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ABSTRACT 

'f.___ • • 
.'. Samples of fac and mer carbonyltrihydridobis (triphenyl-

, , \. 1 ..-

phosphine)iridium (III) were prepared 'and full.y characterized 
1 31 1: by i.r., H and P n.m.r. spectrosoopies. Isçmeric 

'/. 
interconversion at 2SoC was demonstrated. T.he rates of 

\ 

isomerization and hydrogen loss from each isomer wer~ 

- " independently measured. The similarity of 'thése rates strongly 
\ 

supports a mechanism by which.isomerization.occurs through 

the 'oxidative addition' and reductive elimination of molecular 

-hydrogen. The results.of ~èuterium labelling experiments 

wer~ consistent w~tP th~ i~ome~izatlon meéhanis~, and further 

suggest 'that either trans-oxidative addition of hydrogen or 

i~tramolecular 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 .' ~ 

1 identified in the H n.m.r. spectrum. An unusual downfield 

isotope shift occurred when dèuterium was in a position trans 

to hydride. ('./ 
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L'ISOMERISATION ET? LA STEREOCHIMIE DE 

QUELQUES COMPLEXES HYD'ROGENO IRIDIUM 

william John Y0rke 

RESUME 
.\ 

Des êchantillons des isom~res fac et' mer du trihydrôg~no-, 
" 

il carbonylbis (tr,iphênylphosphine) iridium (III) ont êtl§ yziparb 
, "-

et enti~rement caractérisés par spectroscopies infra-rouge et 
l • 

r.m.n. (lH e~ 3·lp). La convE;rsion isomêriqu~ a été dêmontrée à 

25°C. Les vitesses de l'isomêrfsation et de la perte d'hydrogêne 

ont aussi été mesurées indéPen~e~t pour chaque isom~re. l' La \ 

sUnilitude de ces vites'ses corJoborent parfaitemèÔt un 'mécani~ine 
, , , 

par l~quel l' i,somêrisation se produit par l'addition oxydante et 

l'élimination réductr.ice de l' hydrog~ne moléculaire. Les 

résultats des expériences utilisant l~ deutérium: COfnmel traceur 
. ,~ f 

sont en accord avec ·ce méca'nis~' isomérisation e, suggêrent 

en plus qu' il p~ut être dû, ou bien~, 1 'addition ~xydante 'tr!ins 

de l'hydrogêne, ou bien à l'éc~ange i~ d'un bydrure 
, .. \ -

·dans l'isomêre mer. Divers autres analogues deutérés des isorn~res , . 
fac et mer sont' aussi fo~s par de Sub'séqu~ntes' rêactions en 

solution. et ~ ont été i~entifiés sur le spect:çe r .m. n. (lH) '. Un 
, 

d~p~acement isotopique inhabitue-l,vers un plus' faible' champ se 
, , 

pZ::0dui t lorsque le' deut~ri um était en position trans par rapport 

à l' hydru~e. 
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CHAPTER I 

-
GENERAL INTRODUCT!ON 

Although the subject of this thesis, the formation and 

interconversion of two isomers of IrH3 (CO) P2* is itself a rather 
, 

limited one, the results reported herein bear sorne relation 

to three important areas of research: the behavior of , , 

transition metal 'hydrides, the interaction of molecular 

hydrogen with metal centers, and the stereochemistry of key 

steps ' ~n 'homogeneou: catalytic prDJesses.. In order-- to examine 

this relation and so put this r~arch in perspective, a 

general ~verview of the fields of transition metal hydrides 
</ - \ 

and the oxidative addition of hydrogen to metal'cent~rs is 

given. A brief introduction to these large ana~uch-studied 

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

to mention those aspects which l felt, to be 'interes~ing, important, 

or relevant. However, the concluding section gives a fairly 

complete'history of the particular compounds that l have 

stud'led. 
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A. TRA.NSITION METAL HYDRIDES 

1. General Comments 

Transition metal hydrides comprise an aréa of chemistry 

that presently is receiving\ a great deal of attention arnong , 

2 

/ 
researchers. This is due to both the diversified and interesting 

chernistry 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 catalys1s and energy storage. 

Two sorts of compounds containing hYdrOgen-trafsition 

metal bonds may be distinguished. One type , which here will be 
1 

called metal hydrides, are also knownas primary or binary 

hydrides (of formula MHx>' or ternary hydrides (of formula 

M'MH~ with MI often an alkali metal). They are often formed 

directly by reaction of hydrogen with the metaI, bontain metai 
\ \ 

hydrogen bonds, and exist in'molecular aggregates of indefinite 
1 

size and, sometimes, indefinite stoichiometry. A second type', 

here called hydride complexes, consists of discrete molecular 

units, which may be isolated, fully cbarac~~rized, and system­

'a·tically and reproduc~bly investigated with reg1rd .. to their 

cherniStry and structure by the ~~~ndard chemical and physicai 

teChniquesl • The latter type, th en , is more arnenable to 

1 detailed scientific stud,y. 
\ ' 

Metal hydrides are of great current interest to techrtology 
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in various applications, \such as nuclear reactor applications, 

powder metallù1GY , s'urface ~,?oating: metal-ce.ramic bonèls2 , .. -
and energy storage. Hydride c~mplex~s are a1so technologically 

, 
luseful in themselves as homogeneous catalysts and as reagents 

in chemical synthesis. 

\ 
2. Historical Survey 

The first compound containing a transition metal-hydrogen 

bond was reported in 1844 by wurtz 3, who iso1ated the uns~able 

binary hydride 'CuH. Hydrides of non-transition metals were 
. 

. deye10ped in subsequent years i for example, CaH2 was patented 

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

fi11ing gas balloons, an a~plication for which it was used 

-- ; 4 .extensive1y during the Second W~rld War The abilitY'of 
i • 

. palladium to absOrb large amounts of hydrogen has been known 

since 18665,6. 
/ " 

The first transition metal hydride cpmplexes ~ere prepare~ 
, 

in the e~1y 1930's by Heiber and co-workers~ who isolated 
'" 0 '7 . the unstab1e FeH2 (CO)4 and COH(C9>4 . Hydrides were reported 

with increasing frequency after ~opentadienYl hydrideS 8 

and tertiary phosphine hYdrides9_:~e prepare~ in the mid­

fifties.I The rapid d;eve1opment of this ,field is illustrated 

by the fact that in 1965, there wefe~bout 200 hydride complexes 

known; by 1970, 500 additional complexes were reported10 

\ 
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Interest in these compounds has been sustained by their 

availability, structural features rand by, their "'applicabili ty 
.' ... 

ta many chemical processes', especially catalysis. Many more 
, ." 

complexes have since appeared. A recent (1977) reviewl1 of 
{ 

three metal,s important to cata,lysis (Ru, Rh and, Ir), for example, 

12' , listed over 2000 hydride complexes '. At least that number 

of complexes in addition can be e~ected for the ~emaining 

transition metais. Besides increasing in number, transitiOn 
" _~,f' \ 

metal bydride complexes have shown an increasing variety of , ~ 

structures, with cluster compounds, hydride-bridged structures, 

and metallocyclic structurès among the hydrides now commonly~,~ 

reported. 

3. Transit!on Metal Hydrides 

\ . Metal hydrides of the transition elements are usually 

metallic or semf-metallic solids. They resemble metals in 

thebnal and electrical conducti vi ty 1 but are ?ften non-lus trous 

. and brittle13 ,14. In' some cases, particularly among the 

lanthanides and actinides, the' hydrides are plack pewders. 
"-

There are examples'of binary hydrides of formula MH~, with x 

net necessarily an integer, for most elemen~s ~f ~he periodic 

table. They are generally formed by direct inter~ction of 

the, metal with hydrogen. Examples include nearly aIl th& rare 

earth metals, and most of the early transition elementsl4 , 

i 
1-

f _, __ , ________ ' ------~ ... , ) 
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such as the scandium, titaniüm and vanadium subgroups," as 

well as chromium, although the latter system has not been 

definitively characterized.15, 16 . The later, more electron-
~"'" 

,rich transition metals, however, do not form binary hydi-ides 

with hydiogen (with the exception of palladium and possibly 

• nicke
l
l l7 ), deslli te 'the f act that many ~f these metals can 

activaté hydrogen"and are use fuI in cata~yti~ hydro~enationsl5. 

Nonetheless, rnany of the later transition metals will form 
/ 

ternary hydrides l8 • Sorne gaseous diatomic hydrides, although 

~stable in the massive state, have been detected'spectro-, 
, scopicallYi arnong these are Mn-H, Fe-H and Co-H15 • ' 

o 

The nature of the' bonding in binary tran!ti tion 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-
<\> 

ing in transition metal hydrides i6 more often described in 

terms of metallic conduction bands, with the hydrogen present 
~'" 1 

interstitiarly in!r.the metal lattice either °as H+ (the me~ 

hydrides are in this case' described as metallic or alloys) or 

H- (?;ten" called ionic hydrides). Sorne éxPerimental 
o • 

measurements of the mobility of hydrogen, magnetic susceptibtlity, 
\ 

and th~ migration of hydrogén·toward the cathode in an electric . .' 

field ~avor the protonic description, whereas internuclear 
1 

M-H distances, heats of formation of" the hydrides, and the 

co-existence of hydrogen and o~gen.s~mult~neo~sly in metal 

} 

.( 

/ 
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hydrides s~ggest that the hydridic description is preferable. 

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

in· accounting for expel;imental ":cesul ts. It has been pointed 

outl5 ; however, that a covalent description of the M-H bond 

(given a certain amount ~f M+-H- polarity) accounts for' the 
- 1 

physical properties of the'hydrides as weIl as an ionic model. 

The indefinite nature of bonding theories for metal 

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

isolated ~nd characterized as discrete units, as hydride 
~ - "J, 

6 

complexes can be. For this reason, hydride compléxes can serve 
\ 

as mod~ü compounds to aia in the unde-rstanding of reactivity 
. ' .1 

and bonding in the less-tractable metal hydrides~ This is 
\ ' 

particularly true fbr metal cluster hydride;s, which often have 

features'such as bridged hydride ligands, or hy;drides encaged 

in metal atoms 2Q. Thesimi1arity to metallic hydrides has 

recently been pointed out in studies of t,he oxidative addition 

15 21 of hydrogen ' ta a sol id complex, mo1~cular orbital studies 
," 

on pol~hydride ions22 , and structural studies of cluster 

complexes23 • In a recent article"many parallels have been , , 
~ , 24' 

drawn between coordination chemistry and surface chemistry • 
\ 

It la hoped that a unified view of the two areas will saon be 

available for transition metal hydrides. 

4. Hydride Complexes of the Transition Metals 

Most hydride 'complexes that have 50 far beep isolated have' 

'. 

-~-~----~~~ ~- ".-~----------------



" 1 
1 
) 

1 
1 

j 

c 

"-

Ct 

.... -.----

-
been mono-nuclear metal complexes, al though there is a large 

and rap:i,.dly growing nurnber of binuclear, hydride-bridged-, and 

cluster complexes as weIl. Hydride comple~es are generally 

diamagnetic solids, ~ften highly colored (depending to sorne 

extent on the oxidation state), and of variable stability­

towards light,. air, and h1ert;' sorne complexes can only be 

isolated at low temperat1e Imder ni trogen~, while others are 

stable indefinitely in aif at elevated temperatures. \ Th~ 

hydride ligand is usually identified by the M-H stretching "-

A -1 frequency in the infrared spedtrurn ("'M-H' :?OO-230u cm 
. -1 

"'M-D = "'M_H/ I . 4; vM- H- M (bridged) = ~a. 1000-2000 cm cM- H' 

700-950 crn- l )25, and by the high field chemical shift in the 

7 

proton !l.m.r. spectrurn (0 0 to -50 pprn [1' 10 to 60 ppm]; thé usual 

range is ô -5 to -20 ppm [1' 15 to 30 ppm]). The structures 

o,f tl\ansition metal hydrides 'are usually assigned by the use 
1-

of one or both of these techniques. 

Transition metal hydride complexes have received a great 

deal of attention in the 'last twenty years, paralleling the 

deve!opment of organornetallic preparative techniques, the 

widespread ~se of i.r. and n.m.~. spectroscopies, and structural . , 

,deterrninations by the various diffraction tèchniques. 

Molecular hydride complexes containing only hydride ligands are 
. 2- 2-

unusual, and, with the exception of the [ReHg ] and [TCH g ] 
26 / ... 

systems , are unstable. How&ver, thousands of transition rnetal 

hydride eornplexes, many of which are air-stable at room 

1 • 

/ 

. 1 
7' 

__ -I-_-'----~ .. ___ ~-_-----I 
•• ~ • , ,',:-, l -,,' . 
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t'emperature, haJ. been prepared containing other ligands. 

pa~ticularly useful in this regard are ligands of the 'n-·acid" 

ty~e (such as tertiary phosphine, carbonyl, nitrosyl, cyclo­

pentadienyl, etc.) which stabilize low oxidation states. A 

recent reviewll , for example, listed over- five hundred hydride 

complexes for iridium alone. "There have beel} sever al reviews 

of hydride complexes in the last fifteen years l ,lO,11,26-3l 

Mono-nuclear hydride', complexes of the transition metals 

exhibit more or less similar structural characteristics to 

other complexes. They of~en adopt octahedral or other common 

geometries and usually have' nq~mal rnetal-hydrogen bond lengths. 

They differ structurally from other complexes '~n a tendency 

to distort in the presence\ of larger ligands, to have unusually 
1 

2-high coordination numbers (e.g., IrHS(p$3)2' or [ReH9 ] ), and 
1 

to be stereoch.emically non-rigide Recent structural studies32 

on bridged hydrides have located the hydride ligands by 

neutron-diffraction methods, and shown that they exert 
- ) 

considerable stereochemical influence on the molecules. Speci~s 

where the hydride is dOubly or triply bridging have been 

isolated: doubly bridging binuclear compounds (e. g., [Pt (~2 -H)­

lS~){P(C6Hll)3}]233) or cluster compounds (e.g., OS3(B2-H')-

(H) (CO) 11 34 ) have been prepared, as well as triply-bridging 

hydrides, such as one having ~3-hydride ligands occupying 

34 
the face bf an RU6,octahedron, RU

6 
(l!3-H) 2 (CO) ld 

THe position of the.hYdrraS · ligand bas undergone 

~------,._-------;-- ------il 

.. 
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34 various interpretations through the years Before. 1960, 

the) hydride l~gand was generally regarded as unlike other 

ligands and as having a very short metal-hydrogen bond length. 

9 

It was even viewed as a proton floating in a sea of métal 

eThctrons, and not occupying a regular si te in the coordination 

sphere. This model was discarded when structural studies. 

showed that the hydride ligand did occupy a regular coordination 

position, and that the' metal-hydride bond length was entirely 

normal. Recently, this viewpoint was further modified ta 

accoJl1lIlodate findings· that in the presence of many bulky ligands, 

the stereochemical influence of the hydri~e,ligand on the 

coordination'polyhedron i5 almost nil. In Rh H P4' 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 ~rbOnYl and phosphine ligands 

forro an octapedron, whereas the hydride ligand migrates from 

" 

face to face, and exerts little stereochemical influence. 
1 

Indeed, the fluxionali ty that lS often observed in these 

complexes and in polyhydride complexes mflY derive ta sorne 

extent from distortions from a regular geometry brought about 

by the presence of other, invariably larf.1er ligands in the 

co?rdination sphere. In any case, the status of ,p.ydride as a 
1 

ligand still may be regarded as siniilar to that of o~er 

ligands, even though rno~e compressible and prone to migrate. 
1 
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5. Applications of Transition Metal Hydrides 

a) Metal Hydrides 

Metal hydrides in general are use fuI in nuclear reactor 

applications due to their ability ta absorb neutrons. Other 

applications include deoxidation agents for molten alloys 
.. 

and portable hydrogen sources, as weIl as uses ~n powder 

10 

metallurgy, alloy~ng, surface coating on metaIs, and in forming 

metal-ceramic bonds. Titanium and zirconium hydrides find 

the Most use in these fre~. 
On both a laboratory and industrial scale, hydrogenations 

using heterogeneous transition metal catalysts have become 

cornmonplace. Th~y are·usually a platinurn group metal, 

especially platinum or palladium, wi th nickel and copper chromi te 

also used, p,articularly for high-pressure hydrqgenations. 

Tne metals are generally used in 'a finely divided form, often 

supported on an inert carrier, either in elemental form_or 
~, 

reduced in sit~ from their salts. 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 cornmon 

unsaturated organic groups, such as alkenes," carbonyls 1 esters, 

ni tri les and nitro compounds, as weIl as aromatic groups, 

may he hydrogenated under certain conditions uslng heterogeneous 

catalysts37 • ' 

0' 
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lb) Hydride Complexes 

Two of/the most important aspects of transition metal 
/ ' 

hydride complexes are their use as homogeneous catal'ysts, and 

their role as interrnediates in catalyt:Î;c processes involving , 

hydrogen and hydro-functional compounds, such as hydrogenation, 

hydrosilation and hydroformylation of olefins, as weIl as, 

other catalytic processes38 • The ability of transition metal 

complex~s to function ~s catalysts for these processes is 

largely a result of their ability to coordinate unsaturated 
-

\ . 
co~o~dsl to activa te molecular hydrogen, or to form Metal 

• hydrides as interrnediates. Co'nsequently, i t is not' surprising 

that so Many homogeneous catalytic processes involve met~l 

,hyd~de éomplexes. EXfrnples of ca~alytic processes involving 

the oxidative ad~tion of hydrogen and rnet~l-hydride inter~ 

. ;"'d.i.ates jOllJ.. 
i) Hydrogenation of olefins39 ,40: 

Cl P 
-p 

~ B 
p p 

H 
1 1 

-C-C-H on 
1 1 

Cl ']p 

LRh"\ 
]li S 

lli 
p li 

, ) 

/ [;. . 
H ,P 

;-;--\ 
~-C-H Cl 

(1) 
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Here, molecular hydrogen adds oxidatively to an Unsaturated ,~ .. ~, 
molecule to form.a métal dihydride c~mplex. 'The coordination 

'-, , 
of an alkene follows, and the subsequent hydrogenation of the· , 

1 
alkene and regeneration ~f the,catalyst apparently involve 

;intramolecular rear,ra,ngemen t of various transition metal hydride 

interrnediates. The\stereoch~mistry ~f the ~xtdative addition, 

as weIl as that of the subsequent rearrangement, is obviously 

important in determining ~he course of the reaction. This 

fact has been exploited in order to effect the stereospecific 
~ 

hydrogenation of certain substrates •. For ex~mple, hydrogenations 
, 

employing asyrnmetric analogues of Wilkinsàn's catalyst have 

led to the synthesis of a-amino acids and other biologically 

important materials~in high optical yields40 Catalysts used 

.. in thèse reactions are similar ~~Wilkinion's.catalYS~ 
(equation 1), but contain chiral' phosphine.ligands. This and 

similar applications' of asymme~ric catalysis represent an! 

extremely active field of current research, and present a clear 

example of the importance of stereochemistry\to catalysis. 

ii) Hydroforrnylation of olefins43 : In the example shown 

below, in which hydrogen, carbon' monoxide , and an olefin react 

to form an aldehyde, the oxidative addition of nydrogen again 
1 

plays an essential role in activating hydrogen in the ~orm of 
. 

a metal dihydride. Five of the eight metal complexes thought 
, 

to be involved in this catalytic cycle are metal hydride 

complexes. 
1 

~ \~/' 

", 
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" 



" 

c " 4 
,~~ «/1 

/ 

'" 13 

\ 

H p \L-p H p 
,-p ;;;:\ +co .::- ..:: 

/1 -+P~ ---:II"' 

P co -co 
p co 

lP H 

\1 
Rh-CO' 

Il' 
p co 

{2 ) 

R 

p co 

Other reactions ihvolving hOIl\ogeneous catalysis which do 

not include activation- of hydrogÊm- by metals, but do invo,lve 
. " 

nydrido-species as intermediates, are mention~d below. 

iii) Hydrosilation of olefins: " The hydrosilation of • 
, -

ol,efins is a process in Whtch a sil~1 group may be added 

1 '~11 - 1 f' 38,41,42 "' l , "1 cata ytl.ca y to an 0 e l.n • It l.S l.n rriany ways Sl.Il\l. ar 
" 

to the hydrogenation of olefins, the main difference bein9i 

the fact that an Si-H bond is activated by oxidative addition 

to the metal center, rather than an H-H bond. There has been ' 

considerable work done on the rnechanisrn and energetié:s invol ved 

in the reaction using mOd,el sys~rns44,45 

/ 
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iv) Alkene isomerization: The isomerization of alkenes can 

be catalyzed by transition metal ,complexes through a process 

ôr reversible olefin coordination to a coordinatively 
l ' • 

unsaturated metal hydride complex, fOllOW~d by the formation of 
\ 

a metal al~YI species. Isomerization aiso occurs by hydride 

abstraction\ from an olefin to y~eId an allyl metal hydride 

complex. I~ either Icase, the reverse reaction can result in 

hydrogen-atom exchange, double-bond migration, and cis/trans 

. " 38 
~somer1zat~on . 

v) Other applications: Other industrially importq.nt 
, 1 

processes involve metal hydride intennediate complexes. The 
_ ";1;. 

Dupont Isynt~esis of ~, ~-h1iadiene, an ingre~ient in 'rubber 

manufacfure, is accompiished, v'ia hydride lntermediates formed 
'- --

when ethylene and butadiene react in the presence èf a nickel 

or rhodium catalyst. 
1 ' 

The Wacker Process, in which ethylene is 
, 

catalytically converted to acetaldéhyde by a palla~lium-/copper 
, . 

system, is believed to invoive a metai hydride as an unstable 

intermediate., The water-gas shift, in which carbon monoxide .... 
and water react to produce hydrogen and carbon dioxide through 

catalysis . by rutheJ,Hurn .clusters, probably invoives metal­

hydride intermediates63 • In ~hort,' many, if not most, of the 

homogeneous catalytic cycles. of proven or potential importance 
, 38 

have a transition metal hydride complex present at sorne stage • 

------- ~ 

-~~:-----------------------
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c) Energy Production and Storage 

i) Reversible reaction of hydrogen with metaIs: Many 

metals react with moleçular hydrogen exothermically, but the 
~ 

, 
reaction can be reversed "by 'heat at reasonable temperatures. 

The hydride~ formed can contain more l)ydrogen per unit volume 

15 

than liquid or solid hYdrogen. These facts have resul ted in a 

widespread intere~t in binary or ternary metal hydrides 4 7 

Properties considered' necessary for a metal hydride \to be use fuI 

, . l \ ... 48', l d h' h h d ln a pJ::a,ctl..ca energy otorage system ,lnc ~ e a 19 y rogen . 
to metal ta tio", a low hydroge;n-metal dissociation temperature 

/, 
« 100 OC) , high rates of hydrogen absorption an~desorption, 
~ 

low enthalpy of forma~on, and air-stability. Also, they should ' 

\be of, Iow density and cost. Because no' binary hydtide ;ossesses 

aU of thesé qualities, recent research h~s attempted to find 
.' , 

a more complex material that does49 • Two main types47 of 

hydrid~s have been investigated in this regard. One is simply 

an alloy 'or s'oHd solution of two binary hydrides which would 
- " 

be ex~ected to have properties intermedi,ate between those of 

the two constituents. The other 'type of' compound, the ternary 

hydrides, are reyersibly formed fr,om in}er~etall.ic çompounds 
, " 

(which may or may not originally ,contain some hydrogen) and 
, 

molècular ,hydrogen, and have properties tha t'are qui te 
\ 

different from substituent hydrides. In this group, one or 

both of the metals generally is a transition me-çal. There are 
. 

many examples of ternary hydrides, and many metal combinations 
\ 
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\ 
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have }{een studied, despite the fact that most trensition metals 

do not themselves react with hydrogen ta fcrrm binary hydrides. 

The inertness of sorne transitian-.,metals in t~is rega~d may 

result .in des~rable qua1ities in a ternary system, since when 

combined with a metal which forms hydrides easily, it serves 
1 

to destabilize the system, and impart reversibili ty toward 

hydrogen absorptionSO .f\IDong systems which have been studied49 

-" 
in this regard are Mg2Cu, TiFeH, TiCuH" R2Co 7 , Rca3 , RFe 3 , 

LaNiS ' LaNiS_xA1x' TiMoH, R2RuH6 , RRuH6 , and RlrHx ' where R 

is a rare\earth e1ement. 

ii) Transition metal complexes' as models for hydrogen 

storage: Tran,sition 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 " 
\ 

oxidative addit.ion of hydrogen to unsaturated complexes exhibits 

many similarities to the'reversible adsorption of hydrogen by 
, il 1 

metals, as many workers have recognized ,5 Muetterties has 
~ , 

recently drawn attention to the c10$e para1lel between the 

surface chernistry occurring when\small mOlecules, are 

. 1 d t d\li' 1 d' t' b' 24 on meta s, an ra, t~ona ,coa,r ~na ~on c em~stry • 
, 1 

et al. have' made a series af studiesl2 ,52,S3 into the 
1 

chernistry of hydride complexes' of Ir, Ru, and Mo that 
\ 

adsorbed 
\ 

Geoffroy, 

photo-

10se 

molecular hydrogen upon irradiat:i:'on~ and they have briefly 

reviewed the subject12 • Green and' co-workers also have 
/~ 54 55 56 

conduçted sever al studies " on the effects of irradiation 
\, 

1 

\ 

\ 
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of cyclopentadienyl tungsten hydrides. 
! ' 

iii) Fuel production: The prod~ction of fuel from 

inex:pensi ve feedstocks is of large and growing importa~ce. 

Transi tion metal hy:u.ide complexes may play a central role 'in .. , 

the develbpment of this area in the future. One area in which 
'57 -

they already play a large role i8 Fischer-Tropsch catalysis • 

By this process, gasoline and related ~roducts are produced 
, 

from a hydrogen/carbon monoxide mixture derived from coal. In 
~~ , 

South Afriéa, over two hundred thousand tons per year of 

primary p~oducts, rnuch of i t gasol,ine, have been produced by 
, 1 

this process since 1957. Currently" heterogeneous iron-based 
1 l ', 

catalysts are employed. The reaction is believed to involve 

metal hydridocarbonyl intermediates. 

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

with the Fischer-Tropsch reaction to in crea se the'hydrogenl 

carbon rnonoxide ratio in the feed gas. For both reactions, .. 
metal hydrocarbonyl complexes, similar te the ones that are 

the subjects of this thesis, have been studied as model 

. d f k i7 ' d' - 57 compoun s or e!l'\ J.nterme J.ates • 

There are other areas, of fuel production of unproven 

v:alue but potential importance that are currentIy of interest 
-' l , . 

17 

te researçhers. One such area is\the transition rnetal catalyzed 
1 

photolysis of water. The production of hydrogen and oxygen 

qave been separately realized in homogeneous catalytic systems 

that use light as the source of energy. Howev;eX', a sy~tem 

a 

\ i 
! -
! 
! 

1 
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where· both reactions are part of a, catalytic cycle has not yet 

\ 58 59 been reported ' A heterogeneous systém ip which bath' 

hydrogen and oxygen were produced has been reported, but could 

not be reproduced60 ,6l., The ~mechanisms of these reactions 

are thought to, involve metal hydride complexes 62 

Another a're~ of potential importance is the activation 
1 

of water by transition metal complexes. The speG}_es 
1 • :,. . -

Pt[P(isopropyl) 3]2 ~s active in catalyz~ng a water-gas shift 

under mild conditions63 The key intermediate, PtH(OH)­

[P-(isopropyl) 3] 2' was later isolat.ed ~nd chara~'terize·d64. 

Since metal complexes are capable of both acti vating water and 
. 

eliminating molecular hydrogen, one,may expect continued 

18 

interest in these complexes as catalysts in energy-related fields~ 

"" 

6. Chemistry of Transition Metal Hydride Complexes 

a) Preparation of Transition Metal Hydride Complexes 

The various p:çeparations of transition metal hydride 

complexes may be clp,ssified into the five types outlined and 

exemplified below. More complete details may be found in many 

reviewsl, 10 , Il,26- 3'1. , 
il Reactions with molecular hydrogen: The~e are sèveral 

ways in which transition metal complexes may react with 
/ 

.,.. molecular hydrogen. Di~ect hydrogeIiation is possible at high 

temperatures and' pressure, with metal, ligand and hydrogen 

\~ 

1 
\Jf 1 _ ~ 

(-", 
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cornbining to fbrm a hydride complèx. The complex CoH (CO,) 4 

can be synthesized in thi's way65. 

