coRr
R S A L LT3 0.048 0e133
. ek Tetis e 7ol 04084 9.182
T . y. vw T 10.8 0.07¥ 0e214%
RIS oA 23 13.9 04083 04253
ait & . CRSIE ] bt 1R 04099 QeltA
Vefrz -~ 119 Cekk© 2249 0.117 0.387
A 2115 e 25.9 De128 0.438
) e Ne1AR R 59.9 0.141 04498
NI 1o BB 7 3349 Qel4d9 0.543
. e 11 Sert 39,6 D.173 0807
SE B telA? \4 o0t 1 (9% ] 0.183 0.737
el et 2 1. 7 57,0 ,198 04842
77 R le2' " =841 <21 04958
s7Ce 1.7 7 1e2 0% aa.d 0,228 1.088
Cakty ¢ Yo/ 1.26 . 710 0234 1.170
LAY AL T el , 7602 Q.242 L.268
1.r10 Te210 1a47n 83,4 0.254 1,423
1a1cd EDE-TE R I £ §2.2 0.260 14586
Teclh .23 1e4z 100.2° 0e204 4,673
1.314 ALl T 107.8 0.289 1.818
1.6 & LT TN AN 113, 0+289 1.879
1,627 LA, AnG g 120,89 0e274 w0
e ¢ VA2 1.eTa Y1277 04270 0s0
Yot . T oaa227 ledtc 133.4 0274 1+294
o 32 1eBp 2 169.0 04274 1.294
o V0222 1e5 5 1970 ° 04263 1334
- 1e212 Tatt } 226.0 Q.2%) 1,374
e 10 P leF15 o 264.0 0.281 Ted1A
latcl Agyut Letrh 286.0 Qe23t 1.468
lef%a Lel®} 1,783 3585.0 De203 1.994
1772 153 1e~F=+ 3a7.0 0.189 12668
peter tlem Va317 A21.0 0.178 1,725
lela M 1otart? a53e0 0163 1814
1s15n fal2"® 2e 7» 40%.0 0.181 1.390
lel?1 44118 24137 81640 Oelds 16537
1.21 3.1%a ".ze S LYY Y Qa1 33 2.002
1.261 el L \ 589,0 0.125 2.079
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CDH-TINE.‘“HRNNC COR . TIME ABSORS \-// COR, TIMF AQSORBANGE COR.TIME
FIN cc NIN coRr MIN cor M CoRBANCE
3.3 0,103 a.
aie oo 22 0n0a3 fie &8 1950 2042
2.8 011 7.3 o0.082 4.9 gooaz 1 g3
7.9 c.13 9'3  osoe7 PS50 S 1440 Co095 -
Q.8 G145 12.3 0108 ®e6 ' Cu04d 132 0.110
12,8 0.168 14.8  o.122 11,7 0.0%6 35: E 4
| 18,8  0.192 16.9 0.132 1403 0e060 22:3 215
| a3te 0203 2007 04153 16.3 042065 2¢e3 o221
1 21ez ce228 22.9  o.i61 20.2  0-06A « Ja30  Su%82
24, 0,243 25:3 o 22:3  o0so07%0 e 0.301
27.4  0.267 30.7  0.192 2841 0.07) 341 De3a2
J1ea €283 3920 o0s222 25.9  o0.073 “ella 3. 389
3ge0  0.313 a2.9 g 240 I3.4 gs073 H: el
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