Hydrogen may also react with meta10 complexes at less 

extreme cèndi tions by ligand 's~sti tution 1 or by oxida tfi ve 

addition of molecular hydrogen to unsaturated metal complexes. 

The role of the latter 'reaction in catalytic cycles has 
" , 

already been mentioned. The following example illustrates 

the two processes occurring in the sarne reactio~39. 'Here, 

19 

prior dissociation, of the ligand forros a coordinate unsaturated 

complex ( S represents a solvent molecule in the structure 

below) 1 which then undèrgoes oxidative addition. 

Cl P 

~ (3 ) 

p s li H 

1 
Other method~ involving hydrogen are the reaction wltif 

1 

~etal saI ts, cleavage of metal-metal bonds, and cleavage of 

anionic ligands by hydrogen 66 • 
" 

'ii) Reactiori with hydriding agents: The reaction of m~tal ~ 

complexes with hydriding agents such as sodium borohydride 

or hydrazine, ,tO' produce hydride complexes is probably t~e m~st 

usef.ul prepa~ative method67 • 
, 

The reactant metal 'com~ i~ 
", 

usua1l.ly a halide 1 although other anionic l.igands such as 
\ 

alkoxides, also react. "Cationic metal complexes forro hydrides 

) 

1 

l, 

~ , 
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,_, 

under these conditions also. Exarnples of this reaction may'be 
b 

found for nearly aU. the tranSii tion metals. A reaction of 

this type was used to prepare the tr±hydrides ~tudied in this 

thesis. " 

, - Reaçtions employing hydriding agents are often convenient 

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

the y allow a one-st~p syntnesis of hydridometal-ligand complexes. 

The, use of NaBH4 can result in the formation of metal-boro­

hydrid~ complexks; such complexes ~~t~n exhibit structurally 
T 

interesting features, such as bridging hydrides and 

fluxionality68. 
\ 

<' iii) Hydrogen transferred from other sources: Transition 

metal hydride complexes mayrbe forrned by hydrogen transfer 
<V 

from solvent, particularly 1lcohols69~ organometallic reagents,-

such as metal alkyl or Grignard reagent~70; oxid~tive' 

addition of varibus groups of formula HL, such as Group IV - , 

hydrides46 , protonic acids7l or hydrogen-sulfur compounds; 

or byintrarnolecular hydride transfer, such as the oxidative 

addition of a ligand C-H bond72 • The addition of water to 

sorne transition metal anion, cation73,~4, or neutral complexes 64 
\ ' 

can result in\ the forll\ation of- a hydride complex. 

The additio~of H+ to coordinatively unsaturated complexes 
ï~ 

can also, form hydrides. _ Depending on the nature of the 

counterion and the number of electrons and empty coordination 

sites on the metal complex, ~he counterion May coordinate as 
" 

" 

, 
1 
,0 

i 
;1/ 
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weIl. This reaction' then formdlly corresponds to the oxidative 

addition of HL. 

1 

~) Reactions of Transition Metal Hydrides Complexes 

i) Comments on the stability and chemical reactivity of 
1 

transition-metal hydriQe complexes: Transition metal hydrfde 

complexes, particularly those of the "late" ,transition metals, 

are usually fairly stable with {espect to temperature, oxygen, 

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

bond. Many of these compo~ds are 'light sensitive, howeverl2 • 

Hydrl~e complexes generall~ exhibit increasing stability 
1 

down a triade The most stable ex~ples usually 

configurations stabilized by n-acid ligandsll 

have l8-electron 

• 
" 

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

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

isomerization and substitution of trans ligands. ~or example,' 

. h b h' 75 . l (h v h l ~t as een s own ~n IrHX2L3 comp exes w ere A = a ogen 
~ 

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

prefTrentiall~ to other ligands. Ac~ording to one scale,of 

'the strength of the trans-effect 76, the hydride ligand is 
-

much higher than the halogens and many other common ligands: 

it is comparable to tertiary phosphine, and surpassed only by 
\ -

C2l!4' CN , and co. Unlike the latter group of ligan\:IS( 

however, the hydride ligand is unable to participate i 

n-bonding. lt transmits its effect solely thrqugh a-bonding, , 

1 
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\ 
which presumably polaEizes and weakens the trans ligand~metal 

\ bond. One stUdy77 which a~tempts to separate n- and cr-influence 

in the trans effect lis~ hy~ride as the ligand with the 

1 largest a-induced t,rans-~ffect of any common ligand. 
(\ 

iii) Elimination of hydrogen: Hydrogen is often reductively 

~liminated from di- or poly-hydride complexes. The reaction 

may be facilitated by heating irradiation53 , an inert gas 

purge ," or by the presence of excess free ligand80 For 

labile hydrides, any of these methods May be sufficient for 

hydrogen elimination: others require special conditions. Sorne 

complexes, for example, retain hrdrogen upon heating but eliminate 

it upon irradiation53 .' Systems which can reversibly add and 
1 , 

eliminate hydrogen have been studied as models'for ene~gy 

storage12,51~56 The eliminat~on of'molecular hydrogen i~ 

also essential for some cat~lytic processes, such as the water­

'9as shift63 . The intramolecular metallation of a coordinated 

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

hydrogen 72 

iv) Hydride transfer to coordinated ligand: The ability 

of transition Metal hydride complexes to facilitate the 

attachment of hydrogen atoms onto coordinated ligands accàunts 

for the importance of these compoll9ds in catalysis. Various 

examples 'of hydride transfer in catalysis ,have been mentioned 

above. 

v) Reaction with halides: Metal hydrides cornrnonly react 

- 1 

, 

1 

1 
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with hal~gen-dontaining species, including halocarbon solvents • 
. 

In some cases involving th,e, latter, the resul t is exchange of 

H for Cl, Br and 1. The reactivity of chloromethanes with 

metal hydrides increases in the order CH3~1 < CH2Cl2 < CHel3 < 

CCI4
78 •. Besides exchange of halide, the oxidative addition 

of the solvent can occur'as well~9. 

Both hydrog~n halides an~ halogens react with transition 

,metal hydride comple~es and gene~allY,exchange a halogen for 
, . 

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

along with molecul~r hydrogen and hydrog,en halide, re~pectively. 
1 

The reaction with hydr9gen halide is usually quabtitative, 

and results in complete substitution by halide82 , although 

there are exceptions 81. ' . 

vi) Other reactions: Hydride complexes cah undergo man y 
\ 

other rea?tions, including thermolysis; interrnolecular 

hydrogen exchange with solvents, especially water and alcohol, 

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

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

not affect M-H bonds. The re~ctions of hydride complexes 

are covered more completely in several reviews l ,lO,11,26-31., 

B. OXIDATIVE ADDITION OF HYDROGEN Tp TRANSITION ME~AL COMPLEXES 
'1 

1. The Oxidative Addition Reaction --In oxidative addition reactions, aIl or part of a molecule . 
J 
1 

1 
1 

1 

i 

, 
" 

L 
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is added to the coordination .~phere of -a metal complexe The 
/ 

resultr is an,increase in both the formal oxidation state of 

the metal, and the'coordi~ation number of the complexe 

'. Al though reactions of this type have been known for, a long 

time (for example, halogenation ,of a metal complex often is 
il 

1 

an oxidative addition), it is only in the last twenty years 

that this class of reactions has been systematica11y studied. 
J. 

The discovery of the' reversible- hydrogen and oxygen carrier, 

Ir(CO)Cl~2 by Va'ska in 196183 , an4 ~he realization that this 

ang Simiia, cèmp1exes ,displayed diverse chemistry, inter9)sting 

stereochemistry and applications to bio1ogy and catalysis, 
~ , 

ré'sult'ed in widl'!spread attention to'the preparati~e and 

mechanistic aspects of oxidative addition. Several reviews 

now exist whicb report anâ classify examples, mechanfsms 'and 

t . . t' t 'd' . d i' dd" 21, 84- 8 8 reac ~V1 y ren S 1n OX1 at,ve a ~t1on • 
-< - , 

,. 

\ . 

The oxidative addition reaction is relevant to several 

areas of chemistry. In homogen'~ous cata1ysis, for 
1 

example, the oxidative addition of a neut~al molecule, such 
1 

as hydrogen (see section A, part Sb), is often the single most 
\ 

~mportant step, si~ce it provides a means whereby a mo1eèu1e 
, ~~ 

with a higp bond' enérgy can react under mild conditions86 • 

SOlJle addition reactidns of covalent moleçules to transition 

metals, including reactions which are not formaI oxidations, ~ 

can be considered as models for certain biochemical reactiohs, 

su ch as the reversible bindi~q of oxyqen to haemoglobin89- 9l 

/ 
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d 't f' t" 92,93 an n~ rogen- ~xa ~on . An interesting exarnple involving 

hydrides is the following reaction. in which nitrogen is 

reversibly bound94 • 

CoH (N2 ) :lf 3 + H2 ~ COH3 P3 + N2 
\ 

(4 ) 

Attention has also,been drawn to/the similarity between 
, ., 

the absorption of small molecules o~ a metal surface, and the 

oxidative addition of these molecules to metal complexes9~. 

This relationship has been observed from the points of view 

of both coordination chemistry and surface chemistry. 

Accordingly, the resemblance between the reversible addition .. 
of hydrogen géj.S by Vaska's complex, and hydrogen chemisorption 

on~etals has been noted96 • On the other hand, the surface 
l/ 

properties of metals containing adsorbed gases have been 

regarded in terms of metal-ligand coordinati~n24. 

The simultaneous occurrence of oxidation and addition 

25 

can be re~~ded as a reflection of the ten~ncy of organo­

metallic cômplexes to retain a set number of electronsl in their 

. coor,dination ~phere84. Accordingly, the 108S of electrons by 

oxidation is compensated by a gain of electrons through a 

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

transition ~etal complexrs, with one to four d èlectrons, 

tend to have a larger coordination nurnber than the !la~er 

metal complexes of d7_d10 electronic configuration. 

\ 

"'. 
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BecauSe its coordination number is already high, and steric 

factors preclude 'further increase, the former group shows 
\ 

little tendency to undergo oxidative addition. cons7Quently , 
, 

metal complex~s involved in oxidative addition usually have a 
-., 

d7 to d lO electronic configuration, 'and so tend to be Group, 

VIII metals. : \ '- ' 

The oxidative addition r~ction is promoted by low initial 

oxidation state, high metal basicity, and unsaturation in 
/ 

the coordination sphere. While steric effectspccount for 
--t ~( "" '.,... the third tendency, the other two s· mply flect the fact that 

\ 

complexes with the greatest electro the most likeüy . 
to undergo reactions which decrease For any giveb.series 

of complexes, the rate of oxidative addition is inqreased by 

the substitution of basic, electron-do~~ting ligands. ' It 

follows that the ideal candidates for oxidative addition are 

Group VIII metal complexes in low oxidation states, hav;L~g 
! 

both strongly-bound, electron-donating ligands, such ~s alkyl 

phosphines, and either empty coordination sites, or loosely-
, ~ 

bo~d" labile 'ligands; such as a solvent molecule. 

Kinetic studies hàve been carried out on a number of . 
, complexes in order to determiné 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 ~e systematic variation of a ligand in a series 

,of analogo,us_ compounds)/'!'he kinettcs and thermodynamics of 
\ 
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/ ' 

analogues of Vaska's with X = halogen 

or other electronegative group" and L = tertiary aryl or ' 

alkyl phosphine or,arsine, have been particularly well-

27 

,/stUdied97-102, 84 • The effect,s of varying the o~idative 

addend97 ,Sl, the steric98-l00 and donorl01 propertiesof Land 

the electronegativity of x97 have all been examined, and the ~ 

results al:'e generally consistent with the modell described ) 
, 

above: reactivity increasing with metai basic~ty, and 

decreasing ~ith ligand size102 • An equation relating enthalpy 
J 

and the electronic and steric 
1 

pr'operties of the ligands has 1 

, 102 
fecently"been advanced . 

Sorne well-known examples of complexes which furnish 

oxidati ve addition products are Ir (00) ClIP 2' RhCl JlD3 , Pt lP3 , 

Pt lP 4' Ni [P (OEt) 3) 4 and IrH(CO) lPr Covalent molecules which 
. ! 

can be added to complex 

C1
2

, alkyl halidesSI,1 

olefins, such as (èN) 

these include H2 , 02' CO, 

-104 . , olef~ns, (particu1ar1y activated 

(CN)2)10S, and Group 'IV hYdrides46 

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

dompounds107 , more recent1y, alkyl C-H ad~ition has been 

rePfrtedl08. In both cases, intr~.lecùlar addition is most 

often e'nèountered109 • 'l'he similarity between oxidative 

addition and c1assical donor coordination has 'been pointed out4S • 
\ 

2. Reaction Mechanisms Of, Oxidativè Additi~n 
1 

( 

For an oxidative addition of the genera1' fo~ i 

1 
l 
1 
! ' 
: . 



G 

c) 
1 

/ \ 

L M + XY n 

F~ 

(5) 

the following models rnay be considered as limiting mechan~sms: 

LM n 

L M + 
n 

'" Scheme 1. Concerted Addition 

+, Xy 
(I) , 

• 
/X 

L M n, 
y 

" Scheme 2. S~epwise Addition 

[L M-X1+ + y 
n, 

Xy + L M···X- •• y 
n 

. 
(1) 

1 

or 

[L M-X] 
n 

or 

+ Y 

[L M-X]' + y. 
n ' 

(2) 1 

+. 
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Scheme 3. Predis90ciation of addend 

['LrtMX] + + \y-
(2) t or \ (3) 

t 

+ x+ [LnMY] --

( 3) 

[L MX]' + y. / n 
(2) 1 --+ 

[LnMY]' + X· ~ 
/ 

The concerted mechanism rO~ oxidative addition i9 

depicted in Scheme 1 as pas9ing through a three-center_ 

'" "" 
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X 
L M/ 
n, 

, y 

'x 
L 11/ 

n "-....Y 

L M/
Y 

n "-....y 

L.M/
X 

n ......... X 

tr~si tion sta~e where both. liga~ds approach t~e métal, Cënter-~ --

in an edge-on manner, and attach the~selves simultaneously. 
, 1 

\ 
The reaction therefore must take place in a single step and 

exhibit second-arder kinetics, in, the absence of complicating 
\ 

si)e reactions. othe~ Charactiristic~'Of thjs model ar~ the 

requiremertt of coordinative unsaturation and, given an, optically 
'0 

active oxidative addend (for example, if XY i9 (CH3) (C2HS)CHI) , 

retention ofi configu,ration ara und the asymmetric ce~ter. 

Reactions of this sort are common when thé addends are small 
, 1 

covalent molecules having 1ittlé or no polar~ty about the' X-y, 
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bond; ~for example, H2 , 02 or SiH, or when the,formation of 
( 

ionic or· radical molecular fragments is unlikely. 

In stepwise addition, Scheme 2, one envisions a linear 
'", 

transition state giving rise to an'intermediate complex and a 

molecular fragment 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 fragme~t/a fr~e 
'"radical. Since the second step in the sequence, which would 

involve the reaction between oppositely charged ions, or else 

involve a free radical, would in most cases be rapid compared 

to the fïrst, one would expect second-order kinetics to be 

observed for this reaction, if other reactions do not occur 

to further complicate the rate law. 

An asymmetric oxidativ~ addend which reacts according 

to Scheme 2 may undergo either inversion of corifiguration or 
, ! 

racemization. Inversion will occur if the asymmetric part 

(in this case, X in Sc~eme 2) is added,first. If the 

asymmetric fragment (in this caSe, Y in Scheme 2) 1s added 

as part'~ the second step, then racemiza~ion 'will occur. 
, 

Stepwise additions are most likely in polar molecules 

where the electronegative end forms a good leaving group. 

30 

Such a reaction resembles an ~-2-type nucleophilic substitution, 
"'/ "-N 

for example, the electropositiv.~ end of a polar where, 
1 

li 
oxidative addend forros a Iinear transition.state with a basic 

h 
. ,,( 

transition metai ~om~lex. In this regard, the ste~eoc em~str~es 

\ ' 

\ 

, 1 
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of the oxidative addition products of polar addends, such as 

asynune~ric alkyl halijies, are! of interest (se,e below) . 

Reactions in which the a,dends predissociate (Scheme 3) 

are three-step processes, involving the dissociation of the 

addends as a first step to form ionie1or radical fragments, 

which can further react to form intermediate species similar 

to those formed in the stepwise addition. rf ionic species 

are formed, the products sh'ould resemble 'those resulting from 
1 

à concerted or stepwise addition, while several species may 
! • 

result from radical formation. The overall reaction is likely 

to b~ rapid, and fir$t or4er 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 

starti'ng complex, as in reaction 6, 

" 

LnM + XY + L (n_l)M(X) (~h + L (6) 

there is the additionàl problem of determining when in the 

reaction sequence i8 'the ligand lost. Since the ligand may 
, . ~ 

, 1 

be lost before, during, ,or after the'oxidative addition oeeurs, Il' 

!he mechanistie po~sibilitie~ are in ~his' case greatly in~eased. 

The mechanistic models presented above must be recognized 
! 1 • 

as extreme limits: a~y actual mechanism may be a,modification 

of one or a qOmbination of several. Even so, the models given 

'1 
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above re'pre~ent many possible mechanisms. The nature of the 
\ 

reaetants often limits the meehanistic options, however, and 

renders certain theoretical possibilitiÊ!s implaus;i.ble. The 

oxidative addition of hydroC]en to Vaska 1 s complex most likely 

oceurs through a coneerted process, for example, sinee the 

alternatives involve H· free radieals, H- ~ons, hydrido-
\ 1 

matal anions, or ~ther species unlikely to exist in ~olution. 

While neither' these nor more complex meehanisms can be ruled 

out, they appear much less likely. The oxidative addition 

! ' " of HCl, on the other hand, may easi1y be envisioned a~ 
( 

/ 
1 proeeeding through any one of the three' general types of 

mecha~isms: e.g., by -a concerted 'addition inlthe solid state . , 
, 

or non-polar ~olvent; or e1se a stepwise addition (through 
\ 

[LnM-H]+ + Y-) or a predissociation into H+ and Cl- in a polar 

solvent. Indeed, there is evidence that this reaction can 

32 

proceed by different pathways that depend on the reaetion 0 

1 d 't' 110 con 1. l.ons .• 

Besides va~iability of the reaction mechanism with 

experimental conditions, there ia the more basic problem that 

any actu~~ react~on may proceed by a mechanisrn in-between 

the extremes that were initlally'thought likely, as well as by 
.' , 

a mechanism completely different, such as solvent-assisted 

reactions, or ~rvention of a third reagent. The result 

ih,the case of oxidativeaddition is that while react~ons of 

the three. types presented here are distinguishable by .the 

... 

/ 

1 
! ' 

1 . 
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combination of an accurate determination of reaction order " 

studies with asymmetric reagents, and the use of techniques 

to detect free radicals, the mechanisms of màny important 

oxidative addition reactions remain unclear. 

The stoichiometry and, to sorne extent, the mechanisms 

of oxidative addition reactions generally d~pend on the 

electronic configuration of the starting'èomplex84 • Five­

coordinated7 comple~~s, ~nitially 17-electron systems, 

oxida1;.ively add a single (o~e-electron donor) ligand to become 
/ 

l8-electron, six-coordinate da complexes. The reaction 
\ , 

;,., proceeds ~ a free radical mechanism in most cases.' Four­

ooordinate da complexes, l6-electron systems of square planar 

ge0Ill;etry, typi'cally will oxidatively add two single-electron 

ligands to forrn six-coordinate, d 6 complexes. The mechanism 
t 

of addition to dlO complexes, as exemplified by Pt (0) 
1 

33 

phosphine complexes, involves dissociation to fo~-a l4-electron , 

'. 

two-coordinate system which can oxidatively add t~o ligands 

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

additions to representative complexes are given below. 
, 1 

An example of oxidative addition to d 7 complexes is 
\ 

,provided by the reactions of Co (CN) 53- with a v rd.ety of 
\ 84 reagents 

2Co (CN) 5 3- + XY + Co (C~) 5 3~x + Co (CN) 3-y (7) 

organic \~ides) .. 

\ 
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The second-~rder kinetic behavior of this reaction, as weIl as 

the detection of free +adicals, indicate a stepwise, free­

radical mechanism, analogous in part to Scheme 2. This is '" 

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

'" '. k~netics indicate a concerted mechanism,' of an unusual type 

34 

takes place, to yield C~H(CN)53-. These products are otherwise 

analogous to those obtained from the hydrogen peroxide addi,tion . 
• 

The formation of a monohydride product by such an unusuàl 

route perhaps reflects the tendency for hydrogen to react, by 

) 'a concerted mechanism, even when straightforwar~ stepwise 
\ 

mechanisms c~~ be c6nceiv~d and are in fact followed by other 
fI;, 

reag'ents. 

Oxidative addition to VaSka's complex, as in the reactidn, 

,IrCl(CO) .2 + XY 

(XY = H2 , °2 , hal~gens", inorgan-ic pr organic, 

acids', and alkyl halides) 1 , 

(8) 

represents addition to'a four-coordinate d8 complex, and yield~ 

an octah~draI'd6 complex. Reacti~ns of this type have been 

ex~~nsively.~tudi~d with respect 'to thei~ chemistry, kinetic 
, 

behavior, steJ;:E!ochemistry, and spectral properties. A variety 
, 

of mechanisms' càn ope~ate, depending on" reagent and reaction 

Con~itions21,~4;88. 
, 

\. 

A concerted mechanism prevails for t~e addition of small, 
\ 

.-AJ IV· t • 

, 

, 
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covalent molecul~s such as hydrogen. Evidence for a c~ncerted 

~echanism includes second orqer kinetics, a small kine~ic 

isotope effect, and the stereochemistry of the product21,97 

When the re,a'ction involved alkyl halides, however, a different 
, 

, pattern of kinetic behavior was observed, and the me'chanism 

was a matter of considerable controversy for sorne 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 
97 'addition) and its large, negative activation entropy 

35 

" 

Experiments with opticàlly active organic-halides were emp10yed 
, . , 

to distinguis~ between'a concerted and stepwise mechanism. 

B th t t , 111,112 d' ,113. f f' t' 
'" 0, 're en ~on an ~nvers~on 0 con ~gura ~on were 

reported but ~ater questionedl14 ,ll5 More recent1y," i t, has 
~ 1) 

o 

been reported that racemization-oc~urs, and that the reaction 

proceeds by a free radical' ~echanismll6. Furthermore, it 

has been suggested that a large nega~ive activation entropy 

need not indicate highly polarized transition state or ionic 

, d' b t . t d t' 45,117 ~nterme ~ates, u may occur even ~n concer e reac ~ons '. . 
Although a stepwise addit~on involving an ionic intermediate 

is still plausihle fO,r some alkyl halides, such as me'thyl iodiae, 

and adequately explains some experimental results, it is 

probable that for other a~kyl ha1ides, as weIL as other 

, t 51 . h' h b t th t t f reagen s 1 a mec an~sm somew ere e ween e wo ex remes 0 

.. 
\ 

" , 
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concerted and stepwise addition çan apply. 

Platinum (0) complexes provide a well-s~Udief 

oxidative addition reactions to dlO species84 ,86 

,1 

exatnple of 

Tht first 

stage is generally dissociatio'n of the starting 3 or 4 

coordinate platinum complex (such as Pt lfJ' Pt P2 (C2H4) 1 Pt 

[P (isopropyl) 3] 3 or Pt P4) to form a reactiv~ two-coordinate 

intermediate. The detailed mechanism of oxidative addition of\ 

alkyl halides to the latter complex may be similar to that of 

the dS analogues of Vaska '/s complex. Platinum (0) comp'lexes 

containing alkyl phosph{nes will add molecular hYdrogenl18 , 

36 

ari'Ci r.e,cently: the oxidative addition of water to Pt[PUsopropyl)3 l 2 
64 . 

to form PtH(OH} [P(isopropyl)3]2 has been reported 

3. Stereochemistry of Oxidative Addition' 

The stereochemistry of the products of oxidative addition 

hàs "been the focus of Many studiesi19 . Interest in this 
. 

subject does not only' stem fr~rt1 a desire to fully characterize 

'reaction products 1 but also ...... because the stereo'chemistry of 

the product can provide informrtion on the ,ïntimate reaction 

mechanism. ' 

Furthermore, when oxidative addition .is part of a larger 
l , 

process,' such as a catalytic cycle, the stereochemistry of 
" this reaction has implications for the further reaction of 

the complex wi th other coordinated groups. Al though p~oduct 

, . , 

-----, "",'. 
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stereochemistry is often a gui~e to reaqtion mechanism, it 

cannot be regarded as definitive: isornerization may occur 
\ 

after the initial oxidative addition reaction. Therefore, 

the final isorneric composition may be determined by the 

thermodynamic s~ability of each isomer and the barrier t~ 

their interconversion,. rather than by the ,kinetic factors 

involved in their formation. Consequently, the isomeric 

composition of the products may he sen~itive to reaction 

conditions, particularly temperature and solvent. 

The oxida'tive addition of two li9and~.~to a square planar 

compl~x yields an octahedral product, in which the added 

ligands may be cis or transe It is reasonable as well as 
\ " 

customary to associate a ster~ospecific cis addition with a 

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

and trans wi th a stepwise mechanism. -. From the viewpoint of 

orbital-symmetry, however, cis or trans a~', is possible 

-----------, 1 ------- 120 for either a concerted or ~ mechanism .' 

37 

-------------------Sketches o~h,~ype of addition, adapted from pearsonl20 , 

are shown for r~action 5 (n=4) in Figure I-l. The interacting 
,) . , ' ~ 

or~i taIs of the complex an,d the addend are in the plane of 

the paper, and the' non-participating orbi tals are omi tted'. It 
\ 

can be seen from the sketches that cis and trans addition 
1 

result from the overl~p 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, 
---,..1' 

. , 
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! 
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a) Concerted Cis Addition 

1 
1 -

c:==C> 

b) G"oncerted Trans Addi~ion 
,,' " ~-

~igure 1-1. Orbital symmetry of concerted oxidative addition. 
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., 
respeetively. 

Stepwi~e addition in complexes of this type oeeurs 

through a five-coordinate intermediate. If this intermediate 

is' trigonal bipyramidal, both eis and trans produets ean 

résulte A squàre pyramidal intermediate, on the other hand, 

would result in stereospeeifie ~rans addition, assuming a 

rigid p~ramid with the first-added ligand in the apical 
o 

positionl2l • Figure 1-2 illustrates these possibilities for a 

stepwise nueleophilic displaeement. The sarne produets would 

result for a stepw1se free radical or pre-dissociative 

meehanism. \ 

Although symmetry'allowed, there has been no unambiguo~s 
, 

demonstration to date Df a concerted trans addition to a squareL 

'planar complexe Indeed, the case for which~it had beèn 

originally proposed, that of the assymmetric alkyl h~lide 

addition with reported retention of configuration {see above) , 
, ' , 

was late~ shown to operate by a,free radica~ mechanism, rather 

than'a eoneerted onel16 • ~The addition of methyl halides l ?2 

and halog~nsl04 to planar complexes in a gas/solid interaction, 

or with the coLPlex Buspended or dissolved in non-polar BoIvent., 

results in s~~eospeeific ~rans addition; in polar solvents, 
\. 

however, a mixture of eis and trans products occur in both 

cases. While an ionie stepwise mechanism is ùnlikely in the 

gas phas~,~a radical mechanism re~~ins an alternate posslbility 

to a concerted process. The observatiQ~ of isomeric mixtures 

\ 

, 1 

1· 



c 

:0 
, \ 

a) Stepwise Trans Addition 1 
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\ b) Stepwise Cis and Trans Addition 
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Figuré I-2. Orbital. synunetry of stepwise oxidative addition. 
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in polar solutions i is most easily explained by an ionic 
, 1 

mechanism which passes through either ~ five-coordinate cationic 
, , [ .. ' 

t;-igonal bipyrami~al internediate, or a five-coordinate square 

·d . t d· t th t .' 1 1· 121 pyraml. l.n erme l.a e a rearranges l.n po ar so utl.on '0 
1 

Methy1 halide additions apparently are not radical processes 
1 

in solutionl16 • 

Hydrogen halides ,add to solid Vaska 1 s complex ster~Q­

'Specifically te form cis products 71. Like the examples of 

" trans add~tion mentioned abovei however, stereospecificity 

~s limited t~-heterogeneous systems and non-polar solvents; 
ft , J 

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

" hydiogen, the addition is stereospecifically cis ln aIl case\ 

reported, regardless of solvent51 . The same can be 'said fot 

the oxidativ~ addition of Si-H bonds123 • It is'interesting 
"\ ~~ 

~o note that for H2 and R3SiH ~d~itions, where a concerted, 

three-centered process is :the most likely reaction mechanism, 

only s~tereospecific cis addition has ,yét been reported. '.' 
.. ' 

There is sorne indication that the steric' properties of a 

substrate rnay affect the steréochemistry of the produçts. 

buiky carborane 

In ~ study using an analogue of Ir (CO) x P 2' wi th x a very 
, 1 

cage 1 isomeis were observed from the' a d,di tion 
1 1 • 

of hydrogen124 • It is unclear whether the variety of pr'oducts 

is the resul t of various modes of hydrogen addition, 'or the 

subsequent isomerization qf a single addition PFoduct ~ 



c 
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4. Oxidative Addition bf Hydrogen \ 

The OX~1~tive addition of hydrogen to\ ~anSitiOr metal 

complexes m~y provide a means of obtaining insight on sorne 
. 1 \ 

mechanistic and ~:~e\ reoehemical aspect~ of co~~erted oxidati ve 
, r t 11 A\ 

addi tion. HydrogêÏi is non-polar and unlikely \to pre­
\ 

dissoëiate, react heterolytieally, or be affect'~d by polar 

media, and ,th us is likely to react in a coneerted manner. 
\ 

1 
Information of this sort, would be part:i:cularly relè,vant to 

\ 

42 

the field of, asymmetrie ~YdrOq~~ation, wher~ the s~e~eochemiS\Y 
of catalytie in&rmediates (formed by oxidative addition of" , , 

hydrogen to metal cdmplexes with chiral ligands) ... is directly \ 

\ 1125 
related to the stereochemistry of the hydrogenation products . 

\ 

The oxidative addition of ,hydrogen at ambient tempe rature 
" '. 

is remarkable considerinq the high bond energy of hydrogen 
a 

(450 kJ/mol). It has been sug~ested that the reaction i5 

faci'li tated by meta~, d-electrons entering the 1 s* antibonding 

orbitals) of the hydrogen molecule., resulti~g' irf bond weakefiing126 

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

bond energy' as hydrogen alone, sinee the overall reaction enthalpy 

iB u~.ually ,negative51. 'Neverthel~SS, '-'eacb, metal-hydride 1 bond 
• i 1/ 1 

~y1iave less bond energy. Thé fact that metal complexes can 

activate hydrogen toward further reactio~ is l?artly the resul t 
. 

of this ,rel:ationBhip: that is, ït is not necessary to supply 

aIl of the hydrogen dissociation ener'gy at çmce to ini tiate a 

\ 

\ 
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reaction between, for example, hydrpgen and an 0 lef in, but 
-

only that energy necessary to break a single M-H bond. 

The preferencè for concerted mechanisms in the oxidative 
1 

addi tion of hydrogen may be another consequence of the high 

dissociation energy of hydrogen. It !:las al.ready by pointed' 

, 3-out in connection with the addition, of hydrogen to CO(CN)S 

compl.exes (see section B, par·t 2) that a concerted mechanism 

is apparentiy foll.owed even when two metal complexes are 

involved in the transition state. ~ne explanation for this 

behavlor would be that the form~tio~ of a single M-H bondI 
1 

\ does not provide sufficient energy to allo:w the reaction to 
f 

pr~ceed, but the formation of two M-H bonds does. Whether 

the two metal-hydrogen bonds ~re formed to the same metal­

complex (as ln the concerted oxidative addition given in 

43 

Scheme l}, 0; to ~wo adj acent metal complexes (as in a<?tiyation 

on a metal surface, a metal cluster, or, perhaps, a four-center 
\ 

transition state Ï;n the cobait case) may not be of primary . ~ 

importance., The "activation," of hydrogen in all these cases .. 
may he due to the abili ty of each' to form two M-H bonds' 

simultaneously. It is interesting to note that water reacts . \ ' 

with Co(CN) 5 3- in the ~ame manner as hydrogen127 • Perhaps 

activation of water operates, in ways similar to the activation 
1 

,of hydrogen, as indeed has been repoJ;ted ,wi th platinum 
\ 64 \ 1 
complexes " where two-l:igand oxidative addition to a 'single, 

" 
\ 

with metal C:lust~rs+28, metal center has been proposed, land 

1 1 

" 

( 

\ 
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_ where adjacent metal center_s may be involved. 

Hydrogen adds to mononuclear complexes in a cis fasqion 

that is usually stereaspecific. No examples of the trans­
~~ \ 

addition of hydrogen have been so far reported. 

, C. A SURVEY OF THE SYN,THESIS AND PROPERTIES OF SOME RELEVANT 
. 

IRIDIUM COMPLEXES \ 

1: 

The iridium trihydride complex IrH'3 (CO) P2' 1, was first 

preparèd by Malatesta et !l. and fully reported in 1965
90 

1 

along with a seri~ of phosphiné-containing iridiU1n carbonyl 

hydrides. It was prepared thlZ'ough the actign of sodium 

boroh~ride or lithium aluminium hydride on IrCl(CO) P2' 2, 
~\ " 

or IrHI2 (CO) P2• The addition of sodium borohydride, or 
\ 

molecular hydrogen, 'to a complex \identi~fied as IrH (CO) P2 

(actually ,Œ:rH (CO) 2 P2' see below, part 3) also resulted in 

the formation of the iridium trihy\ride, 1. Two isoÎners of 

this compound were isolated ·which had different i.r., rn.p.". 
1 

and ,electric dipole moments. ~ the basis of these data, the 1 

following structures were assigned. 
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In sol:ution, 3 was reported to change rapidly into 4, and so , 

was considered an unstable isomer of 4. An excess of tri-
1 . ' 

phenylphasphine added to the trihydride, l, resulted in an 

equimo1ar amount of H2 plus IrH (CO) ~3' 5, according to reactian 9. 

\ 

IrH 3 (CO) P2 + p .... IrH(CO) P3 + H2 (9) 

1 5 

e 

The trihydride, 1, was later repQrted by Wilkinson et a1. 129 
, l '" --

, 1 1 1 

as part of a study of, Ir and Rh a11yl complexes. The comp1ex 

Ir (1T-al1yl) CO P 2 reacts with molecular H2 to give the tri-
, ' 

hydride, 1. The \se,quence given below was propased for the ' 

reaction, where R = C3HS' although t~e 'intèrmediate IrH(CO)P2' 

6, was nei ther isolated nor observed spectrÇlscapical1y. 

+ IrH(CO) P + RH ~ 
2 +H2 

(la) 

6 

'.i 

The infra-red speetrum of the trihydr~de, l, reported in this \, 

study corresponds to ~e mer isomer" al though a stereochemistry 

was not assigned. The comp1ex was also px:epared by b~bling 

hydrogen through IrH (CO) 2 .2 in rèfluxing benz~ne, and by 

addition of sOdium borohydri,de to Vaska' s complex, 2, in 

ethanol. Both methods' gave the product~, 1, in high y~eid" 

There was no mention of more' than one isomer present. 
\ 1 • 

l_ 1 
\, 
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l' 

Another study by Wilkinson et al,130 first suggested 

that the trihydr.ide, )., could be forrned ftom the tris (phosphine) 

complex, 5. These workers noted that soluti9ns of Ir~ (CO) 2 P 2' 

when heated under" hydrogen, ,f?rmed an isomeric mixture of 

hydrid~s, while· warming the solutions wi th triphenylphosphine 
o 

resulted in IrH (CO) P3' The implication of these reactions is 

that IrH(CO) l'3' IrH(Cq) 2 P2 and Ir!i3 (CO) P2 all dissociate 

via a c,ommon intermediate, IrH{CO) 1!'2' 
o • 

~ earlier study by Vaska et ~.131 had characterized 

the product of hydrogen addition to the tris (phosphine), 

, cornplex,5, as q. s~ven-coord~~:~e species, IrHj (CO) P 3• As 
.''-J !30 Ù2b." 

others have suggested ' , the correct formulation is 

undoubtedly the bis (phosphine) complex,l. The sarne report 

aiso stated that etnyline formed 'an adduct wi th the tris"!' 

(phosphine) complex, 5, at atmospheric pressure~ This has been 
\' 132 

disputed by Burnet~ e.t~. ,who found no olefin-complex 

forméd wi th e,thylene alone, or ethylene in the preséncè Qf 

hydrogen. 

The interaction of the trihydride, l, with hydrogen 

and triphenylphosphine, and {ts rôle in the hydrogenation 

of ole~ins ,was examined in a series of papers by Burne,tt 

et al.132-13'5. It was found that the following equilibrium 

was established" with K :; 5.6 at 25°C in dimethy;lformamide132. 1 

1 
1. 
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(11) 

Tble reaction kinetics suggested that equilibrium occurred 

through the dissociation of triphenyl.phosphine, followed by 
1 

the addition of hydrogen to a four-coordinat~ intermediate. 

k 
IrH (CO) ]!> 3 

-p~ IrH (CO) ]!I2 + P c 
k+p 

(12 ) 

<a 

1 

Il 
( 

k+H 
IrH (CO) ·2 < 

+ H2 
----. IrH 3 (CO) P2 ..---
k_H 

(l3J 

',' 

Because of the cbmplex equil~bria involved, the kinetic 

results coul.d only be expressed as ratios of rat;.e constants*. 

1 : 

In these studies, the trihydr.i.de, 1, was reported as' a 

*The ratio ~pk+H/k_H appears in the abstract of' Ref~ 132. 
It is apparently a misprint. The fortll given. above appears 
later in the te:xt, and is the aùy possible quanti ty in view, 
of rel.ated reac~:i;ons. - • . 
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mixture of two isomers, fac and mer, with the following 

struct ures. 
" 

H 

~. 
co 

fac 3 

H 

i+\ 
~ 

H 

mer 7 
'-

It should be foted that the mer isomer is given a different 

structure, than in the ot;'iginal work of Maiat~sta et al. 8~., 4, 

although the discrepancy is neithe~ acknowledged nor explained 

in' the lat~r paperl32 • -Equili~ium between the two isomers 
" 

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 ~bserved constant proportion 

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

Thes~ indications of isomeric equilibrium are indefini~e, 

however, Bince the ~ange of equilibrium "constants" is --
large (± 35%), and solid-state measurements do not necessarily 

'represent ~uilibrium proport~ons •. In any case, ~ discrete 

equilibr~um between isomers was not shown directly. Th,us, 

the nature of the isomerization and stereçchemistrytof 

the isomere of the trihydride, l,remained ambiguous. 

Further studies on these iridium compounds, l and 5, 
• 

were undertaken by Burnett !! al. to 4ete~ine the 'mechanism 

. \ 

.. 
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of the cata1ytic hydrogenatlon of olefins, and the manner 
! 

in which the overa11 rate of catalysis depends on indi vidual' 

equilibrial between the various reagents133-135 The iridium 
, li" 

species were chosen for study, because t~eir slower reaction 

rates render them more convenient than the otherwise more 

useful rhodium spe,cies. The initial study132 of the cata1ytiç 

hydrogenation of ethy1ene with hydrogen~ the tris(phosphine) 

comp1ex, 5, and tripheny1phosphine indicated that the active 

species was the four-coordinate species, 6, present in a, low 

concentration, and<~hat the rate of hydrogenation decreased 

as the trihydria~ L accumu1ated. The fo1lowing~ catalytic 

cycle was proposed, invo1ving coordination of ethy1ene to 

Gan active intermëdiate,~ formation of an alky1 species, 

and subsequent oxidative ad~tion o~ H2 and regeneration of 

the inte~ediate, 6. 

'.; 
.... J • 

IrH(C2 H4 ) (~O) Jl!'2 

5 
6

1
_

RH -~ 
~ +H2 

(14) l 
o 1'-

1 

(j 
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The trihydride, l, was considered on1y indirect1y invo1ved 

in th;e catalytic cycle. 'An analogous process had been' 

. 1 ' dl36 fI' b RhH (CO) 111> t prev~ous y propose or cata ys~s y. ,r
3

, excep 
1 

that a trihydride species is" not formed with rhodium. 

Subsequent papers by Burnett's group examined the 

stoichiometric and catalytic hydroge~ation of ethy~ene and 

butadiene with the trihydridé, 1,134 and 'vaska's complex, 

2 133. 'Ear1ier conclusions regarding the mèchanism of 

hydrogenation catalysis were modified, and it was suggested' 

~hat the catalysis was controlled not through eguilibria 

invo1ving iridium hyàride species (equations 12, 13) but 

through competitive reactions ,of an intermediate complex. The 

active species in cata1ysis was considered to be ~he 

trihydride, 1 , rather than the four-coordinate intermediate, 
'1 

6, since the latter was thought to be present in too low a 
( 

concentration. The catalysis apparently proceeds through a 
1 

bimolecular reaction of the ~rihydride, l, and ethylene. A 

recent paper135 on the hydrogenation of dimethy1 maleate 

proposed a comp1ex cata'lytic cycle in which the crucial alkyl-
1 f .l 

metal intermediate is "formed by, ~ bimo1ecular attack on l, 5, 

or a metal-olefin cOmp1ex. 

The trihydride comp1ex, ,l, has been mentioned in severa1 

,50 

, . 

other papers. Vaska et al. included this compound in a study ~ __ /;l'l", 

of the catalytic formation of water from hydrogen and ~ 

oxygen137 • The t!ihydride, characterized as the mer forro, 

• , 
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functioned as a cata1yst'for the reactidn, a1though it was not 

as efficient as sorne other compounds tested. The products 

in a study of deuterium exchange with metal hydrides were 

not ful1y character~zedl38; howeve~, IrD 2H(CO) P2 was 

undoubtedly formed by addition of deuteri um to IrH (CO) .3' 5. 
, -

, The trihydride complex, 1, was one 'of a Iseries of 

compounds examined in a more recent polarographic studyl39. 

Half-wave potentials decr~ased regularly in going from 

IrCl 3 te IrH3 when compounds of the formula IrHxC13_x (CO) P2' 

(x = 3,2,T,O) ,Jere1reduced. ~his trend ~as related to 

increased_covalency in the molecules. The linear correlation 

of the half-wave potential with the c-o stretching frequency 

indicated to the authors that both par~eter~ "reflect the 

polarity of the molecular orbital". The fact that the tri­

hydr'ide, l, was Gonsistent with this trend may indicate, it 

wa~.suggested, that the tfihydride,. l, is isostructural (i.e., 

phosphines trans) with the other members of the series; 

accordingly, the "unknown" structure of the trihydride, l, 
, 

would be that of the mer isomer, 7. This study is another 

case whe,re a knowledge of the structure and isomeric nature of 

trihydride, 1, would have~been beneficial to. the discussIon. 

51 

More, recent studiesl40-l41 by van Doorn !!~. have shown 

that both isomers of the trihydride, l, were formed by oxidative 
1 

addit~on of carboxylic acids,to analogues of Vaska's compound, 

2, over severa1 days_ at room ·temperature. The isomers were 
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rebarded as the products of disproportionation or decarboxy-
1 ) 

1ation of carbony1bis(formato)hydridobis(tripheny1phosphine)-

iridium(III), and were characterized by proton n.m.r. as , -

the fac, 3,' and mer (trans P), 7, struc:tures. " 141 Th1S report , 

is thè first detai1ed n.m.r. of the two compounds. Even in 

this report, the fac isomer is not comp1etely analysed, and 
) 

sorne peaks ~re unreported.. The fac/mer ratio is reported as 

1-to 3, a1though the method of arriving at this figure 1s 

not mentioned. 

Analogues of trihydride, l,have a1so been re~orted. 

Shaw ~ al. have studied carbony1trihydridoiridium(III) 

complexes with the, a1ky1 ph'osphines PCC H ) (C H ) .142,143 and 
6 5 2 5 2 

iL44 P(t-C4Hg )2(n-C3H7) Crysta11ine solids were not obtained 

in either case, although the products were well-characterized 

, by ~roton n.In.r. in solution and the latter' compound was 

isolated as a yellow oil. These trihydrides were prepared by 

addition of carbon monoxide to so~utions of the appropriate 

pentahydri4obis(organophosphine) complex. As in the case 

52 

of the triphenylphosphine complexes, eare must be taken to use 

only one equivalent of CO, sinee the formation of the diearbonyl­

hydridobis(organophosphine) compl~x'is possible. Both 

alkylphosph~~e complexés had the mer configuration (ana10gous 

to 7). in ~olution; 1itt1e or no fac isomer was detected. 

An attempt to prepare the thioearbonyl analogue of the 

trihydride, l, resulted in the formation of a thiomèthoxy 

. 1 
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complex, 11, apparent1y as a result of complete hydrogenation 
. 145 

of the thiocarbony1 carbon atom to CH3 The reactants 

-'" ) are otherwis'e s~It!i1ar to those invo1ved in equation 11, 

namely, IrH(CS) P3 (structural1y analogous to 5) plus hydrogen. 

The authors suggested that the reaction proceeds through-the 

fol1owing intermediates'. 

H lP 

":*. ~. .. 
+ H

2 )1 Il 

H SCH
3 CS P 

- lP J +H2 I+H2 

If 

~ 
p P 

8 H~H3 (15) 

H CS 
:1' 

+pl 1 • 
--L~ 

P "', lP 

~ ~ ·9 )1 
, . 

10 
1 _, __ Ii 

H CH 
P. • lP 2 

S 

• 1 

t . 
! 
! 
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" 
Only the final product, 11,' was isolated and characterized, 

although other 9ompo~d6 with thioformyl145, as in 9~,or 

thioformaldehyde146 , as in 10, ,ligands were isola/ted soon 

afterward. Neither of the compounds reported later were,metal 

hydride co~plexes. Although the scheme shown remains a plausible' 
, • lfI:- '" 

one, a fac trihydride (8', analogous to 3) could be propo:sed 

as an a,lternative to 8, with the advantage' that a concer<ted 
\ 

intram~lecular two-atom hydrogen transfer to the thfocarbonyl 

carbon might then be envisioned, obvia~ng intermediate 9. 

H H 

H "'_1_' lP 

* 1 \ \ +lP 1 ~ \ (16) 
1 \' ...\ 
~ T 1!' ~2c,T -. 

'c s 
S 

8' 10 . 

Such ~ alternative i8 not.possible with the mer ~rihydride,' 

8, where the hydrogens 'apj acent to the thioèar~onyl group, are 

trans to one another. Although the propdsed alternative 

sc,eme is highly ~peculative, it,is no more so th~ the originai 

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

that the addition of hydrogen to the carbonylhydridotris­

(triphenylphosphine) complex, 5, 'results in the formation of 
'<i!l both the fac, 3, and the mer, 7, trihydride complexes. 

Many other i~dium t~i!lydrides have been prepared Ç>f"\ 

e ' 

\ 
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the form~lae IrH3L3 or IrH3L2Q, where L is a tertiary phosphine 

or arsine ligand, and Q is a ~-adid ligand. Of the former 

group, isomers1of both fac and mer configurations have been 

,isolated for L = P (C6~ 269 , ]p69 ,146-148, P (C
6

H
S

) 2-

149 1 149 - 1 150 
(CH 3), P(C6Hs)2(C2HS)' and As (C6Hs)3 Structural 

studies have been carried out', on both isomers of IrH 3 pt 3 148 
. 151 

and on ~-IrH3 [P (CH 3) 2 (C6HS) ]'3 .' The effects of ultraviol,et 
() 

light on both fac and mer IrH3 .'3 have also been e~amined:2. 

The interconversion of the fac ~~Q mer has been reported in , , 

benzene solu~ion lat room temperature with L = P(~6HS) (C2HS)2' 

and with heatinq';for sever al hours in tetrahydrofuran with 
69 ", 151 

L = P . The compl~xes IrH3 [p(C6Hs) (CH3)2]3 and IrH3 [As-
69 ' 

(C6HS) (C2Hs)2]3, have been reported in only the ~ac 
, 1 

configuration. The latter did not isomerize even ~en heated 

t · l '. . t 69 l th' o ~ts me t~ng po~n • n contrast, e mer J.somer was 

pr~dominant in'a solution of IrH3[p(C2HS) 3]3143 

Two " groups 1 of tr ihydr ide si of the formula. IrH3L2Q ~ave 
l. , 

been studied, and, exhibit contrasting behavior.' With . : 
.~~~ , 1 

~ = P(C6HS ) (C2HS )2 ~nd Q = lP;,-P{OCH3 )3' As (C6fs) ,(CH3}2' , 

~bq,C6H5)31" CH3CN , S(CH3)2 ~nd ~(C6H5) (OCH3 )2' rs well as 

L = P (C2HS)'3 and Q = As ~C6a5) (CH3) 2' the major product· (~ 90%), 

55 

was
l 

in a11\cases the mer isomer of ~he trans- 1 configuration142 ,143 
\ -1 

(analogous to 7). The fac isomel;' was' in most 'l.ic:u:tc~ undetected, 

and approached 10% only,in the cases where Q 

and S{ÇH3)2. With L = As(C6HS )3' and Q a ser 

\ 1. 

\, 

of isocyanide 
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ligands (Q = CNC2HS ' CN(C6Hll), CN-p-tolyl~p-an~SYl) , 

on the other hand, only fac iso~ers were isolat~d. (In this 

case, the assignmentlof stereochemistry rests on i.r. data 
, -----\ ......- 1 ~ 

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

configuration for octahedral trihydrides: however, the data 

axe yet very incomplete in this regard., In no case has facker 

isomerization in octahedral trihydrides been studied in detai,!. 

The title compound was first synthesized by V~ska and 

Bathl53 • A more convenient preparation was" reported by 

_ Wilkinson ~ !!.130 ,154, who obtained the compound by heating 

the c~loride, 2, with sodium borohydride and excess ligand 
l, ' 
in etnanol. Harrod ~ !!.155 have prepared it, 5, by the 

56 

dehYdrohalogenation of IrH2Cl (CO) !l2 with strong base in the 

-presence of excess triphenylphosphine. The'reactions of primary 

importance in' the present study, however, are tpe preparation 

of the tris (ph~sphine) complex, 5, through the r,e'action of 
1 • , 

IrH3 {CO) P2" l, with excess phosphine, first reported in 1965 

by Malatesta80 , and the equilibrium established between the 

trihydride, l', and tris (phosphine), 5, complexes. 

The t'ris (ph~sphine) complex, S, is a palè yellow soHd, 

stable for long periods in air, at, room tempe rature , \and exists 
/ 

in two interconvertible1S6 crystalline forms, differentiable 

• 1 

ii 
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, " 80 
by solid-s~ate ~.r. and,rn.p. • A str~dtural study of the 

\ 

rhodium ~ showed a trigonal bipyramid, with the hydride 

and carbopyl ligands in'the' axial position, and the phosphine 
\ 

l , d . '1 1 157 h f 19an s ~n an equator1a pane . 'T e n.rn.r. spectrum 0 

a solution of the complex has be~~'measured up to 100oc130 • At 

35°~, the spectrum showed 9n1y a high field quar~et, but, 

1ine broaden1ng was observed at higher temperatures, and 

coalescence occurred above 100°C. These observations indicate 
\ 

that 1ittle dissociation of the comp1ex occurs in solution at 

roorn temperature, and the fo1lowing equilibrium lies far to the 
/ 

left. 

:IfH (CO) P3 ~ IrH (CO) P 2 + P (16) 

5 6 

The behavior at highet temperatures indicates either fluxion­

ality in complex 5 at high temperatures, or rapid dissociation 
1 

and exchange of the phosphine ligands. The nature o,f the 

high-temperature coalescense was not specified; however, on1y 
i 1 

the latter alternative (dissociation to the four-co~rdinate 
1 

1 

• 1 130 
species, 6) was suggested by the authors • Dissociation i5 

1 

indeed consistent with patterns of chemical reactivity and 

kinetic be~avior. 
ot. ' 
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The reactions of IrH{CO)~P3 May in,general be characterized 

as substitution reactions of a two-electron ligand A or two 
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one-e1ectron ligands Band C (often from the molecule BC,'" in 
1 

an oxidative-addition reaction) to for.m IrH(CO} (A) P2 of 

IrH(CO) (B)' (C) P2' respective1y. Besides the addition o~ H2 

mentioned ear1ier129 ',~32, reagents such as s02158 , 

R3Si 'H44 ,4S,1l7,lS9, R3GeH1l7,; R
3
snH1l7 , and activated alkenes 

(for example, (CN)2C '= CCCN}2}10S,106 undergo reactions of 
, 

this sort. Ethylene 'apparently only forms a comp1ex with the 

trisphosphine, S, at,e1evated pressures130 ,132, contrary to an 
\" 131 
ear1y repott which c1aimed the facile formation of 

IrH(Cp) P3(C2H4), a, seven-coordinate, twenty-e1ectron system. 

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

presenc~ of excess L to form IrH(CO)L P2 complexes, where L is 

a stronger base than .160. When heated in an inert solvent, 
l 

the tri~(phosphine) comp1ex can e1iminate hydrogen as weIl as 

Phosphine to form a P-bridged dimer, 12161 ,162. 

12 

\ 

Kinetic studies on systems involving the tris(~hosphine) 
1 i 

~mp1ex, 5~ indicate a stepwise mechanism of substitution, 

, in which the dissociation Qf phosphine fro~ comp1ex 5 forms a 

reactive intermediate, 6, whi9h readily undergoes o~idative 

'" 
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addition45 ,117,132. 

'1 

\ 
+BC 

" , 

\ 
> IrH (CO) 1P3 IrH (CO) JP

2 
Ir (H) (CO) (B) (C) 1P 2 

<-BC 

(17) 

,~ system 0 sort, where BC = H2 , has been mentianed in 

(equations 12 and' 13),. The interrn,ediate, 

reactive to isolate (see below), and 

'oxidative addition reactions quite ~eadily. A 

system u ilizinq th~ above equilibri~ has been studied45
, in 

i/which a class1cal donor ( P) and the oxidative addend R3Siij 

we:r.:e addi fion ta the intermediate, 6. In 

this c se, rneasurements of the activation parameters 1ed to 

larqest effect on the reaction rate 

of the square-planar complex by t~e addend, 

processes of b6nd-makinq and bond-breakinq. 

cq sequent1y, it was suggested that ?xi~ative-addition and 

the 

was, 

c assical donor coordination are energetically similar / 
1 

~ ocesses, at least in those cases where the oxidat~ve addition 

s concerted. 

3. 

The title complex was first reported80 ,163 and 
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c~ar\acteri2ed by Malatesta, Angoletta, and Caglio in the rnid-
\ . 

. sixties. Since that time( ~t has been cited in several places, 

. 1 . 164 11 tl d h' ma~n y reV1ews ,as we as a more recen y reporte synt es~s 
, 146 

by another rnethod • In contrast, the failure to isolate 

this fomplex Py a variety of rnethods has ~lso been reported155 , 
. ~ 
~s/~e11 as numerous 'indicat~ons from kinetic45 , 132-135 and 
, 130 \ . 
spectroscopie studies that the comp1ex is highly reactive 

and unstable in solution.' 
80 ~ 

In the original study. , the complex in question was 

prèpared by bubb1ing CO ~hro~gh IrH3 P2,'and the product 
" 

characterized ori' the basis of Lr., elemental analysis, and . 1 

the following reactions: .. 

"IrH (CO) p ft + 
,2 

Î 

Je' " ----... IrH (CO) P3 (18) 

5 

... 

+H2 
. 

"IrH (CO) P2 " 
> · Ir~3 (CO) P2 " +N2 

(19) 

1 

In the later report of Zanella ~ !!.l46" a co~pound iden~ical 

to the one mentioned above J •. n color r _ rn." p. and ~. waS " 
1 l--

isolated and identiried as IrH(CO) P 2 by reference to the 
; 

original lfork. 

The dic'arbOnY~leX 
'~ 

IrH(CO) 2 P2' 13,., has been prepared 

• 1 
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by several methods130 ,16S,166, .including bubbling CO through 
1 -

a solution of the tris(phosphine) ~omplex, 5. The dicarbonyl 
, 

has bee,n ve?" weIl characterized by ior. an~ n.m .. r. ,'at various 
f \ 130 . 

temperatures ,and by crystallograbhic structure . 

6'1 

determinatiqn16 7. The physical properties of the' dicarbonyl 

comp~ex correspond closely to those of the compound. isolated by-
el" .. 

Zanella' and Malates~a, as can be se en in the fol1ow~ng table. 

'l'able 1-1. vReported Data on IrH (cq> P2' 

"BIr (CO) p Il 

2 "BIr (CO), P2 ft BIr (CO) 2 "2 

ref. 80 146 130 
1 ,. 

mp (OC) 132 > , 128 135 
• 

color pale yellow pa~e yello,w . ye110w , 

i.r. 2040 2037 (nujol) 
(ClII-l) 

2029 (nujo1) 

\ 1980 1975 1'970 
... 
1920 1913 1915 

0 

!fi 

o " 

In view of thls striking similarity and 
Il 

thé widespread 

evidence of the iJlstability of IrH (CO) Pu the gompounds 

isolated by Malatesta80 and Zane11a146 ,sh9U1d undoubtedly be 
~ 1 

characterized as the dicarbony1, IrH(CO) 2 .2. ' Indeed, 
1 10 r 

Wilkinson has ~lready suggested130 an~e~ly claim163 of 
r 

IrH(CO) P2 was actual1y ~e dicarbonyl, 13. It ls not 
.-i " . . .. 

surprising,that the chemistry of the dicarbonyl;.13, shou~ 
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a 
',-

mimic that of monocarbony~ 6, since the former ~omplex reacts 

via co dissociation, to forro the monocarbonyl, 6, as a highly -,- \, 

reactive" intermediate. Most af the preparations80 of the 

putativE[! IrR,.(CO) P2 ionvolve excess CO ( and so are also ~ 
" (l 0 ~ ~ - l 

consistent with a dicarbonyl formulation. The only remaining 
" ' 

curiosity is the production of nlrHtcO) ~2n by bubbling nitrogen 
" . 

:thtough'a solution of the tr'i~ydrid~, Ir~3CO J!>2 80 Rere it 
" 

is iikely thaü either,a compo~d other than the dicatbooyl 
~ 0 -1 

was formed (but having a band at 1985
Q

cm , similar to the 

products of a nitrogen purge reported in Chapter 2), or à 
, " 

'reaction with the precipitating soivent , ethanol, occurred .. 
~o form the didarbonyl, as indeed occurred in the report of 

zanella146 • In any case, it is clear that 'trR !CO) P2 has not 
li \ ' ... 

, ,yet been 'Ïsolated< 'and characte~ized, and that aIl pr~vious 
, """-. 0 

èlaims to" its existence, other th an as a reactive intermediate, 
, 

are ,erroneous. 

It"might be 'pointed out here ,that the other " Unsaturated'! 
\' ~ c ' ,~ 

hy~i'de~ isolated in th~ study by Malatesta !! al., IrH~ )!I2' 
. " ," "..,... 168 

ha~ ,been sh?WJl \to be th~' pentahydride, IrHS 1P2 Since many' 

~f "the compo~ds, in thi,s study have been charàcterized by a, 

'hetwork 'cf interl~cking reactions, it is ~ikely that many of 

the 'others, have Qeen mischaracterized as !leI!." ·In 'p,articular, 

. , 

prooabl~,be~identified, respectivel~ as lrH312L2, 

\ \ .; 
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IrH4IL2 and '[IrH2 (CO) 2L2,]Cl04 insteat'l. By the sarne token, 

the five-step r~adtion scheme prop~sed ,by Zanella for the 

reaction of IrH3 P2- ,(or IrHS J!>2) wit;,h ethanol must likewise be 
~ 

considered invalid, since it was largely based upon the 1 ., 

characterization of the reaction product as "IrH (CO) p 2 n • .. 

AlthOU9'h IrH(CO) ,~2' 6, has not been isolated, there is \ 
> 

a large ampunt of chemical and kinetic evid?n~e,indicat~ng 

that it is a~ intermediate in the substitution reactions of 

saturated iridium species ~f the' fdrmula IrH(a:»,(~)_ ]!I2' where XY 
-- " \ 

is a' classical donor or oxidative addend. The c;:hemi'cal 

'63 

evidence includes the repeat~d demonstration ",.- the. r'~,~ersïbilitY 
of the following equilibria , and the interconvertibility 

.. -1 \ 
; "'""-~ - . .. 

of many of the possible XY/AB conlbinations. ., 

IrH(CO) (XY) P2 
-XY 
~ IrH(CO) P2 

+XY 
\(20 ) ., 

" ., 

Reactions'where XYor AB is gaseous are convenient in this 

regard in that they may be' readily initiated (by bubb'ling the 

~a~ through the solution) or reversed (b~ heating, or purging 

with inert gas). Kinetic rneasurements are consistent with a 

dissociation mechanism to'form an uns~turated 1nte~edia~e, 6, 

~hen XY - ]P, AB • R3MB, (R3 is a variety of organic and 
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e1ectronegative groups, M is a group IV e1ement) 45,117, and,' 

Xy = P, AB = H2
132 These kinetic studies are consistent 

w~th a n.m.r. study which indicates comp1ex 6 is in a very 

low concentration when in the presence of a free ,ligand130 • 
r \ 

There has been,no definite spectroscopic evidence for 
\ - -

the existence of complex 6, and 50 the stere0chemistry is· 

unknown. The high-temperature spedtrum of the tris (phosphine) 

cornp1ex, 5, indicâted only rapid exchange of the 1igand,.,not , , 

the spec1:jrum of the 'dissociated speciesl30 The rhodium 

analogue, ~{())) P3' which is much more highly dissociated in 

solution than the iridium complex, 5, has been studied 

spectroscopically a~ various temperatures169 Evidence for a 

high degree'ol dissociation cornes from cry?~copic and osmometric 

molecular weight measurements. Also, n.m.r. data indicate 
\ 

that rapid lP exchange occurs at room temperatu!e, but at -30°C', 

'the cornpl~x exists as an undissociated trigonal bipyrarnid. 

Because bath n.m.r. 'chemical shifté" (lH in Rh-H) and infra-red 
./ 

,stretching fre~uencies (VRh- H' vC- o> were unchanged over a 

range of ternperature ,d sol vents for which the degree of 

dissociation wàs known to be different, it was concluded that 
. -

the H and CO ligands were trans to one another in the 

dissociated and undissociated species. ~herefore, RhH(CO) P2 

has a square planar, P-trans geometry. Il 

ey analogy to the r~odium case, it is rèasonab1e to 

assign to, IrH{CO) Dt 6, 'a square p1ànar, trans- IP geornetry as weIl. 
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"-"his geometry is rèasonable from the vieWP?lint of the 
r 

comparative steric properties of the phosphine liga:nds. Also, 

this complex, 14, is an analogue o~ Vaska's complex, 2, which 

has trans phosphines. A large and well~studied group of 

analogues to Vaska's complex, 2, of formula I~Z~, where X 

is a variety'of e1ectro-negative species, ~ = CO or CS, and 

Z any of a large ~umber of tertiary phosphines or arsines, al1 

have a planar geometry with Z in the trans positibn. This 

'" geometry i8 even observed when the Z ligands are cQnnected by 

a long a1ky1 chain~9. The s61e exception appears to be a 

chelating diarsine complex, which is reportedly of cis 

configuration170 ; this complex has not been definitive1y 

characterized, h.0wever. 
, 

. The stereochemistry of oxidative addition to, complex 
\ 

14, generated by the use lof the tris (phosphine) complex, '5, 
. -~ . \ 

can be cOl1lpared ta that observed for analogues lof Vaska' s 

complexe The add~ion ~f hydr~gen to V~ska's ~alogueS'h~s 
'been studied in, det~il51, and' it was found that products 

in which t4e phosphorus ligands remain trans' are formed 

stereospeci~cally. 
" 
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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 

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

hydride, or ha1ogen. These studies are related to those of 

(Zl) 

hydrogen addition, because both represent concerted oxidative 
- , 

additions. Addition to c~mplexes ~der mild condtt~ons yield 

products ana1oqous to the above reaction, when X = Cll23 • 
1 

, 
Si 

IrX~O)lP2 ' S~-H 

OCrryP 
P~H 

X 

15 

" -

In $01 ution, however, the' dih~dride, 16, was\ isolilted wi th 

a~ entire1y different stereochemiatry171 through a process 

,( 

1 

(22) 
1 

66 

, , , ~ 
l 

l , 

i, 
1 

! 

{ 

! 
1 

1 
1 
f 
1· 



) J 

67 

() 
? 

(\R H 
, 

"-

~i 
" 

lP ,H , 

CO 
1 

16 1 , 

" 
~ 
1 
j 

1 
1 

apparently involving reductive elimination of a Si-Cl compound. 
1 

The sarne product was observe~ ~o1 the addition ôf Si-H 
, "1! 

compounds to the tris(phosph!ne) complex, 5, suqqesting that 
. ~ 159 

the intermediat~ 14 was invo1ved ~n both cases • An 

experiment using a silicon deuteride complex indiqated that 
• 1 

1 1. 172 both .ligands ~dded trans to phosph~ne • 
" l, 
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A,. ~NT?CTORY REMARKS 

The_ structure of IrH3 (CO) 1'2 and the nature of its 

isomerization arè reported in thi,s Chapter. TWo isomers of 

the ti t:le complex have been' isolated in pure form and fully, 

~araqterized by- Ïor. and n.m.r. sp,ctroscopies. The nature 
~ 

of. the equilibrium between isomers, and the' conditions under 
l ' 

which it i8 estabiished have been °studied. Ambiguities in the 
1 

li terature regarding the structùre and isomerization of the 
, . ' 1 1 

title complex, referreq to in the Introduction (chapter 1) , . 

have been resolved. After the completion of this work, the 
• 1 \ f 

structures of the two \isomers were determined by ~.m;r. and 
, '. 

Irep6rted140., ~lthou~h isomerization behavior was not di~cussed. 

B. EXPERIMENTAL PROCEDURE 

1. Preparation and Purifieation of fac and nier r'rH 3 ~CO,~ P2 
'~ ,. , 

,1 

.... i'i .' 
The f,ollowing procedul;"e is a variation of a publ,i'sliei1 

method80~ A suspension of trans-IrCl(CO) ./54 (.50 g, .64 
\ , . 

mmol) anp. sodimn bOrohydride (.lS g,' ~'~9 mmol) was ,sti d- in 
\ 

! 
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atmo::;sphere of hydrogen.' The solution was the evaporàted 

to dryness in a stream of hydrogen. The ir~di 

was extracted iI~to to~uene (6 ml) py stirring 

complex 
, 

in 

toluene for one hour at 40°C under hydrogen, a d f~l.tering the 

resulting suspension. The ,mer isomer' was pree' pitated from 
i 

the filtrate by the careful addition of 

As soon as 

69 

filtered' froIf the so~utiOr' 

removal of the mer isomer « was obtained 
',' 

by addition of more hexane (ca. 

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

Although the trihydride ~as pro4uced i~ high yi 
l ,'. 

the total amount of pure isomers obtaine'd 

solution 
. 

itrogen. 

ld (ca. 80%) 

55, 1 usually 

20-30% each. The rè'iative proportion of the me isorner could 
1 

be increased by leaving the initial tOluene/hex e solution 

under hydrogen for 24 h. Under these eo~ditions a\53% yield 

o~ pure mer' f80mer was obtained. 
1 

2. Measurement of Spectra' 

Infra-·tè~",spe,ctra w~r~ recorded on a Perkin-E!nler 257 
",.' , 1. . .. 

Grating Infra,"\red Spect'rophotomet.r. AlI speè:tl;'a were 

èalibrated 'b.Z keferen.ce to t~e' ,1'601 and 1~83 cm-1 pe'aks of '" ' ~) , p01y~tyrene, "n~ are be~ieved accurate to ± 2 cm -1. 

SOlid-staite spectra were, obtained from s~mples disperséd 

in Or diSk~, "or rUjol':. ~ullS between t!aCl plates. Solution 
.,' 
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1 \ 

l ' 1 

spectra were measured using matched 1 mm pathlength solution 
1 

cells wi}h N~Cl. windows. Samples were transferred to the cell5 , ' 

, 
with a syringe from a standard Methylene chloride solution 0 

\ 
, , 1 

(ca. 7 mM). ,Atmo'spheric gases were not rigorously excluded 
. " 

during the transfer process. Spectra were recorded wi thin 

five minutes of transfer. Stock solutions were. kept in a 

constant temperature ,bath unde·r a static atmosphere of hydrogen 
~ 

oro ni trogen! J.n èxperiments done wi th a ni trogen purge, a 
1 • - III 

constant total concentration of' iridium in solution was 
" 

maintained· bY'Periodic restoration.of the sample vqlwne with 
" " "", 

solv:ent . 

Proton n.m.r. spectra were measuréd at 90.023 MHz on a 
l, 1 

Bruker wa"90 Fourier"'T.rans~orm ~pectrometer _ \ equipped wi th a 

liquid nitrogen variable tempera,ture prob~ J~§.pable o~ ± 2°C 
/ 

tempe rature stabili ty.' Chemical shifts', were measured 
. 1 

electronical,lY trom _~e sOlvent-ref~r7nce (CHDCl~ 4.65 't, or 

~~5FBD2 = 7.91 :rf, and are accurate to ± .Ol"ppm. Couplïng 
'. . 

. constants ànd relative çhemical shifts are accurate to ± .5 Hz, 

exeept where noted. 

The,31p n.m.r. 'spectra were measured on t:he same 

instrument: at 36 ~ 442 MHz. Chemj,cal shift~ vere mèÀsured 
- 1· 

electonically. trom an exterrî;'l. reféren,ée (85 % H3PO'4 = 0.00 I\Ô) , 

and ~~~ aecura:te, to ± .02 ppm. Sinc~ coupling ~i th the phenyl~ 

" prot:0;ns on the tertiary phoephine ligands rèsul'ts ln very . J 
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", 
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broad signals., spectra were recorded. with these protons 

decoupled. In sorne cases, it 'Vfas possible to selectively 
1 

,.-, J 

decouple 'the phenyl ,protons; the remaining hydride-phosphorus 

couplinq, howeV'er, was diIilinished by residual decoupling 
.' l '" 

1 {J
B

_
P 

(3lp spectra) = • 66J
H

_
P 

(l.H spectra)].· The r~ported 
couplinq constants are corrected for partial' decoupling and 

are accurate to ± 2 Hz. 
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, Spectra were measured in CD2Cl
2 

solution (ca. 20 mM) • 

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

dissolution.' Vortex plugs were used ~n the samples rUn at, 
\ 

rO,om temperat~e: and these isolated the so'lutions to sorne 
\, 1 \ 

\ 

extent with respect to g~seoUs 
1 

inter change withih the n.m.r. , 
" , 

tube. Solutions wère filtered 
! • 

and put in tube~ und~r nitrogen 
, \ 

but not sealed rigorol\slY,1) nor was' tlle' solvent degpssed prior 
, . ~ 

to dissolution. .. 
Second-'order speptra were analyzed a,cc9rdinq to an AA' XX' 

spin system. couplîng constants were detennined by Jepeated 

simul'atiops until à suitable fit with the experimentai spect~um 
. '. lit . , 

was obtàined. A calculator program was written to facilitate 

\ l' th!., 8.n;(l Is given in Appendix III. 

c. 
\ 
'\ 

Infra-Red Sp!ctra 
{ ( 

( 

, ' 

Tb, ,infra-reçi speetra of both! isomers in the solid stâte' 
, ' -
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Tab~e'iI-l. Infra-red spectra of fac and mer I~H3(CO) P2" 

~, 

... 

isomer 
(pt. group) 

,/ 
, . 
.... 

mer 
C2v 

" 

~ . '-, J' 

'11° 
:-

" 
: ~l\ 

... 

<> 

, (nujo1) 

2077 s 
2062 m 

1962 s 
1953 sh 

1780 s,br 

845 m 
809 w 

2112 m 

2071 s 
2057 m 

1953 s 

859 w 
852 w 
821 w 
B09 w 

~­----
'e. 

'l, 

Absorption wavenumbers (cm-1 ) 

(CH2C12 soln) (literaturefO (mod~) 

208~ a 2080 2Al 
Q 

1-9"69 s 1965 

o! 

1785 s 1.78
0
5 B -

1 

8-45 
802-. / 

2118 AI (2) 

2083 à 2080 . AI (lr 
Ali 

1972 S 1960 

l' 
850 
840 
820 
800 

.. 

o 

Assignme~t's &' 

(group-trans ligand) 

v Ir-H (cet) 

:J o ,,~o '(Hl 

" 

v 

" 
"'-
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". 

I;r-H (H) 

Ô1r- H 

Ir-H/ (P) 

Ir-H (CO,P) 

"'co (H) 

<5 Ir-H 
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0<.. 
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....,J 
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infra-'rad 

1 

are shown in Figure 11-1. Corresponding 

w.aven\1Jllbers in the reqion 220~,:,,17()O cm- l are listed in 
,', 

T~1e II-l., ~d compared with .literature values. 
v _ 

It can be 
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, , 

\ \ " ~ 

'seen, ~rom Figure 11-1 that complete isollleric .e~ra~on 0 has, , • ~ 

been açhieved: peaks chJ..acteristic; ef one iSc::aler are absent 
o " ' " , • • l , • 1 

in, the spectrupl 0 f the other. FoJ/ exampl.e,· thare i. no peaJç 
/ ' ( 

at 2112 cm-l in the spectrum" of fla. mer isomer, Dor O~y at· . , . 
1 1 

1780 cm-l, in that of the lac ~i_o_r •. The wavènu.bers reported 
, " 

here agree well wJ.th p~~~s~~d value.80 • 'l'he 1 assignments are 
j \ 1 \ l\I:It , 

di.cussed in datail' ~l.ow. Solution' .peetra are listed 'in . 

Tabl.e 1,1-l., and are further describe~ ,bel.OW, and' in F:i.qure~ 
, 

II-7 to 'IX-9. 

2. 
,-, 1 

-The N. M. R. Spectra o~ the Iscaers 

.. . 
, ./ . ~ '..IJ t, !\ . 0 

The ~H' n.m.,r. "'apect:r~ of. hot~. iéomers 9f 1rH3(CO) .2' were 
1 

~a,ured at 25°C in Methylene, chloride~d2' and are pre.ented-
, ~, l' 

in Figure. 11-2 and 11-3.. Tbe spectrum, of the mer. isomer 
o '1 • • • , 

... ~ 1 ., 1 .. 

May be anal.yzed, and' '.s1qned in, a" first-order 'JDànn.er. 'l'h~.' 
, , , 

par~ters, agree ~l~~l.Y Wit1('those of 'analof,Jous éOmpo~d8. 
I~ ~.literat'ure,'~. e~ ~ sean tn Table-II-J. The fac -... 

, -:' II ~. ' \ , 
isomer is not amenable to firat-order. analysi.; a computer, ~ 

sililulation* u.inq ~it~rature valuesl.42,143 WIlS performed 
, ' \ 

'" , , 

, , 
, , " ~ , " , ,,'! 

.. 
" ' 

l, 

i 
1 

,1 
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,'1 -. 
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,Figure II-2. 
t 

' .. 

The lH n.m. r '• ~pectrwn of .. -IrH3 (CO) P2, 
measured at 25°C 0.2 h after dissolution in 
CD2C12. Peaks due to the fac isomer are 
hatched. The frequencies of, numbered peaks are 
listed in Appendix II. ". 
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Figure II-JI The lU I).m.r. spectrum of ~-IrH3 (CO) P2" 
measured at 25°C 0.2 h after dissolution in 
CD2C12. Peaks due to _the mer isomer are hatched. 
'l'he frequencies" of numbered peaks are listed in 
Appendix II. 
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** 'Tab1~ II-2, , 1H and' 31p n. rn. r. parame~ers for fac an,d mer. 
" 

H - ~ 

o4i~ 
d 

~~H~ 
P Hc 

CO Ha 

3 7 
... t~ 

fac isomer mer isomer 

ç:hemica1 shif1;:s t ~ 

" 
/' 

Hd -10.20 ô (20.20 T) Ha -10.06 ô '(20.06 Tl 

'fH' -11.42 ô (21'.42 T) Hb -10.54 ô (20.54 Tl 
j 

, c 
( - , 

P 6.55 ô 

1 

coup1ing constants, 1H spectraf 

.r 

J H -H (cis) 2.4 Hz 
d c (\ 

J H -P (cis) 18.1 
d 

J H _p' (trans) 123.1 , -
c 1 

J H -p 
c 

(cis) -18.1 

..rH -H' 2-5 
c c 

Jp _p ' 4-8 
\\ 

. ( 

p 15.48 ô 

J H _P P (cis) 16.6 Hz 
a,a ' 

J
Hb 

_p_,p (cis,) 19.5 

JHa,a-Hb (cis) 4.6 

continue dl 
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Table 1I-2 continued. 

fac isomer' \ mer isomer 

Coupling constants, 31p spictra.l ' 

J H _p (cis) - 18 Hz (12.0: .66) 
d 

J H _
P 

17Hz (11.0; .66) 
a 

* 

J H _P' (trans) 123 
c 

J H _p {cisl. 
'~ c 

J pp " 

,­
/ 

-18 

(81.2: .66) 

(-12.0; .66) 

(12.0; t4':"5- 3) 

(0; 0) 

AlI spectra measured in CD 2CI2 . 

J H _P 20 
b 

(12.9; .66) 

** ' The chemica1 shifts are recorded throughout the \th~sis in 
1'. units, in aornrnon wi th most of the li terature. Both ô and 
T units are given in this "table. The units may'be inter­
converted by the formula 6 shift = 10 - T shift. 

t 31 \ 
.. IH measured at 25°C, ± .01 ppm errer; P .measured at 25°C, 

relative to 85% H3P04' ± .02 ppm error. 

+coupling coristant's measured and calculated frem hydride 
spectra: ± .5 Hz error. 

78 

ff . 31 
Coupling constants calculated from P{phenyl protons} spectra 
and are cerrected for partial deceupling; ± 2 Hz errer .. 
Values in parentheses are the apparent ceupling constant, 
and the ratio J(lH spectra)/J(31p spectra). . 
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Table 11-3. Proton n.m.r. parameter~ for analogous ~-'IrH3 (CO) L
2 

complexes. 
~? 

L refërence H H· J p _
H .Jp_~ JHa-~ a b a 

(t) (t) (Hz) (Hz) (Hz) 

P(C6H513* present 20.10 20.53 16.7 19.3 4.6 
study 

P(C6HS )3 =1= 140 19.2 19.9 16 20 5· r-

. t 
143 20.79 21.58 16.5 20.7 4.8 P(C2 H5 )2(C'6HS) 

'" 
P(t-C4H9 )2- 144' 21. 58 22.39 \ 14.6 19.2 4.8 

t '" (n-C3H
7

) 

* Measured at O°C in CD2C12 ; ± .01 ppm error. 

TMegsured at 28°C in C6D6 ; + .2 ppm error. 

tMeasured at 28°C in C6 D
6

; ± .02 ppm error. 
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(Figure 11-4), and close1y matches the experimental spectrum. 
- , ~ 

The spectra, assignme~ts, and, an9-1yses are further discùssed 

in the next section. \\P~ramet!3rs for bath the f~~" and mer 

isomers are sununarized in Table 11-2. , A' comp;lete tabulation 
1 

and analysis of these ~pectra may be found ~n Appendix II. 

Tne 31p n.m.r: sp~ctra of the trihydrides were recorded 

as weIl. A 'completely decoup1ed 31p {H} spectrurn of a mixture 

of the isomers showed only two singlets at 15.48 0 and 6.55 O. 

80 

The incl~sion of ,phosphorus - hyd~ide coupling in t~e $pectrurn
o 

/1 
, 

resul ted in the appearance of a quartet and a synunetr icaI 

multiplret in the 31p{phenyl proton} spectrum (Figure II-5). 

These signais are assigned to the mer-and fac isomers, 

respectively. Sirnulated spectra were 'calculated ta extract 

'values oé the coupling constants, and a' céllculated spectrum. 
\. 

1 

which ~grees close1y w~th the experimental spectrum is shown 

in Figure II-6. NumerÙ:a1 values for ,calculated spectra are 

listed in Appendix II. Apparent coupling constants, used 

to calqulate the spectrum in Figure rr-6, are listed in f _ 

Table 1I-2 f a10ng with coupling constants corr~cted for 

partial decoupling. The spectra are further discussed in the 

next section. 

, 3. Isomerie Equilibrium in Solution 

a} Infra':'Red ,Spect.r~ 

. -
" 
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Figure 11-4. A-simulated IH spectrum of ~-lrH3(CO) P2. 
The experimental spectrum is shown in Figure 1I-3. 
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Figure' II-S. Th~ 31p{phenyl protons} n.m.r. spectrum'/of a 
mixture of fac and mer IrH3(CO) P2, measured 
at 25°C in CD2C12. The hatched tripl~t is due 
to :trB2C1 (CO) P2 formed by reactiop with the ) 
solvent. An expansion of the quartet due to ! 
the mer isomer (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~p{phenyl protons} spectrum of a 
mixture of faé and mer, IrH3 (CO) P2. The 
experimental spectrum is shown in Figure II-S. 
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'Spectra of solution~ of the fac and mer isom~rs in 
, ... , 

methylene chloride, in~tially both in pw:::e fq,rm, were record~d 
\. 

,..-'.. C) 

under a hYc,lrogen atmosphère at ~5 oC, and are shown in Figure 
l " ' 

II-7. Altho~gh 0 the I,~-H an.ÇI. C-O stretching wavenurnbers are 

similàr to those measured in the solid state, 'solution spec~ra 

exhibit broader, less-resolved band~. The high-wavenumber 

peak i,11 the spectrum of the fac isomer is not resolved in 
• 

solution; conse,quently, the baI;l}J at 2080, cm -1 is more intense 

in the solutiop spectrum of the, fac isomer than that of the 
7 

84 

F========-~======~mllie~rL-.isomer. ==~=-\==~ 

1 

• 1 

! 

( } 

'4 
l 

" / 

Solutions that in? tially contained only the fac or mer 

isomer showéd an approa,ch to an equilibr:ium mixture 'of bath 
1 0 ' 

isomers
o 

when kept under-l an atmosphere of hydrogen a1= 25°C, 

,as illustraj:ed in Figure L1-7. Spectr:a of a sOlùtion of the, 

mer isomer snowed an increase in the Ir-H CH-trans-CO, or -P) 

-1 
pe~ at 20,80 cm , a diminution of the 1r-H (H-trans-H) peak 

" -1 at ,1780 cm. , and constancy of the CO, peak with time. Such 
A' . t 

behavior demonstrates an iso1p.e:x;i,zation to an equilibriurn 
" , 1 

amoun -tri of the f ac isomer. Analogous behavior was seen in' the 
" )j 

var~:ation with tinte of the spectra of solutions that contained 
, 'f) 

iri'itially only fac isomer. After about six hours, the spectra 
/t 

, _~f both solutions were identical, with both fac and mer 
~P,) 

J i' 

·1 isamers present ·in the sarne proportion regardless of the 
:'('r 

, ,If l starting isomer (Figure II-7b). The solution composition 
rp • 
\ 

rJ 

""rIe) 
/ 

remained ~changed after 24 h under a hydrogen atmolSphere, 
, ,'If 

) 

1. 

.. 

1 : 

1 
l, 
1 -



Fi9u~e II-7. 

.. 

1. r. spectFUlt\ of s~lutions of mer and f~ 
IrH) (CO) P21 under a hydrogen at~spher , at . 
25°C in methylene chloride. The Bolut! ns were 

, initially pure mer or fac !somer, but sh w 
'interconversion with time in spectra a, " and c. 

.. 

o· 
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with neither a departure from ~quilibrium nor degradation 

of the complexes having oqcurred (Figure II-7c). 

S~(utions of both iS0mers were studied under a nitrogen 

atmospher~, under conditions otherwise similar te the 

previous experiments under hydrogen. Typical spectra are 

given in Figure 11-8. The same behavior was observed in this 

case a~ under hydrogen for the first houri at longer reaction 

times, however, the spectra differed. Similar peaks due to 

Ir-H (20~0 cm-l, 1780 cm- l ) can be seen in the case of both 

the fac and mer isomers (Figure II-Sb), when compare~ with 
b \f t 

corresponding spec~rt,recorded under hydrogen after six hours. 
_ U ,J, 

Peaks due to Ir-H continued to diminish when 1e'ft 20 hours 
'" 1:', b , 11\ 

under nitrogen for both isomers (Figure I~-8c). Altho~gh the 

fac sample apparently contained somewhat more hydrogen bound 

86 

to iridium than the mer sample, both solutions contained 

considerably less than equivalent solutions under hydrogen. 

These spectra suggest, then, that one or both of th~ trihydride 

isomers degrade through 106S of hydrogen bound to iridium, 

and that this 1055 can be prevented or reversed by the presence 

of molecular hydrogen in' the solution. 
, 

An/even greater 10ss of h~drogen from the system was 

observed when a methylene chloride solution containing the 

fac or mer isomers was purged with nitrogen for several hours. 

Experiments indicated that there is a reaction with solvent 

that does not occur under static nitrogen (see be10w). 

1 

I/' 
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Figure 11-8. I.r. spectra of solutions of mer and fac 
IrH3(CO) .2, urider a nitrogen atmosphere, at 
25°C in methylene chloride. The solutions wer~ 
initially Ipure 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 

Fi~ure 11-8 shows the proton spectrurn of a solution that 

initiall~ contained only the mer isomer, after' 4.2 h in a 
1 

relatively concentrated Methylene 8hloride-JF2 solution that ' 

was isolated from the atmosphere. Ir terconversion 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 gradua-l diminution of, all peaks 

associa ted wi th the mer i somer , . and a corresponding "iricrease 
, l ' t ""~ 

in th'ose of the fac isomep. In solutions of ini tially pure 

fac isomer, the opposite situation prevails. ", The ~ate of 

interconversion is relatively rapid soon after dissolution: 

a noticeable change in 'the spectra can be observed after only 

a few minutes. A few hours later, however, further change, 

ceased; spectra obtained starting.from either isomer were 

88 

virtually superimposable, with aIl peaks in the same proportion. 

Al! peaks observed in any of these spectra may De attributed 

to either the fac or mer isomer of IrH3 (CO) P2: , no third species 
l, 

wàs observed. 1 

c) Interconversion at OOC 

The interconversion of the isomers of IrH3 (CO) P2 at O°C 

was studied by infra-red and n.~.r. spectroscopies'. Spectra, 

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

room temperature. The only difference between the two cases 
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Figure II-9. The' H n.m.r. spectrum of fac (a) and mer (b) 
IrH3(CO) .2' measured in CD2C12 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 ~pectrum 
was obtain~d from a rerun of (a). -
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Il 
·,was the much slo~er rate of interconversion at the lower 

tempe rature • A:t 0°<::" samples starting frqm either isomer, 

were far from equilibrium after'lO h, in contrast to the case , . 
at 25°C, where eqùilibriùm is achieved after only ca.· 3 h. 

Measurements of the ex~ent of interconversi9n are presented' 

in the, following section. 

d) Extent of Isomerization 

The relative amounts of falc and mer isomer in· a sarnple 

may be measured from infra-red spectra by comparing the 
1 

absorbance at 1780 ~-l in initial and final spectra. .At 

equi.librium, ,the fac/mer ratio represents the equilibr!um 
( 

constant for the isomerization~eaction. The n.m.r. spectra 

may aiso be used :ta estimate fac/mer ratios froin a measurement 

of the relative peak heights of each' isomer: details on this 

procedure are giveri in the experimental section and in 

Chapter V • 

• , Values' for the. extent of iso~erization determined in 

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

represent the relative arnounts' of the sample which have 

isomerized in the indicated time interval. In aIl cases,:the 
/ , 

isomeric puri,ty of the initial, sample exc~eded 90%. At 25°C, 

the equilibrium mixture' of isomers has been reached after 
, 

3-4 'h~ the concentration of th~ fac isomer exceeds that of' 

the mer isomer at this temperature. At OoC, by contrast, 

90 

, . 
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Table II~4. Extent of isomerizationa . 

Reaction fac b b KC 
temp ( OC) mer 

Ii-r. 5-15% (6.8 h) . 5-15% (6.8 h) 

O°C 

1 H n.m.r. 5-15% (8.4 'h) 15-25% (9.5 h) 

i-r. 130- 50 % (6 h) 55-65% (6 hl 1.5 

25°C 

I H 
• > • 

n.m.r. 25-30% (6.3 h) ,70-75% (4.2 h) 2.8 
" 

,1 

,aTable gives the percent pf the isomer which, has isornerized 
in comparable tirne intervals for methylene chloride solutions 
that were initially pure fac or mer ~rH3(CO) P2. 

bIBorner at start of reaction. 

cfac/mer ratio. 

, 
, \ 

1 

\ 
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there was little isomerization in compar~ble time periods . 
.! 

The mer isomer, for exarnple J as measured by n.m.r., isomerizes 

up to 75% in 4 h at 25°C, whi~e at QOC, on~y up to 25% 

fsomerization was observed in twice that time. 

~~ere is a discrepancy, between the values obtained by 

n. m. r. and i. r. This is especially evident ,for the mer 
" 1 

isomer at 25°C, wher~ a higher value was obtained by n.m.r. 

than by i.r. The infra-red result is regarded'as more 

accurate for two reasons: 
i 

a) the infra-red measurements were 
l , 

carried out under a hydrogen a tmosphere, whereas the n. m. r. 

experiments were not, and therefore might be subject te 

partial'oxidation or non-equilibriurn cçnditionsi b) the infra-

red measurements are straightforward applications of Beer's 

law, while the n.m.r. measurements are based on peak heights. 

The use of the latter pararneter invol ves a variety of 

assumptions regarding the theoretical splitting 'patterns and 

the proportionality 9f peak height to peak area. While the 
( 

n.m:r.' meaSurements are thus subject to systematic errer, 

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

under the sarne conditions (cf. Chapter V) remain valide 

4. Dedbmposition Products of the Trihydrides 

a) Splid-State Decomposition of the mer Isomer 

The mer isomer o"f the trihydride decomposes upon standing 

92 
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f 

j 1/ 

, 
for more than two hours in air. Decomposition is apparently 

\ 

the result of oxidation, since the compoupd is stable in a ' 

vacuum even if heated (65°C, 2 h), and for long perièfds, under' 

hydrogen at room temperature. Decomposition occurs even ~n 

dry ai~134 The decomposi tion product/does hot add molecular 

hydrogen readily in toluene or rnethylene chloride solution, 

but slowly reacts i~ the latter solvent. ,The compound can, be 

identified by a peak ~t"1982 cm-1 (Nujol) in the i.r., which 

increases upon standing'/ in ~kS characteristic of the 
~~ ,,-' . 

)rner trihydride .decline. The product conta~ride, and-has 

a five-line multiplet apparently consisting of tw~iplets 

, 
• 1 

of equal intensity in the high field region l ( H n.m.r., 

93 

CD2CI2 , 25°C, triplets centered at 25.35 T. and 25.67 T, with 

Jp_H(cis) 14.0 Hz .both cases). The proton-decoupled 31p n.m.r. 

spectrum indicat:s two signaIs of equal intensity (3Ip{H}, in 
Il 

CD2Cl 2 at 25°C, 7.60 ô and 2.98 8, relative to external 85% 

H3P0 4). A 3lp spectrum exhibiting hydride-phosphorus coupling 

indicates that the .latter signal is ~ doublet (JH_P ca. 15 Hz, 

after correction for partial decoupling). The former signal 

is obscured by a larger multiplet i~ the coupled spectrurn; 

in view of the hydride spectruffi, the signal at 7.60 ô mu§t 

also ,be' a doublet. Consistent wi th these data ar.e complexes 

with two equivalent phosphines and one hydride per iridium 

atom, such as the following structures: 
I:l 1 

, 0 ~ 

1 

. 
1 
J 
l 1 

i 
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H H 

Xrt--\~ 

f--rl 
and 

PmX 
~ 

co co 

where X 'is a one-electron ligand without spin (other than 

chloride). Other possibilities include intrarnetallated products, 

Idimeric species, or two conformers of a single product. A 

more definite structural'determination must await isolation 
" ! 

of this materia~. Although the deco~C;sition product itself 
( 

" 

reacts slowly with methy1ene chloride, the presence of a 

significant portion of the same' decomposi tion ~aterial ,in recovered 

n.m.r. sample~ ensure that the n.m.r. data disbussed above are 

not theresults of a further reaction with the soivent. 

b) Reactions of the Trihydrides in a Nitrogen Purge in 

Methylene Chloride 

A methylene chloride solution containing the fac and mer 

isomers was purged with nittogen for several hours (Figure II-IO). 

After only 2.5 h,(Figure II-lOb), identical spectra were 

obtained from'both fac and mer isomers. Both showed a 

diminution 'of the peàks ch~acteristic of the trihydride, and 

-1 the appearance of an absorbance at 2012 cm ,which became 

quite intense after 6 h (Figure II-lOc). No trihydride was 

apparent after 24 h. A comparison with solution speetra 

measured under static nitrogen (Figure 11-8) under otherwise 
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__ Figure' 11-10. 1. r. spectra of solutions of mer and fac 
IrH3(CO) .2 under a nitrogen purge, measured 

f' 

at 25°C,in methylene chloride. The solutions 
werè ,~~tially pure mer or fac isomer, but show 
the formation of a reaction product with time 
in spèctra a, b, and c. 
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sirnilar conditions suggests that a ni trogen purge resul ts -in 
/ 

a faster loss of hydrogen from the iridium trih~dride, 1ess 
) 

ofac to mer interconvers~on, and, the f6rmation of a reaction 
/ -1 

product (observed at 2012 cm ) that is not observed under ' 

static hydrogen or nitrogen. 

The ,interaction betweÈm methylene ~hloride and the 

trihydrideswas further investigated by IH and 31p n.m.r. 

Under a nitrogen purge,' a more _concentrated methylene ch10ride 

so1utioa of the trihydride precipitated a ye1~ow solid upon 

s-1ight heating to 30°C for four hours (ca. 20% yie1d). The 

""'precipitate was identified as v'aska's complex, irC1(CO) P2' 

by its i. r. spectrum (194 B cm-l, foJujo1), and i ts ability to' 

add hydrogen gas in t.oluene solution. to form IrH2C1 (CO) P 2 

Ci,r., 2187, 2103,:1999, 1974 cm"':"l, Nujoli 1it. 175 , ior. 2196, 

2108, 1997, 1983 cm-l, Nujo1). The supernatent{,;1nethylene J 
û 

chloride solution, after solvent evaporation and dis~olution 

1 in CD2€12 , contained primafily IIrH 2Cl(CO) P2 ( H n~m.r., 2 

triplets of doublets, Ha' 17.28 T, JH_P = 17.6 Hz, J~H = 5.1 

H H 2 8 4 0 ·/ J 14 0 H J = 5 1 H . 3lp {h 1 z; b = • L, H-P == • Z, H-H . z; p eny 
Co 

protons} n.m.r., triplet, 9.95 Ô, .J
H

_
P 

= 16 Hz). Th'e above 

data is in close accord wi th the litératurè va1ues175 , and 

1eaves li ttle doubt that the species appearing in the infra-red 

spectrum is the dihydride (i-r., 2010 cm-l in CHC1 3 , IH 
1 • 

n.m.r., CH2Cl2 ,l7.3 T, JH_P = 15 Hz;" 28.4 1', J H_P = 15 Hz; 

31p n.m.r. not previously reported). 
1 
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A1so identified in the methylene chloride solution is 

\ 
the dichloride comp'lex, IrHC12 (CO) P2 (lH

I 
n.m.f., triplet 

31 27.10 1, J H_P = 12.5 Hz; p{phenyl protons} n.m.r. doublet, 

-.70 Ô, J H_P = ,15 Hz) .' A1thO~9h the IH n.m.r. parameters 

for this cornplex have not been reportedll , published values 

for tertiary phosphine analogues support the dichloride 
\ -

assignment (é.g., for IrHC1 2 (CO) [P(CH3)3]2' configuration 18, 

26.6 T, J p _ H' = 12.9 Hz in CH2C1
2

) 176 The structures of the 

complexes are given below. 

~~b 
H 

~l 
oc œ oc ~. 

Cl Cl 

17 18 

, There are no other species containing iridium-hydride . , 
bonds in the rnethYlene chloride 'solution according to 1H and 

31p n.m.r. spectroscopy. The 3lp chemical shifts o~ other 

sp~cies present containing phosphorus, along with a rough 

estimate of the relative intensity of the signal, 'are: 

27.20 ô (.8),24.18 cS ,(.3),3.95 cS (.1), -9.04 ô (.1) and 

-13.83 cS (.2). By comp~rison 1 the relative intens'i ties o,f 

IrH2Cl(CO) P2 and IrHC1 2 (CO) P 2 ar~ 1.01 and .6, re9pectively. 

It is 1ikely that the formation of Vaska's cornplex 
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through reaction of methylene chloride oecurs through IrH2tl(CO) P2' 

which can reductively eliminate hydrogen96 The following scheme 

accounts for the production of the observed species. 

N 2 purge N 2 purge 
IrH3 (CO) ~2 + C~2C12 ' IrH2 (CO)Cl P2 -H ' IrCl (CO) P2 

, 2 

N2 l . purge -CH 3Cl 

IrHCI2 (CO) P2 

Scheme 1. Interaction of IrH 3 (CO)' P2 with CH 2C12 

Sin ce both methyl chloride and hydrogen are gaseous, Scheme 4 

also accounts for the reaction being dri ven by a ni trogen . 

PQrge. The fact that li ttle dihydride is formed in static 

solutions sugg-ests that the initial reaction proceeds through 

the unsaturated intermediate IrH (CO) P2' 

D. DISC~sdION 
\ 

1. Preparation of IrH 3 (CO) P 2 

The preparation of the \ti tle complex was carried out by 

a methàd similar to those of Malate;ta et al. 80 and Burnett --
et a1. 132 • The separation 'of the fac a;d mer .tsomers of the -

/ 
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trihydride is fully described for'the first time, although the 

isolation of the mer isomer has been previously reported132 . 

The m~chanism of the synthesis of the trihydrides is 
1 rot clear. One possibility is the production of ,the inter-

!mediate IJ:H{CX»P2 by reacti9n with sodium borohydride (the 

lother products be ing, for. example, sadi um chloride and 

: diborane), followed by the oxidative addition of hydrogen. 
1 , 

+NaBH4 +H2 IrCl(CO) P2 t IrH(CO) P2 ~ IrH3 (CO) P2 (23) 

1 In reactions done under nitrogen, hydrogen necessary for the 

second step might be supplied by a separate reaction of 

sodium borohydride wi th, for example, trace amounts of 

moisture. The reaction dces in fact proceed under nitrogen, 

but wi th lower yields than the reaction under a hydrogen 
\ 

atmosphere. A high-yield synthesis of IrH 3 (CO) P2 has been 

reported with the same reagents under nitrogen in the presence 

of &xcess p-toluidine132 It has been suggestéd that the 

synthésis of metai 'hydrldo complexes by reaction with NaBH4 

th h 1 h b . di 184 may proceed roug meta ydro orato ~nterme ates • 

2. The Structure and Spectra of fac arid mer IrH3 (CO) P2' 

\, 

The infra-red and n.m.r. spectra con~lusively establish 

/ 
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the structures of the two isomers. As mentioned in Chapter l, 

sorne ambiguity regarding the structure of e9ch isomer exists 

in the literature. The present structural assignments are 

in agreement with aIl previous re~orts of the fac isomer, 

and aIl previous, reports of the mer isomer except for those 
, 80 

of Malatesta et al. The structure of the mer isomer 

proposed in the present study also corresponds to analog~s 

t 'h dr'd 'th d'ff t t t' h h' 142,143 B th r~ y ~ es w~ ~ eren er ~ary p ~sp ~nes , . 0 

isomers have been recently identified and characterized by 

"proton n.m.r. as reaction products of organic acids and Ir(r) 

species141 . In the latter repœrt, the lH n.m.r. spectrum of 

the mer isomer has been fully reported and analized for the 

first time, in complete a'greement with the present assignmànts; 

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-l, are in 
'80 agreement with the original report of the isomers Also, 

\ 
,they ar~ consistent with data reported for other iridium 

polyhydride speciesll . For exarnple, mer-rrH3 [p(C6HS)3]3 

absorbs at 2110, 1771, and 1750 cm-l, corresponding to 

iridium-hydride stretches with hydride trans to phosphorus 
-1 \ t , 

(2+10 cm- ) and hydride·li;rands. ~-IrH3[p(C6HS)3]3' with aIl 
1 

.. 
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hydride ligands trans to phosphorus, absorbs at 2106, 2094 

and 2083 cm- 1 

The infra-red absorp~ions in the hy~ride stretching 

region may be interpreted according to group the ory • From a 

comparison tq other metal hYdridocarbonyls185 , the p~ak at 
\ 

1962 cm- l in the mer il?omer, and 1953 cm-1 in the fpc isomer, 

101 

may be assigned to the C-O stretch (trans, to H). The remaining 
-1 ' 

peaks in that wavenumber'range (2200-1700 cm ) may therefore' 
. \ 

be assigned to Ir-H stretches. The mer isomer h of point 

group c2V ' and will result· in three Ir-H stretching vibrational 

modes, two Al and a BI m,ode. The latter !l'ode· corresponds to 

anti-symmetric stretching of H-trans-H, and may be assigned 

to the peak at 1780 CIl'I-
l , in keeping with many other ~xamp1e~ 

df H-trans-H in mer trihydrides 'in the 1iterature69 • 

The remaining Al modes correspond to the, symmetric 

stretching of hydrides trans to hydride and carbonyl. Under 

strict local symmetry, the intensity of the syrnmetric H-trans-H . \ 

mode wouÛl be négligib1e, due to the lack of a net change in 
\ 

dipole moment. However, m?de mixing often occurs with ligand 

vibrationa1 modes of the saroe symmetry and similar energy185 
\ 

(which in this case includes the carbony1 stretch), and thus the 

waven~er and intensi ty of these modes are unpredictab1e. o:r:he 

two peaks at 2077 and 2062 cm-1- are therefore tentative1y' 

assigned to the two Al m~d~s. The shouider. apparent on the 

carbo,nyl peak at; 1962 cm-1 is presurnably due ta a sOlid-state effect. 

/' 
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The fac isaœr is of p:lint group~' am therefore three infra-red 

active vibratianal nvdes are expected, an Ali and tID A' n-odes. 'lbe A' (1) 

102 

noda, co:rr~g te an Ir-H streteh trans te carl:x:myl, is assigned te the 
1 

, 1 -1 185 peak at 20 l cm , Pi' an~ogy with the literature and by c:x::xq;>arison to 
. . 

the spectrun of the rœr isarer, in lIhich a similar ~ ITOde occurs near that 
~ - . 

wavenurOOr. 'Ibe symretric A' (2) . am antisynmetric Ali stretd1 of Ir-H trans 

te phosphorus are assigned te the peaks at 2112 and 2057 an-~, reSFeCtive1y. 

'lbe assignment of these peaks te the A' (2) 'and An stretching nroes is 

. supported by the absence of simi1ar peaks in the spectrun of ~Il:D2H«l) ~2 

(see O1apter V). The peak at higher waven~ is assigned to the symœtric 

stretch in view of the expectation that in-phase stretching requires IOOI'e 

energy than out-of-f.hase stretching, sinee a:mpetiticn for the sarre orbitals 

is invol-œd. Synmetric stretching generally occurs at higher wavenunber 

than antisyrnnetric stretdùng in octahedral carlx>nyl ~lexes38. 

b) Analyses of tœ ~ Spectra 

A' first-order analysis of the hyd+ide spectrum of a solution of the Iœr 

isarer yie1ds a triplet of doubletS, centered at 20.10 T, and an overlapping -

triplet of triplets œntered at 20.53 T, with the a:mpllng oonStants listed 
\ \ 

in, Table II-2. Chen:ica1 shift. and ooupling oonstants for the ner isc:::rœr 

are in Une with analQgOus values in the literature, as illustrated in 

Table 1I-3.. 'lhe small differenoe in the denica1 shift for L = P(C6Hs) 3 

in this stmy am that of van Doom ~ al.
140 may be atttibu~ te 

1:e!Tperatur:e and sol\Jent effects. '!he trend observed in hydride chemical 
, 

sh:i;fts with various tertiaJ:y phosphines i8 prOOab1y due te greater shielding 

/ 
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of the hydride wïth increased basici ty of the phosphines. 

Ip all cases, the coupling constants agree closely. 

The spectrum of the fac isorner, Figure II-3, measured 

under the sarne conditions, i s not amenable to first-order 
f , 

analysiF' due to the magnetic inequivalence of the hydrogens 

'J 
103 

trans \,~ Pho.sphor~s, Hd although both havé equivaleflt ,chemical 

shift., 'T~e spectrum can be ~nterpreted according to an M' MXX' 

analysis~ in which Hd (spin M) is in a first-ord~r relationship 
,. 

wi th' two hydrogen (H , spins AA') ~d two phosphorus a toms 
\ c. \\ . , 

(spins XX' ). This results in a triple~ of triplets for Hd' 
/ ,- , 

from which ôH j(the' chemical shift of, Hd ) , JHc-Hd' and J
Hc

- P 
d;, 1 1 

may be directr' o~taineÇl. The rest of the spectrum may be 

• L ~ , ].73,174 1nt:.erpreted <l:., the "A" portion of an AA' XX' spectrum 

in which all peaks are synunetrïcally doublèd by the:tH H ' , c- d 

Ô 
cis trans ' 

coupling. Values for H' J H H' J H P' J H P' and J p p \ c c- C c- c- -
were found by repeatedly varying the various parameters until 

the .calculated line frequencies and intensities agreed with 

the measured spectrÙID. Exact values for J~!~p and :J~~:~s were 

eventually obtained from partially deuterated analogues 
, ci -

(cf. Chapter V) of the fac isomer; exact valu~s for J H sH 
~ ~c 

and J~~:. cannot be obtained, Howe,ver: due to the o";'erlapping 

nature of the spectrum 'and the difficulty of varying two' 

param~ters simul taneously. Ranges for ,these parameters are 

given in Table 1I-2. A ,computer-generated simulation of the' 

fac isorner, using approximate values: for the coupling constants, 
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is shown in Figure II- 4, , and -closely resembles the measured 

spectrum. Trihydrides of bath configurations hav~' been, 

104 

previously analyzed by Mann, Maiters" and ShawI43 ,f44, and 

mer isomer 1 as weIl as the recently 

values 

reported the;e for the 

reported partial analysis of van Doorn ~ al. 140 
1 are 'compared 

with t'he present results in Table 11-3. 

c) 'Analysis of the 3lp Spect.ra 

'The 3Ip {H} and 3lP {phenyl protons} spectra confirm the 

, assignments. The quarte:!: at 15.48 ô in the Hp spectrum 
! 

(Figure II-5) 1 assigned to the mer isomer" agrees wèl1:, with a 
, 
'\ 

spectrum (Figure 11-6) calculated from corrected values of , 

J H_P obta:Lned from the hydride spectrum. AH six linés in 

the calculat-ed spectrum are not apparent in the experimental 
\ 

spectrum due to natural line width and instrumental resolut'ion. 
\ 

'" An expansion of the 'experimental spectrum does reveal a 

shoulder which corresponds ta line 4 in the calculated . ~ 

, . spectrum. The multiplet at 6.55 ô, assigned ta the fac ~samer, 

is in excellent agreement with the calculated spectrum. In 

this case, the apparent lack of hydride-hydride coupling 
, , 

in. the second arder spectrum arrOwed discr'ete ,values of the 

co~pling constants to be obtained. ~umerj,cal values for the 

calculated and experimental spectrum are. given .i,n \ Appendix II. 

The ~rent "'a lues \ of aIl five H-P coupling constants 

used ta calcula'te the 3lp spectra of both isomers are decre,ased 

/ 
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by the same amount due' to partial decoupling (Table 11-2). 

It is intêresting to hote that the other apparent coupling 

constants, J
HcHc 

a!ld J pp ' are not affected to the same degree 

in the second-o'rder spectrurn of the fac isomer. The apparent 

value of J
HeHc 

goes to zero, while that of J pp actually 

increases upon weak irradiation of \the hydride nuclei. The 

105 

latter relation was syrprising, sinee only couplings involving 

hydrogen were expected to change upon weak irradiation of 

hydrogen. Presumably, this phenomenon is a resùl t of the 

fact that the energies of most of the transitions in the AA'XX' 
1 • 1'77 spin system are functions of aIl four coupl~ng constants 1 • 

As a ~onsequence, alteration of the energy levels of the 

hydride nuclei by wea~ irradiation also alters the apparent 

values of aIl f~ur coupling constants. The exact degree by 

which the appare~t valués of J HH and J pp differ from the 

true value of these éoupling constant~ cannat be measured, 

- since disc:z;-ete values for the latter parameters cannot be 

determined from the coupled hydride spectrurn. 

3. Equilibriurn 

It is elear {from both the i.r. and n.m.r. experiments 

that an equilibrium exists in solu~ion betw~en the two 

isomers of IrH3CO [p (C6HS ) 3]2' Starting with either the fac 
, 

or the mer 'i~omer, an equilibrium mixture results. (The rate 

of interéonvers~~nl:"S rapid initially: a noticeable change 

\ . 
/ 

\' 

\ 
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occurred after only a few minutes. After ca. six hours, 

further change ceased and spect~a ob~ained starting wi th 

ei ther isomer are virtually s\uperimposable. External 

h,ydrogen is necessary for the maintenance of eguilibri um, 
\ 

and no degradation of the solution is observable up to 24 h 

after the start of reaction. Although only the fac and mer 

isomer, and no other iridium hydride, were ,detectable by i. r. 

or n.m.r. spectroscopy when the solution was kept under 

hydrogen, a third species formed under static nitrogen, which 

'bontained few' if any iridium-J'lydrogen, bonds~ The identity 

of t~is ~pe9ies has not' be~e determ~nea:. 

Tne fact that an equilibrium mixture is formed in each 

case, regardless of the starting isomer, demonstrates 
. 

conclusively that a true, dynamic equilibrium between the two 

isomers occurs in solution. This is ~ontrary to an early 

, 180 h' d h h . 'f f h proposa W lch suggeste t at t e two ~somerl.c oms 0 t e 

J trihydride were tl)e result o~ the c'onversion of an unst.able 
1 

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 i5 the first to explicitly 

106 

show isomerl.c equilibrium between fac and mer IrH3 (CO) Cl? (C6HS ) 312' 

indirect 

reported 

evi.dence for equilibrium in this system has been 

132 by Burnett ~ al. " In the latter study, a system 

wh.i.ch contained bath isomers of the trihydride, triphenyl-
" 
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phosphine" IrH (CO) [P (C6HS ) 313 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) JlI
3 

+ H2 :+--.. IrH3 (CO)' P2 + P. This was taken as evidence for 

the egui 1ibri um between isomers of the trihyëiride. In 

addition, solid-state infra-red spectra of product mixtures 
~ 

suggested that the fac and mer isomers were present in 

constant, proportions. In view of the lack of precision of 

the 1 {ral ues tor the equilibrium constants, the c6mple~i ty of 
1 \ • 

thel~ystem" and. the qualitative nature of the infra-red 
\ ' 

spe tra, these resul. ts do not demonstrate clearly a discrete 

, J 

equlibrium between the fac and mer isomers of IrH 3 (CO) [P(C 6H
S

) 3]2. 

The present study cl.q:Î'ifies the situation b~ confirming an 
v 

1 equilibl='ium in solution between te ~istinc~_, isolable 

isomers o~ established stereochemistry, and by providing an 

equilibrium constant for the isomerizatien. 'l'he failure of 

a ,number of workers to recognize the existence of this 

dynamic equilbrium, l,eaves the physical parameters measured 

on one Ol=' the - other of the supposed isorners open ta, 

question 80,139,141 

There is slight'ly more of the fac isemer than the mer 

isomer) at equil.ibrium, in contrast to the recent report of van 

Doorn et ~.14l, in which the mer/fac ratio as three to one. The 

discrèlpancy between the ,two values may be due te an interaction 

with ether reagen~s pres~nt in van Doorn1s system. The present 

1'" 

1 . , 
) 
\ 
1 1 

J 
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resu1 ts also do not conform wl th ana1ogous iridium trihydride 

carbonyl complexes hàving different ,phosphine ligands142-144 
1 1 

in which the mer configuration was predominant, and li tt1e 

or no fac isomer detected. Wi th iridium trihydride complexes 
1 

108 

containing three terti·aryphosphine or arsine ligands, however, 

many exa~p1es of both fac ,and mer configurations have been 

reported, and interconversion has been noted in~·some cases 

(see Chapter 1). 
, 

The importance of dihydrogen in the ~quilibriwn is 

demonstrated by the fact that an equilibrium is achieved 

and maintained for long time periods under hydrogen, but 105s 

of hy~rogen from the complexes occurs under nitrogen. The 
1 

most obvio'Qs explanation is that o~e or both of the complexes 

lose molecular hydrogen in solution. Such behavior is not 

uncommon for meta1-hydride eomPlexes1l,~3. 

E. CONCLUSrONS 

. , 
1. IrH3 (CO) [P (C6HS) 3] 2 oceurs in two forms, whieh have been 

fully characterized by i.r. and n.m.r. 

H H 

~ H P ~ P H-
" CO CO 

mer fac 
" 

1 
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1 

2. 

'q 

These two species are in equilibrium in solution under 

H2 at 25°C. At lower temperatures (O°C), equilibriurn 

is approached only very slowly (several days); at 25°C, 
D 

it is achieved within four hours. 

+09 

: 3. For mer 
IrH3 

K = 1.5-2.0 at 25°C in methylene chloride. 

4. *n the absence of external dihydrogen, the isomeric 

solution degrad~s with loss of hydr'ogen. 

5. Only the two isomers of IrH3 ((X) P2,,-can be detected under 

hydrogen; a third species is formed under nitrogep. 

6. Methylene chloride reacts wi th IrH3 (c:x:t 1J!I 2 in a ni trogen 

parge to fo~ various chloroiridium complexes. 

• 
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" 
,. 
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CHAPTER III 

A. INTRODUCTION 

In the previous Chapte;, it was demonstrated that bo~h 
fac and met IrH3 (CO) P2 can be isolated"in pure form, and 

isomerized to equilibFiurn in solution under a hydrogen 

at~osp~re. In order to investigate quantitatively the 

isomerization reaction and perhaps gain sorne insight into 

110 

its mechanism, kinetic studies of tpis reaction were undertaken. 

In view of the dependenc'e qf the equilibrium on 

external hydrogen, a likely mechanism for the isomerization 
, \ 

was thought to involve a square-p1anar intermediate as in 

the following reaction. 

H ftP" H 1 

~ 
-H2 0 W P. 

l 
+H2 t :110 ::a. (24) 

'~C p " ~H \\, 
+~2 OC 2 P H l 

'H \ ' CO ) 

iller fac 

7 14 3 

Such an intermediate has been proposed in synthetic130 ,172 

and kinetic45 ,132 studies of, reactions· of IrH(CO) P3 and the 

\ . 

'" 
/ 
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trihydride complexe The existence of such an intermediate 
J 
. . 129 is also consistent wi1;:h/the following known reactl.on • 

IrH (CO) 1.1 3 + H2 ~ IrH,3 (CO) P2 + P (11) 

Consequent1y, a rate study was carried out to de termine the 

dependence of the isomerization reaction on the hydrogen 

concentration. 

Por an isomerization process in which equilibrium is 

achieved by f~rst-order reactions in both directions, 

expressions for both rate constants may be obtained by a 
~ -

straightforward application of the rate laws and the 

equilibrium expressi9n178 Using integrated rate expressions 

together with the results of an experimental determination of 

the cOncentration of one of the reactants versus time, values 
) ~ ~ 

for both rate constants may be obtained. Expression~ obtained 

in this way are given below for the case of a first order 

fac/mer interconversion, whe~e kp ,and kR ' are rate cons,tants 

for the forward and reverse reactions; and A is the 

concentration of the mer isomer at time t, at. the start of 

the reaction CAo), or at equiliprium (Aeq-). It is assUmed 

that there i8 initially none of the fac isomer present. 

kp 1 

mer ~ fac 
- k 

R 

(' 

r-
, )' , 

" 

(25) 
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(26) 

- 1 

(27 ) 

With kF and (kF+kR) known, a value for kR may then be obtained 

Py difference. The equi1ibrium constant, Keq' for eguation 

25 is equal to kF/kR. A simi1ar expression may be obtained 

for the sum (kF+kR ) in the case where there is initially no 

mer isomer present, and 'the concentration of the mer isomer 

is measured wi th time. In this cas"e, "" 

" -

(28) 

Under these circumstances, it is not possible to obtain an 

e~pression for kF alone. 

A measure of'the concentration of the mer isomer is 

convenient1y provided in the infra-red spectrum by an 
,-1 • 
ab~orption at 1780 cm . Values fox-kF and kR may be obtained 

by measuring the absorbance at various ti-mes in sdlutipns 

containing on1y the mer isomer, and plotting the left-hand-
l ' 

sides of equati,ons 26 and 27 versus t. Since there i8 no : 

isolated peak specifie for the fac isomer, these equations 

/ 
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cannat be employed f~r solutions initially èontaining only 

the fac isomer; ~a value fo~ the sum (kF+kR) in this ' 

circumstance may be obtained, however, through an application 

of equation 28. 

The rate express~ons to be expected from the processes 

involving a coordinatively uns~turated intermediate, as in 

eguati~n 24, are somewhat more complicated. lf A, Band C 

represent the concentrations of the mer isomer, the 

intermediate, and the fac isomer, respectively, then the fol~ow-
1 

. ~ l lng rate' aws may be written. ~he significance of the rate 

constants is illustrated in Scheme 5. 

(29 ) 

dB ; (k _)A - (k )B[H] dt m ro+ 2 (30) 

(3i) 

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 'i8 small compa~ed to A or C. 

( 
, , 

<. 1 
1 
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Scheme 5. 'The rela~ionship between the individual and overall 
rate constants. 
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, 
In fact, no intermediate has been detected spectros'copically 

in the high-field n.m.r. or infra-red spectra of solutions 

of the'isomers at equilibrium' (cf. Chapter II). 
\ 

Equations 2~',30, and 31 are solved in detail in 

Appendix l.' The resulting expressions ~ave the srume forrn as 
\ 

those'obta~ned for the overall rate constants k F and kR 

(equations '26, 27~ and 28). ,The relationships between the r , 

overall rate constants and the individual rate constants 
1 

k +' k _, k f + apd k f - are g,iven in Scheme 5. The presence of mm,. . 

a tèrrn for hydrogen concentration in b9th the numerator and 

denominator of both ~xpressions reflults in expressions 

independent of hydtogen concentration. Thus~ the rate of an 
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isomerization which proceeds through an unsaturated inter-· 

m~diate by loss and re-addition of hydrogen will be independent 

pi hydrogen co~centration in both directi~ns. \ 

CQnsequently, a system which behaves according to , . \, , . . 
". 

equatioR""24 will exhibi t' the following k,inetic and equilibrium 
• 
behavior: 

\ 
, \ 

! 

a) Keq , kF,and kR will all be independent or hydr~g~~ 

concentration; 

b') plotS~f, the functions of' A in equations 26, 27 and 

28, versus tirile will be linear; 

c) nonequilibr~um in the absence of external,hydrogen 
\ 

will oceur; 

-- ---.~-
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d) there wi Il be agreement in values for (kF+kR), when 

starting with both fac and mer isomer; and 

e) agreement in the va'lues of Keq determined from the 

rate constants (kF/kR) and from independent 

spectroscopie measurements (i.r. and n.m.r.) of 

concentration will be observed. 

Experiments which test these points are rep®rted in this 

chapter. 

B. EXPERiMENTAL PROCEDURE 

1. 
\ 

Materials 

\ 

~ac and mer IrH 3 (CO) P2 were prepared as described above, 

and stored at -20°C under hydrQgen. The mer'isomer contained 
\ 

a rneasurable amount of decomposition product in a few 

experiments; parallel ~xperiments with freshly prepared 

material showed little or no difference in kinetic behavior. 

Sol vents were dried, f~eshly distilled, and degassed before 

use. 

2. Kinetic Measurernents 

An appa,ratus was construct~d (see Appendix IV) which 

allowed the isomerization kinetics to be studied under an 

atmosphere in which the relative amount of hydrogen present 

D 

\ 

1 
j 

j 

J 
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;j 

\ 
\ 

, 

was known. Since, by Henry' s law, the concentration of a 

gas in solution i8 proportional to the partial pressure of 
/ 

that gas above the solution, the rel~tive concentration of 
• 1 

hydrogen in solution can be varied ~y changing the proportion 

of hydrogen above the solution. Accordingly, the kinetic 

and equilibrium parameters involved in the isomerization 

of IrH3 (CO) ]P>2' and 'their dependence on the hydiogen 

conce~tration, were examined. 

The rates! of isomerization of IrH3 (CO) p 2 wer-e measured 

at 25 CC in methylene chloride under various concentrat~ons of 

hydrogen. The concentration of the mer isomer was determined 
1 

from the absorbance at 1780 cm-1 in the infra-red region. 

Spectra were obtained on a Perkin-Elmer 257 spectrophotometer 

from solutions in 1 mm-pathlength cells between sodium 

chloride windows, and were measured versus a pure solvent 

reference. The solvent was distilled before use, and 

saturated with a hydrogen/nitrogen mixture immediately prior 

to dissolution of the complex. Reactions were carried out 

117 

at a total press-ure of one atJOOsphere at constant temperature. 

The stoèk solution (25 mg of iridium co~plex per 5 ml of 

solution, 6.7 mM) was periodically sampled by pressurizing 
\ 

the solution with a mercury pump, and fillirtg solution cells 

through stainless steel tubing. In this' way, a gas mixture 

of constant proportion was maintained over,the solution. 

A sketch of the apparatus used i8 1given ,in Appendix IV. 
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1 

\ 

solution~ were exposedto the atmosphere only for the time 
\ 

necessary' to mea~ure their spectra, and were seaied in all-

glass vesseis at atmospheric pressure between measurements. 
4) 

-1 The spectrum between 2200 and 1700 cm w~s recorded for 
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each rneasurernent to monitor the total iridium concertt~ation and 

the appearance of decomposition products, as weIll as ,the 

concentration of the mer isomer. 

The relative proportion of hydrogen above the solution 
, 

is eXpressed as the percentage of hydrogen in a hydrogenl 

nitrogen mixture that was introduced over the re~ction 

solution. The actual arnount of hydrogen present in the 

isolated system at vapor/liquid equilibrium is less, due to 

Ithe hig~ vapor pre~sur& of the solvent, Methylene chloride. 

Since aIl measurements were recordedat the same temperature, 

however, the contribution of the solvent te the" tot~l pressure 

is constant. The p~rtial pressure of hydrogen. above the 
(' 

soLution, and concentration of hydrogen in solution, ,are both 

proportional to the pararnetèr repo~ted. 

3. Treatment of Experimental ,Data 

, 
AlI calculations are based on measurements of A, the 

absorbance of the mer isomer, obtait:ted from the i. r. "spectra 

of reaction solutions using the expression 
. " 
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[ 
%T (baseline) J A = log %T (measured) 

The conformity of the system to Beer's Law was established 

by separate experiments. Absorbance values w~e 
, 

used directly to express concentration. Values of AOl the 

i~,itial, concentration, were determined by extrapolation of a 
\ 1 
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plot of A versus time to t'= O. These values were used for 

aIL calculations .. A value for Ao was also obtained by fitting 

the data to a polynomial by computer*, and evaluating at t = O. 

The equilibrium concentration, A , was taken as the value {. ,eq 

of the absorbance at a .reaction time of six hours 1 after 

'which li ttle ,change occurred. The quanti ty Aeq ,was meas'ured in 

aIL but two cases 1 where interpolat'ed (Co = 0, 50% lH2) or 

extrapolated (Co = 0, 75%·H2) values were used to estimate 

the value of Aeq at six hours. The equilibrium constant Keq 

was calculated from the expression 

(34) 

1 
/ . 

Initial rates were calculated for all reactions,. This 

was achieved in two ways: a} graphically, by plotting A 

versus time, extrapolating to t = 0, and finding of the line 
1 .. 

tangent at that point; and b) numerically, by computer-

.* CURVFT; a FORTRAN subprQgram 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 = O. Only values of t less th an three hours 

wer,e used. 

Thè rate constants kp and k R were obtained as the slope 

of a' function of A ver sus t. 'rhese functions, X and X', 

are taken from equat'ions 27 and 28, and are defined as 

, \ 
A -A [Ao-Aeq] X = 

o eq 
ln 

1 Ao A-A eq 
(35) 

[A J X' = ln eq 
Aeq-A 

( 
'~ 

(36) 

A value for kp was obtained as the slope of x/versus t when 
-

Co = 0, and _ (kp+kR) as the slope o~ X' versus t with Ao = O. 

Another value for (kF+kR) was calculated wi th Co = 0 from kF \ 
and Keq valuéS. Because erratic values of X and x~ rqsulted 

as A approached A , only measurements at a reaction tirne 'less 
eq , ' , 

than 130 min, when Co = 0, and, 100, min,,, when Ao = 0 , were 

used to calculate slopes. 

Values for-the abso)?bance of the mer isomer, upon which 

all the results in this chapter are based, are given in 

Appendix VI along with associated statistical information • 

.. 
CURVFT

1
, a FORTRAN subprograrn on file at the McGi11 Computing 

Centre, was used. 



( 

( 
1 

j 

'1 

C. RESULTS 

1. Qualitative Observations 

The sp,ectra of solutions of the mer and fac isomers of 

IrH3 (CO) P2 kept under an'atmosphere of either hydrogen or 

nitrogen' have been described in,Chapter II. The 'spectra of 
, . 

both isomers under hydrogen showed'that isomerization to 
\ \' 

equilibrium occurs without the f-ormation of 

within 24 h. In the experime~ts considered 

\ 
other species 

in Ithis chapter, 

solutions were kept under mixtures of hydrogen and ni trogen , 

and the isomerization rates were measured under these 
\ 

condiiions. ~he spectra obtained fr?m solutions kept under 

121 

gas m~xtures from 100% to 25% hydrogen were qualitatively 

identi1cal. Equilibria were in these cases maintained fO,r 24 h. 

The concentration of hydrogen in solution, therefore, does 

not af'fe~t the isomerization' equilibrium, ,although an 

equ~librilum is not achieved in the absence ôf hydrogen. 

, Due to the instabili ty of the mer, isomer in the soHd ' 

state, sorne of the samples of the mer isomer contained~an 

estirn1atecl 15% decompositio~ product.' The nature Of ;this 

prOduc2th s been discussed in Chapter II. The presence of 

this mat rial, however, d~d not appear to affect the rate of 

iso~er ti~n. Separa te studies have indicated that while 

the decomposition ,product is reactive under the conditions 

of the kinetic measurements, it does not form one of the 
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isaœrs in question, and sc would IlOt he expected to affect the reaction 

rate. Burnett et al. have cbserved, l1c:Mever, that the presence Ç>"f sœe -- .' . 

deo::rtp:)sition product in ~les stored for long ped.ods (~) in air 

- . 132 134 
resulte:i in an increase in the rate of hydl:ogenatiOn ' • 

2. Initial Reaction Rates , 
j 
\ 

Q 1 ~ 

~ 

Table II1-l gives theiinitial rates of reaction for ,the 

isomerization of the mer (Co=O), obtained graphically (s~,corid 

column) and by a numerical method (fifth column). The two 

. i 
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f 
methods gave values in dlose agreement. Although the initial· 

rates vary considerably at different hydrogen concentrations . . 
C± 30%), there is no sYrtematic variation with hydrogen 

concentration. The same is true for reactions starting with the 

fac isomer (Ao=O, last column). Hydrogen concentration therefore 

'does not appear to be a factor in determining i~itial rates of 

reaction. Values for Ao obtained graphically (column two) or 

numerically (column six), are in close agreement for each value, 

of the hydrogen concentration. Values of kF (initial) 1 like 

those of initial rate" are independent of hydrogen concentration. 

A'value for kR (initial), using an estimated equivalent ta COI 

is also given in the last column of Table 111-1. 
i 1 

3. Equilibrium Values 

Equilibrium constants are given in Table 111-2, along 

, ---

, 

i , ! 
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* , Table 111-1. Initial rates of reaction [Initial rate = (dA/dt)o] • 
• 

',1 

C1) = 0' 

10 2 x 2 
102 x 

Aob ' 10 k F Ao d H2 conc. Initiala 
(initialrC Initial (%) - (abéorbance) . -1 Rated . 

(absorbance) 
Rate 

) 

m~n 

100 -.21 .254 .83' -.23 .254_ 

75 -.23 .200 1.2 -.'29 .198 
,. 

- 50 -.35 .2l.0 1..7 -.53 .220 

25 -.32 .228 1.4 -.32 .227 

0 - .. -36 .254 1..4 -.32 .254 

average -.29 .229 1.3 -;..34 .231 

~ 

Ao = 0 

10 2 x 

Initial. 
d Rate 

.l.8 

.16 

.35 

.29 

.22 

.2,4 

...-..\ 
\ . 

average "initial rate constants": kF=1. 3xl.O-2min'-l. 

2.2xlO-4se~-1 

e -3-l. k R =9. 4xlO min 
-4 -1 1.6x10 sec 

. *Rates-OT reaction in this and subsequent experiments were measured in minutes, and so 
individual ràte consuan~~ are reported in min-le Wher~ average values for sev~ral rate 

_ " constants were computed,'rate constants in sec-l. a~e al.so quoted. , -

, aS10pe of tangent at t = 0, on ,A vs t. blntercept from tangent line, A VS t. 

rate)/AOL ~rom CURVFT. e~R'~ (initial rate)/C o , with C~ = .~54. 
c kp = (initial 

1-' 
Iù 
W 

.. 
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Table 1II-2. Equilibrium and associated va1~es of solutions ,. 

CC o' == 0). initia11y containing on1y mer isomer 
\ 

\ 

, a A b 

% H2 
Ao eq 

(absorbancel (absorbance) l<eq 

100 .254 .101 1.5 

75 .200 .085 1.3 

50 .210\ .080 1.6 

25 .228 .090 1.5 
\ 

{'. 050) c 0 " .254 (4.1)c 

averag~ (100-25% H2 ) 1.5 

alnitial absorbance of the mer' isomer, obtJined by graphica1 
extrapolation. 

bEQui1ibrium absorbance, either measured (100, 25~ and 0% H2 ) 
'or estimated (75, 50% H2) at t ::: 6 h. 

CSystern not at equilibrium. 

, , 
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wi th values for the initial concentration 1 the mer isomer, 

Ao, and the equ.ilibriurn concentration of th mer ispmer, Aeq 

The Ke~ values are reasonably constant in aIl solutions 
\ 

con~aining externally applied hydrogen at'a relativé 

125 

concentration of 25% to 100%. For the purpose~ ofc:omparison, 

a value fOl1 "K "was calculateâ at a rel~tive cdnce~nt.tation eq 
1 • ' 

of 0% hydrogen, with "~eq" taken as the value of,A'lafter s~x 

! hours, even though the system was not at equilibrium. The \ 

value obta-ined, 4.1, is much higher than values of· the 
, ' . 

equilibrium constants'~etermined at non-zero hydrogen 

concentration. The, la~ter h~ve an av~rage 'Value of' 1.5. 
<4 '" \ 

Equilibtium values for the isomerization reaction'under 

?ydrogen starting with the fac isomer cannot be accurate'ly 

determined, due to the fact that Co cannot be evaluated from 

the spectra. Howeve!r', the i. r. spectra of isornerization 

under various hy,drogen concentrations leave little doubt that 
1 

similar equilibrium behavior occurs. ~easurements' of the 
l , 

n.m.r. spectra (cf. Chapter Il), indicate , rnoreover, that 

the sarne concentration of ~ach isomer'occurs at equilibrium 

by startirig with either the fac or mer isorner. 

4. Evaluation of kF and kR 

Plots of X versus t, when Cg = 0, and X' versus t., when 

Ao = "'0" were calculated and are given in Figures III-I and 
{' 

1 

1 

- . 

( 

1 
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( l, 

Irr-2, r.espectively. Both sets of plots are fairly linear, 

although sorne scattering and 1ine curvature can be observed 1 , 
particularly in the reaction starting with'the mer isomer 

1 
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(Figure ?II-l). Numerica1 values in support of these figures f 

are given in Appendix VI, along with statistical parameters 

deri ved from line-fi tting by the 1east squares method 0\ X 

vers us t and Xl' versus t. 

Values for kF and CkF+kR) were obtained ,as slopes of 

the plots shown in Figures II1-1 and 1I1-2 and are listed in 

Table IU-3. These values do. hot vary wi th hydrogen 

concentration for kF , k R, or for ~i t~er 'determination of 

(kF+ka) . vaiues of (kp+kR) a~e in close agreement, regardless 

of whether the starting material was the mer isomer (Co = 0) 

or the fac isbmer (A o = 0). Finally, values of kF a~d ka are 

- in quantitative agreement with' values of'kF (initial) and kR 

.(initial) • 
1 

D. 
f' 

DISCUSSION' 

----­~----

-----~~ 
~--------

-- , 
~~ 

The re~~~~~ in this and the previous chapter 

indicate that an equilibrium occurs between isomers of 

IrH3 .(CO) P2 which can only be maintained undel;" hydrogen., 

With external hydrogen present in the system, there was no 

relationship observed between the hydrogen concentration in 
. 

solution, and any of the following quantities: initial. 

.... . ' 
"", 
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Figure III-l. 

1 . , 

'\ 

y.J 

Plots of X versus time for solutions oriqinally 
contain1pC] 'only the mer isomer, at 100% (a)', 
50\ (b), and 0% hydroqen in the feed qas. 'x 
is defined in equation 35 • 
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Figure 111-2. 
r 

1 
\ 

1 

r 

, 1 
Plots of X' versus time ·for solutions 
odginally contalning only the fac isomer, 
at lOO% (a) r 50\ (}:)}, and 0\ hydrogen in the 
feed .8. Xl is defined in equation 36. 

, \ 

) 

!~) 

i 
j \ 
l 

f 
l 

1 
l 

1 



f. 

l' 

: ' ( ) , ,-, 

1 

Xl 
o 

2. 

(a) 100 % H2 
o 

o 128 

Cl 
, , 
X 
o 

1.0 

o 



n --
'fable II~-3. 

" . 

a Values for kF and k
R 

• 

:-1 

kF 
mer (A) 'k >~ac (C) 

R 

Co Ob Ao = OC 

concentrationd 

of Hydrogen' 
Ne 102k

F
f ,g. min-1 102 (k

F 
+k

R
) g',h mi~-1 i .-1 

k R ' m~n Ne 2 . J' g -1 
10 (k +k )' min 

FR' 

100 

75 

50 

25 

o 
k 

ave-rage 

7 

6 

7 

7 

7 

'. -
"'" . '1 

1.27 ± .03 2.11 ± .05 .84 ± .05 

1.04 ± .09 1.80 :t .16 ' .76 ± .16 

1.07.± .06 1. 73 ± '.10 .66 ± .10 

l.15 ± .08 1.93 ± .13 .78 ± .13 

(1. 5) l,n 
'" :/ 

1.13 ± .16 1.89 ± .25 .76 ± .11 
:"4 -"1 -4 -1· --4-1 

(1.88±.27)xI0 sec (3.15±.42)xlO sec' (1.27±.lB)xlO sec . 

7 2.16 ± .05 

6 1.67 ± .1B 

7 2.17 ± .05 

7 ... -1.96 ± .0-9 

6 (1.9)m,n 

1.99 ± .37 

-4 (3.3±.6)xI0 sec 

aA11 values from data measured in Methylene chloride at'25°C. Experimental Data in Appendix VI. bs~utions 
initially contained only the mer isomer. cSolutions initially contalned only the fac isomer. ~ercentage of 

-1 

hydrogen in the initial hydrogen/nitrogen mixture. e Number of points i~ the plot. f plot of X vs t (equation 35). 
~ ''/-

gSlope of a line fit by the method of least-squares. Error iimits'quoted are the standard deviation of the slope. 
h 'i '. k 

kFX{Ao/(Ao-Aeq)' Col. 4-Col. 3. Jplot of X' vs t (equation 36). Mean of values for 100\-25\ H21 ±95% 

confidence limits, N = 4. lusing "Aaq " ". .050 (value at 360 min). UUsing "Aeq" = .OSI ·(value at 360 min). 

nsystem not at equilibrium; estimated slope. 

1-' 
l'V 
\0 

'. 

'-
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react'ion rates, equilibrium constant, or any of the derived 

rate constants kt (ini tfa1l, kF and (~F+kR)' Al! reachons 

measured under hydrogen followeq the 'i.'ntegrated rate laws 

derived from eguation 24 or 25. 

These resul ts are;, al! consistent wi th the hydrogen-
......... 

dissociation mechanism ~ an unsaturated intermediate, as 

shown in equation 24. Indirect evidence consistent wi th this 

mechanism includes chemical evidence that these iridium 

130 

trihydrides react by dissociation of hydrogen to add ê\. variety 

of classical donor ligands and oxidative addends SO ,129 ,130. 
\ 

The common interme~iate in aIl these reactions is believ'ed 

to be ~rH(CO) [P(C6HS)3]2' Furthermore, kinetic studies of 
" 

~he five-coordinate1iridium species, IrH(CO) P3' have 
, \ 

established that oxidative addition occurs throUgh the\ sarne 

intermediate as the one expected in a hydrogen-dissociation 

h ' f' , 't' 45,132-135 • , 11 th mec an~sm 0 l.somerl.za l.on • Fl.na Y, ere are 

known eXélInples of oxidative. addition to square-planar complexes 

which forro structural, analogues of both the fac isomer 
\ ' 159 

(e.g./ Si-H and IrH(CO) P3 L and the mer isomer (e.g., H2 

and 'Ir(CO)Cl P2)179 of 'the 'trihYdr'ide. , , 

Alternate mechanisms of' 4:sc,.ne~t:ion are shown in 

Scheme '6, ~here, equations' 37a and b represent the isomerization 

model already discussed ,(equa tion 24), under candi tians where", 

the rate constants for the addition and' 108s of hydrogen 

have different relative va l'ue s ~ 
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Scheme 6. Alternate Mechanisms for the J:somerization' of 
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(37) 

(37a) 

(37b) 

(3e-) 

(39 ) 
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In equations 38 and 39 of that scheme, plausible alternatives 

are given where one of the isomers is \ in equilibrium with , 

hydrogen and an unsaturated intermediate. The isornerization 

reaction in these c~ses occurs by a process apart from hydrogen 

dissociation, such as intramolecular isomerizatiori, dissociation 

of; triphenylphosphine or carbonyl, or a process involving. 

~imeric species. Th'ere are many examples in the literature' 
, 

of intramolecular iSQmerizations among oc1:ahedra:l:- transition 

metal dihydridel80 and polyhydride speciesl81 , '~ct,ahedral 
182' '183 . chelate and monodentate complexes . Also, dissociative 

and dimeric mechanisrns, including a recent proposaI of 

hy.,drogen-bridged dimers in a similar reaction of iridium 
1 

hydridesl40 have beETn described .. 

AlI of the isomerization mechani~rns rnentioned above, 

except possibly the dirnerization mechanisrn, can be regar_ded 

as first-order equilibrium processes. Consequently, they all 

would behave' in the manner outlined in the introduction and' 

are in accord wl.th the rate and equilibrium results Biscussed 

above. 

The ini tial rat~s of rea~tion rnay, be exarnined to 
, 

distinguish between the alternatives in Scheme 6. One would 

expect the same initial rate (equal to kRC o :) when starting wi th 
J 

the fac isomer (Ao=O) by both equation' 38 and 39, regardless 

of the initial concentration of hydrogen. When starting with 

, 1 
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1 the mer i somer (C 0 = 0), howeve r, one would expect, by 

equation 38, a different initial rate~ [equal to - (km- +kF) Ao] 
~ - ' 

when the initial' hydrogen concentration: is zero than wryen, it 

is non-zero, (initial rate :::;: -k~o when [H2] 0 '1 0). By equation 
1 
1 

39, the initial rate is the sarne (equal to -k~o) regardless 

of the initial concentration of hydrogen. Since no 'âifference 

in initial rate was ohserved, experimentally undér zero and . 

non-zero initial concentrations of hydrogen, it i5 not likely 

that the isornerization proceeds by equation 38. 

'Equation 37a implies that the initial rate when Ao = 0 

would he zero. Since a non-zero initial rate was observed, 

this mechanism is also unlikely. Also, the failure to . , 
- , ~ 

o?serve B experirnentally Jl:n the infra-red or In.m.r. studies 

of the isomerization also does net support this mechanism. 

Equation 37b would he expected te give the sarne initial 

,rates as equation" 39 (see above). Both agtee with experimental 

results, (Table III-I) 

concentration, and in 

1n their ind~fference to hydrogen 

the measured values of k F and kR. 

Additional experirnents are necessary to distinguish hetween 
\ 

the two alternatives, as weIl ,as to provide mOie precise 

rneasurements than can be made from initial reaction rates. 
\ 

Consequently, experiments were carried out in which the 

individual rate constants km- and k f_' could be rneasured. 

These are reported in the next chapter~, where the mechanisrn 
1 

1 of 1sornerization is further discussed. 
1 



, 

1 1 _ 

/. (J 

.J 

E. CONCLUSIONS 

. 
The interconversion of. the mer and fac isorners of 

",' 1 

Il 
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IrH 3 (CO) P2 was found to obey first-o~der equilibrium kifletics 
) , 

under a hydrogen atmosphere at 25°C in Methylene ch10ride 

for the reaction 

Keq = 1.5 

k F = (1. 88 ± 

(kF+kR) = ( 3.15 T 

k~=: (1.27 ± 

kF 
mer~,fac 

R 

.27) x 10-4 sec -l, 

.42) x 10-4 .sec-l , 

.lS) x 10-4 sec-l, 

\ ' 

. [~ac] 0=0 

[fac] 0=0 

(fac] 0=0 

) 

(25 ) 

(kF+kR) = (3".3 ± .6) x 10-4 sej-l, [rne'r] 0==0 

The parameters listed abov.e wer found to be independent 
yI 

~ 

lof hydrogen concentration. From initial rates. and chemical 

evidence, the most likely isomerization mechanisrn is considered 

to be the following 

(37) 

-

1 

) 1 

, 
.1 

1 
j' 
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This rnechanism is' kinetically equivalent to equation 2~1 when 

.. 
and 

« 

Since other mechanisrns are still plausible, additional 

experiments must be carried out to confirm this rnechanism. 

( 
! 

1 ; 

" 

• 
'\ 

\ 
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CHAPTER IV 
\ 

KINETIC STUD~OF THE REACTION OF TRIPHENYLPHOSPHINE 

A. INT~ODUCTION 

The rate of displacement of hydrogen by triphenyl-
~, , 

phosphine was studied ta ob tain additional evidence for the 

isomerization of IrH3 (CO) P2' Triphenylpho~phine i5 known 

to add to the trihydride by the following reaction 80. 

l 5 

If it is established that the reaction of,both isomers of 

the trihydride proceeds thraugh the dissociation of hydrogen 

to forro an intermediate complex, then the rate constants 
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of dissociation are equal ta k _ or kf - in the isomerization rate , , m 

_expression (Scheme 5, Chapter III). Useful comparisons between the 

rates of ~ubs~itution and isomerization may then be made. 
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B. EXP~RlMENTAL PROCEDURE 

1. Materia1s 

'Fac and mer IrH3 (CO) P2 were prepared and stored as 

described in the previous chapters. Triph~nyiphosphine was 

recrysta11ized from methano1. lH n.m.r. spectra were 

prepared and measured as de'scribed in Chapter II. 

/ 

2. Kinetic Measurements 

( , 

The rateS of substitution of tripheny1phosphine with 

fac and mer iso~rs of IrH3 (CO) P2 were determined in the 

pr~sence of excess ligand in methy1ene ch10ride and in 

to1uene at 25.4°C. ~he absorbance of the reaction product, 

IrH(CO) P 3 , at 330 nm was'measured on a Perkin-E1mer/Co1eman 

124 doub1e-beam spectro~eter, equipped with a Hitachi 124 
, 

thermostated ce11-compa~tment accessory in c,Qnjunction with 

a Haake K-41 tempe raturE! 'ccon~ro11er. 
l 

Since the reaction product was found to be sensitive 
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to oxygen, solutions were prepared under nitrogen from dega~sed 

sol vents. Reactions too~ place in quartz UV cells of 1 ém 

path1ength that wère fitted with glass stopcocks. 'l'he cel1s 
• c 

were f1ushed with nitrogen (ca. 5 min) prior to, introduction 

and rnixing of the reagents in'the cel1 by syringe transfer. \. , 

The ce11s were then sea~ed from the atmosphere. 

[, 

1, 
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Three samples of different concentrations were measured 

concurrent1y. Since the sarne stock solution was used for 

éach series of rneasurernents, the relative concentrations 

were known withi'n 10% for each series. Triphenylphosphine 

concentrations were in 200, 100 and 50 fo1d excess of the 

iridium complex (.,050 mM) in those se,ries where the rate 

dependence on the ligand was exarnined. The concentration 

of the iridium complex was varied in the ratio 1:2:3, in a 

constant concentration of tripheQylphosphine (5.0 mM), in 300 

fold excess of the MOSt dilute sarnple of the iridi~ ~comp!ex. 
1 

Preliminary experiments indicated that the .reaqtion 
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\ 
product obeyed Beer's law in the presence of excess phosphine, 

and that the irid~um trihydride complexes did not \absorb \ 

at the wavelength of interest. Samp1es were removed'from 
/ 

the constant ternperature bath only for the brief interva1 

necessary to measure their absorbance. 

A'u.v. spectrum of a solution of IrH(CO) P3 exhibited, 

besides the absorption due to the tris (phosphine) complex, 

additiona1 peaks at 330, 384 and 442 nm ~hich are suppressed 
\ 

in the presence of excess triphenylphosphine; The additiona1 
, 

peaks are presumably due to t4e dissoriation of the tris-

(phosphine) tO,forro IrH(CO) P2" The extent of dissociation, 

however, is not great. A n.rn.r. spectrum at 25°C in rnethy1ene 
, 
chloride showed less than 1% dissociation for a 40 mM solution. , 

The reaction cells were impermeab1e te the 
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, 
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r \ 

, \' 
atmosphere, and contained ca. 2 ml of solution under ca. 2 ml 

of nitrogen and sol vent. vapor. Under these cO,ndi tions; along 

with âilute SOluti~rS and excess triphenYlPhOSPhine',r~-
addi tion of hydrogen, to reform the trihydrïde -is believed to 

, be negligible. In seleéted experiments, the cells were 

covered ~'tth metal foil, to investigate the effect of , 

incidental light on the sample. 

3. Treatment of Experimental Data 

The substitution of œ for hydrogen by a dissociative 
/ 

mechànism can be represented by the following equations, 
\ 

where D, Band E are the concentrations of the iridium 

complexes fndicated. 

r 
o (fac or mer) B, 

B E 

Equation 40 yields the following rate expression in the 

'absence of the back reaction. 

\ 

(40 ) 

(41) 
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(42 ) 

\ 
In th~ presence of a large excess of ligand, the equilibrium , ' 

indicated in equation 4L lies far to the right. Consequently, 
\ 

equation 42, after integration between D and Do and, 
\ 

substitution for D, resuLts in'the following expression, 

where E is the pr~duct concentration'when the reaction is 

complete. 

~ln{E -E) =, kD·t - ln E eq eq (43) 

in these experiments, the dissociation rate constant kD 

was obtained from plots of -ln(E q-E) versus t over two to , e 

three half-li~es. The validity of equations 40 and 41 was 

i~vestig~ted for each isomer by an analysis of the initial 

reaction rates", as weIl as the li~eari ty of the plots of 

equati.~n 43. 
, 

AlthQugh solutions containirig the tris .tpho,sphine) 

c~mp1ex were stable in, oxygen-free solutions of toluene, 

the c?nce~trat~on of the complex in methylene chloride 

solution was found to decline over several hours, presumably 
--~ 

t~rough reaction with the solvent. The result was severe 

curva~ure in plots of equation' 43 w~~~ methy1ene çhloride. 

Because the rate constant for decomposition, kt was found to' 
-" 

, \ 
\ 
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\" 

be first order and much smaller than the dissociation rate 

constant, kD, it was possible tb correct for decomposition. 
1 

The following expression, eq~ation 44,-was therefore used to 

ca~culate the dissociation rate constant for experiments 
~ 

donS in methy,lene chlor{de, i~ place of equation 43. The 

derivation of eqqation 44 is g~ven in Appendix 1. 
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(44) \ 

In this expression, El 
eq is 

obtained in the absence of 

To facilitate 
C J-

the uSe 

the value of Eeq 

decomposition. 

of eqy~tion 44, .. 

\ 
\\ 

which would 

the comput.er 
1 

be 

program KINCOR' was written. The complete program i8 given 

in Appendix III. The ~rogram functio;s in ~he following 

manner: i) an estimate of kD i8 obtained through, the 

application of equation 43, where "Eeq" , is t~e largest value 

of E; il) from kD, a value of t is calculated where the 

initial reaœtion is 99% complete; iii) values of E at larger 
1 

t values are then used to calculate kl; ivl equation 44 is 

applied to find a corrected value of kDi and v) the 9;% 

completion point is recalculated and, if necessary, steps 

iii and iv repeated one or more times with improved, values 

of k l and El eq' 

The computer q!!tput .for a typica~ experiroent is given in '" . 

r 

1 



Appendix V. 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 did not occur. 
r 

The decomposition of IrH{CO) P3 in methylene chloride 

was further examined in separate experiments. Assuming 

equatron 41 and a first-order decomposition through inter­
l 

mediate IrH(CO) ~2' the decbmposition rate constant will be 
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pseudo first-order in excess ligand, and inversely proportiQnal 

to the ligand concentration. Accordingly, the following 

expressions may be written. 

kt 
! 

/ 

IrH(CO) P 3 ----~'decomposition products 

wheJ;e 
\ 

f) 

(45) 

(46 ) 

In thèse 'equati6ns, k' is the apparent decomposition rate, 

kil is the r~action 1 rate:1:0f Irlt~{CO) .2 to Ji~e. decorqpc;>sitlon' 

preducts,<' and k p and"k+' p are as shown inl e~uation 41. The - . / ' \ t 
derivation or: these relationships is sho in Appendix I. 

Initial reaction rates were determ'ned to find the or~er' 

of thé triphenylphosphine substituti?n. eaction df I~H3(CO) .2 
, \ 1 

(equation 9) with respect te the iridihm complex and 

/ ~ 
/ 

1 

(. 
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- \ 

triphenylphosphine, . in methylène chloride and toluene. 
, ~ " 

Values for the instantaneous rates of ~eaction were obtained 
\ 

using CURVF1' (see Chapter III). It was found that reaction 

rates evaluated at t = 10 min gave more reliable\ resul ts 

than those evaluated at t = O. 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 
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still within the range\ of ~he experimental data. Consequently, 

the Il initial" reaction rates are those at a reaction time of 

10 ~n. Since the reaction is only 10 to 15% complete at 

.. this time, such an approximation is not: likely to lead to 

sig~.ificant error'. 

Init-ial rates were also calculated to an initial 

, concentratipn of zero. These rates were fO un d\ to be quite 

erratic, and are npt reported. , . 

As a check on.the initial rates, rate constants were 

calc~lated from initial rate vales by dividing the latter by 
• \ .'L 

Eeq or, for reactions in methyléne chloride, E~q" These 

initial rate "constants" are generally in good'agreement 

wi th the rate constants obtained f~om the integrated rate 
! 

expressions. 

In a few cases, erra~ic points near t = Oca~sed 
unreasonable values of' the ini.tial rate~ Band-drawn taIUjents 

of, E . versus' t were used in th"ese cases, which are marked 
1 

nestiroated 'values" in Table IV-l. 
\ 

, . 
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c. REsùLTS 

The initial rates of reaction and reaction rate constants 

determined for the substitution of triphenylphosphine for 

. bothl isomers ~f IrH3 (CO) P2 are sununarized in Table IV-l, 

A computer analysis of typical experiments in each solvent 

is shown in Appendix V. Tables of data for aIL experiments 

fOllow in Appendix VII. " 

/ 

1. Initial Réaction Rates 

\ 

The initial rates of reactiofi for both isomers are 

listed .in Table IV-I. Since the experiments were do ne in 

groups of "three samples taken from a stock soLution, and 

there was variation in concentrations between solutions, 
, 

initial rates and concentrations were calculated from J1\easureq 

values, with the inter.mediate value of concentra~ion and 

the corresponding rate taken as unity. 

The initial reaction rates change very 'little when ·the 

concentration of ligand is varied relative te the fac isome~ 

in methylene chloride. ~he mer isomer under th~sé conditions 

shows mor~ variation in initial rates with ligand 
\ 

-concentration, although the results do not indicate' any 
1 

systematic depéndence on triphenylphosphine. The initial 

r~tes,are directly proport~~nal to the starting concentratio~ 

of the fac isomer, indicating a first-order dependence. the 

l' 
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Table IV-l. Initial Rate. of Reaction pf the·tec and Iller ilo_ra of IrH3 (CO) P2' vith 

triphenylpho.phine! at 2S"C. Va~u •• of the concentration and initial 

rat •• are reUtive to the experiment at inteX1Mdia1;e concentration. 

il Llqand concentration variedl 

iil Metal concentration varied: 

[Ir) -,.050 mH, [PI 

[Ir) •• 075 •• 050 and 

- lf'O. 5.0 and 2.5 

.025 mM, [ PI - 5.0 

Expt. , Initial Relative 
I14te Rate 

Expt. 
t 

Initial Relative 
Rata Rate 

A. in _thylene chlorida 

il ( PI Cac iaœer 

2.0 

1.0 

0.5 

2.0 

1.0 

0.5 

Hl [Ir] 

1.5 

1.0 

0.5 

1.5 

1.0 

0.5 

il [P) 

2.0 

1.0 

0.5 

111 [Ir) 

.1.5 

1.0 

0.5 

34 

55 

36 

31 

32 

33 

46 

'.7 

48 

50 

51 

22 

23 

24 

27 

26 

25 

.0041 

.0044 

.0036 

.0103 

.0075 

.0090 

.0071 
1-

0.9 

.1.0 

0.8 

1.4 

1.0 

1.2 

1.5 

.0047 1.0 

.0017 0.4 

.~1l9 1.5 

.0078 1.0 

.0026a 0.3 

fac homar 

.0113 1.0 

.0107 1.0 

'.0102 1.0 

rac UOMr 

.0163 

.0103 

.0057 

1.6 

1.0 

0.6 

Azatiutad value. 

bAverage of tllO valllea. 

Cl 

45 

37 

38 

39 

69 

.0050 

.0a47 

.0042 

.0098 

.0100 

.0052 

tac hOlIIer 

.0095 

1.1 

1.0 

a.9 

1.0 

1.0 

0.5 

1.5 

68/70 .00641:1 1.0 

67 :0038a 0.6 

IIMIr i.omer 

59 .0135 1.4 
60 ____ c __ c 

62 .0048 0.5 

B. in toluana 

40 .0146 1.2 

41 .0117 1.0 

42 ' .0130 1.1 

53 

52 

mer i.-.r 

.0127 

.0089 

.0042 

1.4 

1.0 

0.5 

cAccidellta1"o,lddatiOill r.ta. ralative to .0048 lE. 51 • 

1\ 

!xpt. • 
\ 

55 .Oa7a 

56/57 .0052b 

58 .aoua 

1.3 

1.0 

0.8 
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mM. 
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initial rates of the mer isomer also are roughly proportional 

to the concentration of the metal cornplex, although, ag~in, 

somewhat less regular than with the fac isomer. 

AlI results obtained in toluene are in good agreement 

with the 1 trends suggested by the methylene chloride results; 
1 
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that is, zero-order dependence on triphenylphosphine, and a first-

order dependenoe an the iridiun cœplex for 00th isaœrs. .!!he nme regular 
\ ,\ 

r~sults obtained in toluene probably reflect the non-

participation of ~hat solvent in the reaction. 

The order of the ;eaction in both reagents is clear . 
\ 1 

from a, double logari thmic plot of the ini t4al rate v~rsuls , 

reagent concentration, Figure IV-l. In this plot, the slope 
\\, 1 

of the\ l~ne indicates the reaction order. Although there is 

considerable scatter in both plots, the best fit for either 

is6mer correspond te the reaction orders described above. 

2. Reaction Ra;te Constants 

Rate constants obtained from plots 'of integrated rate 

,1 laws êlFe listed in, Table IV-2. AlI plots of the experimental 

results were quite linear, whether or not they were corrected • 
for solvent-induced decomposition. This linearity is 

r~fleètecr' in the statistical parameters, calculated from the 
, 

plots of equations 43 and 44. The correlation coefficient 

generally exceeded .99, and the standard deviatiou in the 
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Tbe concentration depende~ce of tbe initial 
reaction 'rate isoshoWh ~n double logarithmic 
plots of the initial rate versus the concentration 
of triphenylphosphine (a) or the concentration 
of the iridi~ complex (b). Because aIl value~ 
arecrelativè~ intermediate values of the 
initial rate Anf c~ncentration, aIl lines pass 
through the origin. Initial rates were measured 
for th~ mer ~il~e4 SyMDols)'and fac (unfilled 
symbols) isomers inomethy.lene chloride (circles) 
and "toluene (squares) • 
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, Tabb IV-2. Re,ction Rab. Conatantl for Equation 40 at 2S·C. 

A. Methyl.~. Ohlodde 

UR l"AC 

102 Url , [ JPl/llrl lO2~ 11 Bxpt. 102)( ~ Bxpt. ( .1 d, t D, • II1II IIIH .lIIin- l min"l 
f 
f 'l 5.0 10.0 200 1.11 31 1.21 34 

1.12 31 1.,22 43 

1.28 ~5 

2.5 5.~ 200 .~7t.01 59 1.OU.Ol 67 

1.4dt.03 63 
" " , " 

5.0 5.0 100 1.36 
0, 

32 1.1u.oi 35 

1.20 38 1.7,t,03 44 

1"'6%.02 56 1. OOt.Ol 68 
f 1.Ut.Ol S,, 1.03t.Ol ~O' 

1 1.lU.Oi· 64 

1.12t.01 66' 

'" , 7.5 5.0' 67 1.30t.Ol 62 1.02t.0]" 69 
\ l.2U.Dl 65 

5.0 2.5 50 1.66 33 ' 1 • 57 3~ 

1.31 39 1.65 .5 

1.56 58 , 
" 01''''1,.119' .vlilu.aC Il.30t,0''xlO-2aio"1 (1. 2h. ao 1 xlO- l .ln-1 

" (2.17t:151xlO"4 .. c"1 (2.10t.J3IxlO"' •• c"1 

"'-,. 
J. 'l'oluen. 

1 . i 2.5 7.5 ' 3/10 ,1.91 25 

',' 5./1 10.0 200 1.61 40 . 1.15t.02 22 , , 
5.0 7.5 150 2.0fi 26 

; , 

l l 

7.,' 7.' 100 '2.09 Z7 .' 5~O 5:0 no l.d <Cl 1 .. IOt.02, 23 

5'.-0 ' 2.5 50 
f?'--" 

1 ... ,. , 42 1 •. 76 24 

(i9 ," ... lra,. val .. G (1 •• 't.i7IxtO-2.tft"1 (1.'lt.l')xl0~2~-1 

(Z.41t.21)xlo-4 .. G -1 
• 1 

(l.1It.Zalxlo-4 •• c·l 

j , " 

ii 
If 

1....,1: .. p~ fI'. the l1Pt.. , 
1 

IiIuJ:Or 11.111 cil an the 
. \ 

c:OepuCI4 for Cmcal axpilriNdU • • ~ c1evilUOII of the alopea, 
, , 

1 , 
'. c;..u of value., un COClf1c1aft~ l1a1t1, • • Il.''cI 10 111 .e0l:1011 A, .-3and6 

1a IecilOil •• 
1 

" 
,1 \ . 

\ 

0 ~ .. 
)1" 

" ,. 
ii .1 

~ ~ J ~ 

J~<:;~~' ~ . ;0 
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slope was less than 2%. The variation in rate constants 

bbtained in experiments Onder simi1ar'conditions, howe~er, is 

considerably greater. There appeqrs to be systematic error 

due ta sorne variation in reàction cond~tions between 

experiments. Daily temperature ftuctuations are 'a possible 
'\ . 

cau~ei a1though the samples were kept ,in a constant-

tempe rature bath, measurements involved"per~odic removal ftom 

the bath. Consequen~ly, the error 1imits given on average 

values are 95% conf~dence limits based on the 'precision of 

several experimental 'values. 

There i'S no large variation of ±he rate constant with 

ligand ~on~ation. Slightly higher;va1ue~ appear at low 

phosphine concent"rations in rnethy1ene chloride, although the 
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\ \ " 

tendency is not c1ear-cut. The effect may be solvent-induced, 

sinee' it does not appear in to1uene. 
r 

There' is no significant differencè between the rate, 

constants of the fac and mér isomers in methylene chloride. 

Theofac isomer reacts slightlY faster than mer' isomer in 

toluene. 

The effect of the solvent la small in these reactions, 

consistent with a dissociative process. The reactLon rate 

çonstants are virtually the same in the two sol vents for the 

mer isomar, and slightly'faster in to1uane for the fac isomer. 

A previous kinetic 8tudy,had'found that ~he rate constant for 
1 

dissociation of • from' IrH(CO) .3 was slightly slower in 
\ . . ' 

, \ 

, 
, / 

, 
", , 
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toluene 'than in m~thylene chloride , 

In reports in the literature, ultraviolet radiation was 

found to greatly increase the elimination of hydrogen in 

sorne iridium polyhydrides53 • To protect against this, sorne 
\ 

sampleswere protected from the light, as indicated in Table 

IV-2. these sam~les showed the sarne rate of reaction as the 

exposed sampl~, indicating that accidentaI irradiation is not 

a factor in the reaction rates reporiéd here . 

..:) 

3, Dedomposition of IrH(CO) P3 in Methylen~ Chloride 

a) Decomposi tien in the' IrH (CO) p 3/IrH (Cl) J!' 2 'System 
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The rate constants measured in methylene ch~oride, listed 

in Table IV-2 1 were corrected 'for anaerobic decomposi tion ....' , 

of :the product, IrH(CO) ]P3' A first-order decomposition at 

a rate that generally decreases with increasing ligand 

,./ concentration wàs obse;rved. The results 1 however, were not 

inversely proportional to the ligand conce!1tration t6 an \extent 

that would give reliable ~esults if a single decomposition 

rate constant, k", were to be used in aIl experiments. 

conse~entlY, individual apparent rate constants, k l
, were 

calculated for each rneasurement, 

l, 

./ 
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b) The Rate of Decomposition of IrH(CO),J!l3 

The rate of anaerobic decpmposition of UH(CO)P3 in 

Methylene chloride was,measured in sepa~ate experiments 

starting with that complex in the presence 9f exçess ligand.' 

For,three concentra~ions of'triphenylphosphine, plots of 
, \ (;) , \ 

the integrated rate expression (see Appendix lc) versus time 
l , \ 

are very 1inear, and the apparent rate constant is inversely , . 
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proportional to the phosphine concentration. Th~ decomposition 

rate constants are given in Table IV-3. 
w 

1 

Table IV- 3. Reaction Rate Constants f,or the, Decomposition 

of IrH(Q)) Pj in Methylene Chloride at 25°C. 

(Irl [ 1P 1 [p]/{tr] l'O 3k 1 , 105k"k /k -p +p 

min- l min- l l" 
mM mM 

.0,5 10.0 200 1.4 1.4 

.05 5.0 100 3.5 1.7 

.05 2.5 50 6.4 1.6 

average values 1.6xlO-S min- l 

~ '1 : \ . 2.6xlO-7 "'1 sec 

Tbes. results are aH in. accord \ith decomposition of 

IrH (CO.~ .3 ti:!. the ~ntermediate IrH ~O) '1'2' accorQing: ta 

, equatial 45. Tt\e apparent decomposltion rate constants,1 k' , • • 

.... 

. • 

" ., . 
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in Table IV-3, genera1ly are of the sarne order of magnitude 

as the vaInes of k' obtained in the experiments wi th the 

. trihydride at similar phosphine concentrations. Variability 

in k' values for the latter case may be the result of trace ~ 

~purities, or of the formation of reaction products which 
1 

affect the decomposi7ion rate at lopg reaction times lin the 
, , 

more complicated trihydride system. 

c) The Oxidation of IrH(CO) ~3 

Solutions of IrH(CO) .3 in rnethylene chloride that were 

left open to ~he atmosphere, but under otherwise similar 
\ 
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.[ condi ti0J:ls to the decompos i tion experimen1;:,~, reacted by a 

process strictly first~order in the complex at a rate al~ost 

one hundr~ ti~es that of anaerbbic decomposition, to giv,e "­

an apparent rate constant of 3. 7x10-3 's~c-~ ([Ir]\ = '.075 mM, 
\ 

[lP]'= 7.5 or 5.5 mM, a~ 25°C). Sinc~ thiS? represents a 

h"alf-li~ of ~a. t~ree mim~tes, the need for 'ri~or6usly 

anaerobic conditions in measurements involving this complex 

'1 

i8 apparent. It is expected th~t, like anaerobic decomposition, 

oxidation proceeds throuqh the square-planar intermediate. 

, , 

d) The Products of Decomposition 

The IOn_g-~erm, stability of a C,02Cl2 solution of' IrH (CO) P3 
\'. '\., 

was also investiqated. After a week at room temperature 1 

1 ' 
a H n.fi.r. spectrum of the solution showed that other iridium 

1 

1 • 

l' 
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hydri4e specie~ had formed {n the n.m.r. tube. Bes,ides the 

quartet characteristi& of the tris (phosphine) , in a re1,tive 

concentration of ca. 85%, ther~ was evidence of a dihydride 
, 

species, indicated by H-H coup1ing, whbse chemica1 shifts 

and sp1itting patterns suggested H trans t'o P and Cl. 

Structure 19 is consistent wit~ the observed spectrum (Ha = 
18.46 T, J HP .(trans)- = 148.7 Hz, ,JHP (cis) = 23.2 Hz, ,JHR- = 

4.7 Hz; ~ = 37.55 T, J HP '(cis~ = 11.2 az, J HP (cis) = 17.2, 

Hz, JHH = 5.\2 Hz), and corresponds to; a ~pec;:"ie~present in 

ca. 12%. This structure has! not been previou~ly reported in 

]!I li!' 

C~6a t~~ Cl~~ 
P Hb i P 1 H P . 

co p P 

19 20 21 

the literature, pres\lI!lab1y due to the preferential formation 
~ 

1 

of the trans P isomer by the usual synthetic route (addition 
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of hydrogen to Vaska's complex). A quartet can a1so bè 

observed at 30.32 T (JHP = 18.,0 Hz), corresponding to a mono­

hydride species present in ca. 3%. structur~ ~o i~_i~ CIOS~ 
agreement with literature values (for IrH2Cl P3 in CH2C12 , 

configuratio~ 20, ~H = 30.2 T, JHP = 15 HZ)175. The formation 
, 1 

of 20 would be remarkab1e in being stereospecifica11y pro4uced; 
'-, ' 

" 

\ 

" 
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none of its isotopomer is present ~n the, spectrum. Structure 

?l is also considered possible, since its reported,chemical 

shift, while outside the r~ported error range C±,.1 ppm), is 

n6netheless c~ose to the o~served value (lit. 29.2 T, J HP = 

15 Hz in CH Cl )l75 
2 2 

D. DISCUSSION 

1. 
( 

The Meèhan'i,sm Qf 1 Triphehylphosphine, SubstJ tutton in 
\ . 

The results presented above shaw that the addition of 
\ ~ 

.triphe~y+phosphine to both isomers of ,IrH) (CO) P2 is ,first-

order in the iridium complex 1 and zero-order in trïphenyi-
\ , 1 • 

phosphine,. Initial rate studies of each, i~omer, and the high 

degree of linearity of plots of integrated rate expressions 

clearly ~~dicate' these reaction orders. Furthermore, the 

absence of solvent effects on the reaction rate, and ev~dence 

for de~~:~~sition thr~u9h \ coordi~ately unsaturated 

mediat((! all suggestl. .. a d:issociative process. 

inter-

The reaction mecnanism ·given 'in equatiqns 40 'and ~l is 
é 

consistent with aIl these results. Accordingly, hydrQgen is 
. --

" 
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lost, from the startin~ trihydriqe èomplex in a~rate-cQntrollin9 
, , 7" 

step to give a four-coordinate' ,intermediate. The ligand 

adds relative1y quickly tb forro the product, ~rH (CO) .3 

throuqh a ~eaction which gdes ta co~pletion in the, presence 
/ 

1 

~ \ 

J 
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of excess ligand. 

\ . 
) 

, \ 

Previous1y reported systems invo1ving IrH (CO) P3 a1so r 

give rèsults consis~ent with a dissociative process 

(equation 41). The square-p1anar comp1ex formed by 

dissociation of the tris (phosphine) complex has frequentl'y 

bee~ cit~d as an intermediate in reactions of thë latter 

complex (see Chapter l, section c) . Kinetic studies ,of the 
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reactions of Group IV hya,ides with the tris (phosphine) complex 
'" '\ 

1 

conc1uded that thd reaction p'roceeds accordihg to equation 

4145 ,117. 'Chemièa1 evidence first led researchers to propose 
, ' 

that the i-ridium trihydride reacts through 10ss of hydrogen, 

to fom the inte~diate IrH«(l) P2 80. Of pârtic~lar ,relevance' 

to the\ pre~ent work is a kinetic and 'equi1ibrium 1tudy in 
, r 1 

which the same reaction mechanism (equations 40 and 4,1) was 

~roposed for a mixture of 'the isomers OI IrH; (CO) ]l>2 132 ~,' The 
" . 

present study, besides verifying the measurements by a 
" 1 
different procedure, adds to illformation already in the 

literature main1y in establishing that a dissociative mechanism, 

is valid for each isomer indiviàually. a ' 

8esi~es the direct ano_ in~ir~ct evidenctnurntioned \ 

above, the ,laCk of ~ S,~i.~able a1tein~tive mechanism ailso len~s 
support to' reaction 'Via pre-dissociation of ·hydJ:ogen. A "l, _ 

" ' 

disPlaceine~~pf hYd;'o,gen 'by free ligand, for example', cannot 

oceur qiven the zero-ordér dependence of the reaction on free 

ligand. Conceivable ~s'sociative mechanisms, besides involving 

\ ' 

1 
" 

ï 

: \' '. , 

\ 
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species of greater than the usua1 18 electrons and six 

ligands, \gerierally, ~ould not result in the rate laws ,observed. 

The results obtained in the present study are cOIppared 

'with literature values in Table 

r~~ul ts of Burne'tt !!!!.: 132 on 
1 

system in DMF are of interest. 

IV-4,.. In particulat, the 
1 

the . IrH'3 (CO) P2/IrH (CO) P3 

Since the isomers of the 

trihydride were not isolated, individ,:,al rate con~tants for' 
, 

.each w,ere not determined. An average rate constant for 

hydrogen dissociation from the isomeric mixture, k_H ~ al th?ugh 
" \ " " , ' 

not gi ven in the \ work ci ted, may' be calcula ted from reported 
, 

values of K (equation 9) ëlnd k_pk+H/k+p given in Chapter 1. 

The calculated value of X_H is in.. close agreem~nt w\i.th the 
~ 0) 1 

\ results obtained in, the pre'sent study in bath toluene and 

methylene chloride. 

Althoug,h the solvent may influence the rate oconst;;lnt 

Ïor hy~ogen addition, the v~lues\ in Table IV-4 suggest that 
1 .... 1 

it does not greatlf affect hydrogeri elimination. The absencè, 

of a large sol vent effeot is characteristic of dissociati ve 
, . 

processes, where the ligating ability of 'the sobrent is not 
• 1 l 'r-

a' ~jqr factor in the, reaction. The literature 'values suggest 
- \ 

that the rate of l}ydrogen addition is faster 'than that of 
. 

hyàrog~ elimination, consistent with the failure to observe 

the ,intermed'iate in the isomerization reactions.- It aiso ca,n 
11 ., • , '1 . 

fe ;s~en that ,,·tbe rate constant for' hl'drogen elimination from 

rrH2X(C~) .2 i8 an'orde+ of magnitude larger when X is hy.dride, 

. \ 

" 

• 
, t 

1 

1 

1 1 , 

(
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, , 

, 
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T~ble IV-4. Comparative valuel of rate conltants k+y and k_y. 

1 
!<+y 

IrX(CO) P2 + y -- IrXY (CO) P2 ..---
k_ y 

f 
\' 

product 105 k k+y { Y lol_nt' temp -y 
teterence structure' ·C Isec-1) (sec -lM-lI 1: 

; 
H H2 merH H2CC12 25 22'=2 worl< t' pre •• nt 
H )12 fac H H2CC12 25 2U3 pruent worl< 

H H2 1II.r H CëSCH3 25 25:1:3 pr ... ~t .,ork 

Il H2 lac Il C,HSCH) 25 3a2 praaen .,ork 
\ 

" , 

Ha 
132d H H2 mer H/~.c DMl" 25 27 • 3 ft 

NCO H2 tranl .. C6" SCl 30 1.4 .022 Sl 
Cl H2 tranl .. C6"SCl 30 4.0 \ 1.2 51 

H2 trana .. C'"SCl 30 1.0 430 51\ 

Cl H2 tranl .. ' CS"SCl 25 1.7 .88 51 . 

Cl 1I2 tranlP CSHSCH3 25 1.7 • 45 51 .. 
'\ 

" Cl 
"2. trana .. DHF 25 1.7 1.. 51 

H P tbp H2CC1 2 2S 10 4 >10
48 

117d 

H p tbp CSHSCH 3 25 5.700, 117 
H P tbp CHF . 

25 >1000 132 
'& ) 

H \l3Sish cil • CS"5CHl~ 20 2,2 117d 

H a;SiH~ cil • CS"SCH] 20 
&3 41 ~ 454 

,1 

H ajSiHC 
ch" C,IISCS] JO 210 4Sd 

allomeric lIIixtut •• 
~. 

" \ b leu3 ) tC2HSOl 2SiH 
, " c: (C,IIS)3.iH \ ' 

\ 
dealeulatecS hOlll report.cl value •• : , f 

e k+p .aUlllat.cl from n ••• r, 1 .pe~ indicatinq IrHC~ .3 1 ••• than n dUloc1atecl tl •• Chapter 2). \ \ 

,r 

,... 

() • 1 ) 
, 

f '" : 1 '\ , " '{ 
• 1 
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than when X is a halogen Ç>~ pseudohalogen. Such a relationship 
1 

is cons,istent with the large trans effect of hydride~ in the 

case of the mer trihydride, compared with a halogen or 
1 . 121 pseudohalogen . The fac trihydride has a diffel\ent 

structure, and cannot be compared. 

The rate constants for the di(sociation of triphenyl­

phosphiIle, shown in Table IV-4, are much larger than 

comparable values for hydrogen. 'l'he large rate constant for 

triphenylphosphine aQ.di tion, however, resul ts in a complex 

h ' \ . , 
t at is largely undissociated in solution, even though the . 
lfgand exchanges rapidly wit~ the complex. The rate of 

triphenylphosphine addition is much faster than even hydrogen 
\ ,1 " 

addition, \ which itself is sufficiently fast to prevent 
" 

i', accumulation of the intermédiate IrH (CO) .P2 . The rate o! 

, . 

f 

dissociatio,n .of silicon hydr1des are given as e~amples of 

compounds 
. ' . 

which, like hydrogen, react with IrH (ct» P2 by a 
\ . 

, concerted mechanism of' oxidMive addition and reductive . \ 
The range of reaction rate cc;:mstants for silü:on , , 

1 

, hydrides is very large, and May be much faster or slower than 
, 

the an~i~goùs' eÜmination of hydrogen, depending .on the 

substituents on the silicon atom. 
\ 

\ 

2: 
l 

, , 
,The Mechanism of IrH3 (CO) .2' IBomerization 

~ 
In,viewof the foregoing 'results and discussion, it is 

\' 

. \ , \ 

i 
j' 
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clear that IrH3 (CO) P2 reacts with triphe~ylphosphine through 

a dissoc~ative process. The rate donstan~s obtained represent 
. . \ 

the rate at whl.ch hydrogen 1S lo,st from the 
\ , 

trihydride, 
o 

independent of other reagents. Dissociation rate constant!? 
i 

are compared with isomerization rate constants in Table TV-s. 

, . 

Table IV-S. A' compariso~ of Isomerization and Dissociation Rate ~ 

Constants in Methyle?e Chloride at 25°C (104 kt seë1 ) • . ' 

'equations 4.0 and 41. 'AccordinqlYI, the 'rate çonstants for . 
,'dissooiation of hydroge'n are identical to km- and k f - in 

Scheme 5 and equations32 and 33" and are ind~cated as' sudh 

l ' 
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in Table IV-S. The val'tes of )cm- and ok f - are quite"reâsonable 

i~' view ~f tf~ relationship between the r~te constants and kF 

o and kR ,(equations ,32 and 33-}--. For examp1e, if the ratio 

knt~/kf+ it ~efineq as x, substitution into equation 32 yields 

othe following expression 

k _ = kF,(l+x) m . ~ 
{47} 

Thus, the dissoci~io,n r.ate cons~ant, k" can be eg,ua1 
. ) ,m-' 

(km+ < kf+~." slightly larger (km+ 'ù kf +>, or much ~arg6!r 
1 • " 

(km+ > k f +>; than the isomerization rate constant, but cannot 
, 

be smaller. A similar argument 'holds for the dis'sociation 

rate c~nstant \ kf-I' whi"ch' i~'~ccordinglY ~~ual to kR (1 + l/xi). 

The) comparative v~lues of thè isomerization and 

dissociative rate" constants areoalso re,sonable from the po~nt 
, ,0 

of view of the total reaction mechanism (Scheme 5). For 

example, k'f- can be ' larger l than kR " because no\ aIl . instan~es ' 

of dissociation from the fac isomer result in isomerization; 
. 1 

addition. of hydrogen can occur to reform the fac isomer. 
~ 

Thirdly, there ia independent chemical and rate evidence . ' 

for each step 'of the isomerization mechanism. ' Th~t both 
,1 j 

isomers of Ira3 (CO) P2 can lose hydroqen has been amply 
\ 

demonstrated in Chapter Ir. The addition of hydroqen to\ 
, A ...... • \ 

IrH{CO) P2 is indicated by thelc.nown reversibility of 

equation. 9. E~eriments described b~low demonstrate that' 

" 

1 

l, 
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trihydride by a mechanism other than isomerizatio,n. In view 

-of t-he well-documented dissociation o·f the tris (phosphïne) 
--' o. . /45 1 7 . 

comp17x' to fbrm IrH (CO) P'2 Il, 1 , one c~ conclude that '< 
c 

hydroqen adds to the latter complex. 

Final1y, it ls c1ear fr~m the ~ero-or.de~ d~I?od~nce 
of the substitution, reaction on triphenylphosphine that botp., 

isomers of IrH3 (~O) P2 "!ou14 108e hydroqen at rates. a,t 1east c 

" ~ \ 

as, fast as isomeri~ation ~ven in the absence qf If~~d. To 
l . _,~ 

propose tha t is~rization can only occur 1:?~y ~'m~lranism 

other than dissociation wUld nece~sitate: the est:abl:ish'lbent 

of separate. equilibria of both iso~rs with hydrç'qen,,, to aVQid 
" .' 1 

#1 ..g.. ( 
net loàs of hydroqen. This in turn l.lI1plies two dl.fferent 

interme~,~ates; for/sxample, cis and, trans ,:rH(CO) P2" T~ 

struçtures do, in factO appear in the literature to ad'count.for 

~ydride excJ?,anqe i-n the pz:oducts of s~~ic~n hydAde a~~~n 

to the tris (phosphi~.) comPl~10 , ' 

" In' the present case, a~ least, the postula1:ion of two 
, 0 , 

intermediates ia an unnecessa'J:(y. complication. 80' too ia the 
, .. 

postulation of isomerizatiO'R by, ni9re than 'one' mechanism.· " 

18omerizat10n by 1088, and re':~ion ~f h~"rogeri i ";":'tion .:. l ' 
24, ls the 'sÜ\plest 'and most likely mechariism. and i8,in .. 

acc~rd with aIl experiment~l results .. 

Isomerization via 1088 ~d re-addition of .hydroqen,.~ 
~. d , 

coup1ed' with the ,fact that' hydroqell ls los t, at e~l rates 
l ' f., .. l ' . ./ 

\ . 
1 

1. 
,1 . . 

• f 'CJ -' 

1 , 

" 

'" 

1 

'1 ' 
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,i 
1 
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- fram both isamers, imp,lies that the prevalence of the tac 

isamer at equilibrium is a result af a samewhat faster rate 

of hydrogen addition' to f orm tha t i somer, compared wi th -the 

mer isomer. In terms of equation 47, an isomerization . 
constant af 1.5, therefore, implies x'~ .66. Use 'of this 

" 
factor to calculate km_'and kf - from measured values of kF 

and kR in fa~t results in higher values [km- = kf - = (3.15 ± 

.45) \ x 10-4 sec- l ] than abtained experimenta1ly (Table IV-S). , 
-: 

The difference is likely du~ ta, an undetermined systematic 

error in one or bath methods of measurement, and can be 
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expected when camparing kinetic parameters obtained by entirely 

different meth,ods. Given, these uncertainties, x may be 

estimated to range from ~3 to 1.0. Consequently, the rate 

constant of hydrogen' addition to forro the fac isorner is fram 

one ta three times as' fast as that for the formatian_ of the 

mer isomer. 

The rnechanism of isomerizatian of IrH3 (CO) P2 proposed 

in equatian 24 implies that there .are two àifferent modes af 

addition to the square-planar' complex, IrH(CO) P2' The 

addition af hydrogen to square-planar iridium (1) species in 

neaFly all othe~ cases is 'stereospec~fic. For species of the 

formula IrX(CO)L2 , where X is an anionic ligand and L is a 

tertiary phosphine ligand, the resulting six­

coardinate species has hydride ligands cis and phosphine 

ligands trans, as in spe,cies 22. In the present experiments, 

,. 

/ 

! 
1, 
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= H, addition in this mode would forro the mer trihydride. 

LrhH 
t---r-4 

co 

22 

~ 
LrhH 1 L~H 

~ o~ 
L 

23 24 

, 
The formation of the fac isomer represents a mode of 

hydrogen addition in which the product has the phosphine 

lig~ds in a cis configuration. Addition of reagents to 

IrX (C'O)L2 to give products of a cis-phosphine configuration, 

23, although unusual, is not without precedent. The addition 

of silicon hydrides to IrH(CO) P2 to give products of this 

stereochemistry has ,been mentioned above (Chapter I) 172. 
, -

Al though the addition of hydrogen to IrCl (CO) [P (CH 3 ) 2 (C
6
H

S
) ] 2 

résults in the' conventional' trans-phosphin~ structUr~ 1 22, 

. 186 . 104 the flddition of allyl halJ.des and tetracyanoethylene 
1 

fonns products having cis phosphines, analogous ta 23. 

MOl;'e to the point in the present case are the stereo-

chemistries qf the hydrogen addition products to complexes 

o~ the formula IrX(CO) P2 l24 , where X is a cr-carborane, R­

BIOC2H10. Depending upon the nature and position of R, 

hydrOgen adds stereospe~ifically to the solid complex to 

forro either 23 or 24. In solution with the comple~ IrX(CO) dp, 

o 

. ' 
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whére dp = l,2-bis(diphenylphosphino)eth~ne, and the ligands 

are restricted to ~he cis,configuration, the addition of 

h 'dr lt 1 . 24 187 
1 Y ogen resu s on y l.n structure . In m~thylene 
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chloride solution, however, structures 22 "and 23 were produoed 

in proportions of .60% and 40%, respective1y, along with smaii 

amounts of 24 (ca. 2%). If X ;= H, the production of 22 and 
'\ \ 

23 corresponds to the fac and 1er trihydri\des of the present 

work, formed in the same solvent and in the same proportions. 
1 

In th~ carborane case,. the complex ~31 isomerizes 
. 

quantitatively to' 22 in solvents such as methylene ~hloride 

and benzene. Further experiments indicated that the 

production of 22, 23 and 24 is entirely the result of direct' 

addition of hydrogen, not subsequent isomerization. In" 

acetonitrile and other highly polar solvents, 24 is formed 

stereospecificatly. The addition of acetonitrile te- solutioflS 

containing 22 and 23 induces isomerization of 23 to 24, but 

does not affe'ct 22 124 • 
1 

The mechanism of these isomerïzation was not determined. 

Preliminary measurements indicate that the conversion of 23 to 
, 1 

22 is first-order in the starting complex, and occurs about 
1 

ten times slower' than the isomerization des~ribed in the 
.t 

present ~xperiments (t l / 2 = 460 min at 25°C'in l, 2-diehloro­

ethane). "The appearanee of several isomers was thought to 
\ 

be the result of' sterie crowding of the large earborane and . 
phosphine ligands. Distortions induced ·in the square-pl,anar 

, , 
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starting cornp1ex, it was suggested, result in formation of 

the cis phosphine complex,23, in addition to the cornplex of 

t " l f' t" 2,124 ., conven ~ona con ~gura ~on, li • "" 
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In view of the isomerization mechanism of IrH3CO P2 

proposed above (equation 2~), ~t is ~~teresting that a similar 

mechanism fits aIl the information on the production and 
( 

isomerization of the carborane dihydrides of structures 22, 

23 and 24. Thus, in I?-0n-polar so'lvents, if one igripres the 

minor p~oduct, 24, the following mechanism for the isomeD,ization 

may be suggested, where_ X is a carborane ligand. 

X i H 

~ +H2 L/'{O +HZ Q -< (48) >' 
t 

L H -HZ X L 
X 'L 

CO CO 
'\ 22 23 25 

~ . 
In this rnechanism, hydrogen oxidatively adds to 25 by rtwo 

stereochemical modes at nearly equal rates: ~The ~lihydride, 23, 
. " 

loses hydrogen at a much slower rate to reforrn 25~ while dihydrid~, 

22,is stable towards hydrogen 10ss. The isomerization is 

identical to that of IrH 3 (CO)t' except 'for the stability of 22. 

The ratio of rate's of hydroge addition to 25 is similar to the 
;\. 

equivalent ratio, km+/kf + in the trihydride case. As in the 

latter case, the-magnitude of the addition rate constants to 25 
, , 

must be much greater than that for hydrogen elimination from 23. ' 

,-----
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A similar mech~niS~ rnay be proposed' for, the reaction in 

acetonitrile and other very polar solvents.' .. 

x 
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~ ~ +H~ HO (+H2) 
(49) <: polar 

L H -H2 solvents OC H 
CO L 

23 25 24 

The isomerization in this case is sim~lar to that in less-
" ~ 

polar solvents (equation 48), exèept that the reaction, of 25 

along the reaction pathway'leading to the dihydride,24,~ust 
-

be rnuch f~ster than the addition to form dinydride',23. 

, The above mechanisms ,(equatïons 48 and 49) provide an 

explanation for the fact th?t both the addition of hydrogen ., ' 
/, 
~ 

and the isomerization of 23 are solvent-dependen~, and both, 
, 

exhibit a teridency to form species 24 in the presence of very 

,polar solvents'f Further elucidation of the pathway 25 to 24 

(equation 49) is ~rov~dèd in, a very recent report by th~~ame 

authors187 • The xeaction, at least ~~ the case of aceto-
1 

nitrile and benzqnitrile," apparently proceeds through inter­

media~e complexés formed by reaction with th~ solvent, as 

in equa ~ion 50. 

.'r /~ 
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-/oP 

25 ... > 
+H2 

Ir (CO) (ReN) eX) p---+ 
P/hH 
(RC~ 

CO' 

-RCN .. 24 (50) 

26 

\ 

1 :' i· • / 
Isomerization by reduq;t~ve elimination of hydrogen from the 

\ 

dihydride, '}23, provi4,es a pathway for thé formation of the 
1 

square-planar cornplex, 25, from which isorner 24 can be 

produced tnrough, equa tion 50. 

All: the evidence cite'd ab'ove indicates that there are 

at least tW9 cases where the oxidative addition of hydrogen 
, 

to square-pl.;tnar Ir (i>, complexes, IrX (CO) P2' 15 not stéreo-

specifie. , The reason why the se cases, where X is a hydride 

or carborane, differ from others, where X is a halogen or 
/ 

" 

pseudohaloge~, is ncpt clear. It does not seern to 'be the electronic 

influence of X, since the electron-withdrawing ability of the 

carborane is corn~ar;ble te that of the chloride ligand188 

The suggestion advanced in the case of the carborane complexes, 

tbat ~e requirernents of a very ,large ligand .eX) res~lt in 

1 d f h d 'dd" 124 \. l'· .. unusua mo es, 0 y rogen a ~t~on ,~S a 50 ~nconslstent 
" 

, 

with the fact tha1: very similar b~havior oceurs when X i,s the 

smallest size possible. 
J. 1 

In the formation of the two i sorne rs of !rH3 (CO) P 2 ' there .... 
are at least two modes of a,ddition of hydrogen. It is not 

, 
clear fhich t~ of the three hydride ,ligandS are the added ' 

1) 



o \ 

ligands. To ans~er this question, the labeling experiments 
'1 

described in the next chapter were carried out. 

E • CONCLUS IONS 
" . 

~ 

The rates of reaction for the substitut~on of triphenyl-,. 

phosphine for hydrogen in both isorne~s of I~HfCOl P2 were 

rneasured in toluene and Methylene chlorid~, and are listed in 

Table IV-2. The reaction is first-order in the iridium 

cornplex and zero-order in triphenylphosphine. The kinetic 

behavior stro~gly suggests a mechanisrn by which both i,sorners 

react by th~ reductive elimination of hydrogen to form the 

intermediate complex, IrH(CO) ~2' 

A comparison with the rate of isornerization (Table IV-S). 

indicates that isornli:!rization also proceeds. by th,e reducti ve 

elirnination of hydrogen. The implicatfori is that non-stereo­

specifie oxidative addition of, hydrogen to IrH(CO) P2 is 

occurring. Becaùse the addition of hydregen te -squ'are-planar 

iridium (I) species i5 generally stereo~pecific, this form of 
1 

isomerizatien 15 unusual. However, it 16 11kely that'a 

. similar isornerization occurred in sorn~ iridium (I) carborane 

complexes, and had not been recognized. 

168 
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CHAPTER V 

SPECTROSCOPIC-~STUDIES OF Ir (D/H) 3 (CO) [P (C6HS ) 3] 2 

~ , .. 
~ 

A. INTRODUCTION \\ 

The labelling experiments described in this chapter were 
1 

, , 

carried out to determine the stereochemical x:node or modes of 
, ~, 

hydrogen addition to the square-plan<;lr intermediate, IrH(CO) P l....,t, 2' __ " fJ;v 

to form the ti tle complexe In these studies, deuterium or 
" 

hydrogen gas was added to the iridium (I) hydride or deuteride, 

and the resulting mixture analyzed by infra-red and proton 

n.m.r. spectroscopies. It was possible to distinguish between 
J ' • 

primary productsl!formed by reaction with the feed gas, and 

'" secondary pr'oducts resulting from intermolecular exhange in 

'p 

:static solution. 

The reaction examined here is the reverse ôf the one 

studied kinetically i'n Chapter IV. 

H " 

::+-P 
---/ -p L '\ H2 --- ... ho -+P P CO 

CO 

27 14 1 

E'[idence for! an intermediate was found in the u. v. spectrum 
J 

of 27 (see Chapter IV): moreover, the kinetic behavior qf 

/ 
---.,:'rJ-;>------.- ,----- ,-------

-y't' \ 1 -~! 
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, , 

IrH3 (0)) P2 132 and IrH{CO) P3117 toward oxidative addition 1eave 

little doubt that the int~rmedh,te IrH (CO) P2 is invo1ved. 

The stereochemistry of the intermediate is suggested by 
, 

i) analogy wÜh IrX(cx»P2 S~ (X = ha1ogen, P = ary1 or a1kyl 

phosphines), H) steric grounds, sinee the bulky phosphine 

are expeeted to assume trans positions, and iii) the spectro-

scopie observation of a trans-/ P structure in the rhodiwn·' '. 

analogue, RhH(CO) P2169 • It iel therefore aE?sumed that the 

intermediate a1so has tranl?-P 1s in 14. 

B. EXPERIMENTAL PROCEDURE 

1. Synthetic Methods and the Sources of Reagents 

• Deuterated reagents ~ere purchased from the fo11owing 

sources, and used without further purification: methy1ene 

ch1oride-èÎ2 (99.5%), to1uene-dS (99.5%) and deuterium oxide 
'10 

(99.6%), Stoh1er IsotopeChemica1s~ deuterium (99'.5%), Linde/ 

Union Carbide, Ltd. i· sodium borodeute~ide '(9S%) and 1{thi~ 

".~ a1uminurn deuteride (99%), M~rek, Sharp, and Dohme (Canada)., 

170 

'Ltd. The syntl1esis bf IrH3 (CO) P
2 

is ,d~scribed in Chapte-7' II 

and those of IrC1 (CO) .P21S4 , IrCIH2 (CO) P
2 

96, IrH (S02) (CO) P214'7 
, 80 

and [IrH2 (CO) P3]C104 . appear in the literature. 

a') IrH (CO) lP 3 

. . 
IrH(CO) JlI3 was prepared aecording to 1iterature rnethods154 

é 
é 
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and recrystallized from hot ethanol to give pale yellow 

crystals, ior. 2087, 1930 cm- l in Nujol. 

b) IrD(CO), P3 

IrD (CO) 1-3 was prepared by a modification of literature 

methods80 ,130. A suspension of IrCl(CO) P2 (.25 'g, .33 mmol) 

was stirred with LïAID 4 (.042 g, 1.0 nunol) and excess' 

triphenylphosphine (.26 g, 1.0 mmol) for two hours in freshly 

distilled, dry tetrahydrofuran (25 ml) under nitrogen. Excess 

~iAlD 4 was destroyed wi th a few drops of -°2°, and 'the grey 

mixture évaporated to dryness. The residue was stirred in 

toluene (25 ml), filtered, and the filtra.:te was 1eft for 12 h 
1 

at 25°C under nitrogen. Following evapbration of the solution 
l , 

to 1 ml, the Crystall~zation of produet wa~ indu.ced by the' , 

slow addition ,of hexane (la ml) and eooling\ to -10°C. ~he' 
, 

product was filtered, washed with hexane, and dried. Yie1d: 
\ 

.25 g (71%), isotopie purity > 95%. \ 
cl IrD3 (<D) P2 

IrD3 (CO) P2 was also prepared by a modified literature 

method 80 '. IrCl(COl P 2 (.25 g, .33 mmol) was stirred ~ith 

L,iAII?4 (.042 g, 1.0 mmol) in freshly distilled tetrahydrofuran 

(l0 ml) for six hours at 25°C under nitrogen. Excess LiAlD4 

was destroyed wi th a few drops of D 20' and tHe mixture wàs 

evaporated ta dryness. The residue was extracted in toluen'e 

1 
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;/ 

,< 
(15 ml) by stirring 30 min under 02 and filtered. The fac 

and mer isomers were separated in the sarne way as the tri-

hydride isomers. Total yield: .10 9 (41%). 

d) Attempted Stere~specific Synthesis o.,f ~-IrH3 (CO) P2 

~n typica1 experiments, sma1l amounts (ca. 20 mg) of an 

iridium 'complex, IrH2ci (CO) P2' IrH (S02) (CO) P2' or 

[IrH2 (CO) P3]C104 , w~re mixed.with an e~cess of hydriding 

agent (ca. 10 mg), briefly at 25°C, or longer at low 
\ 

temperature, in ca. 2 mT of solvent. Th~ su~pehsion was then 
\ 

evaporated~to dryne~s in a stream of nitrogen and quickly 

172 

extracted into ca. 1 ml methylene chloride, filtered, and again 

evaporated. After trituration in hexane, the resulting 

powder was analyzed by i.r. as a Nujol mull. Further d~tails 

of these reactions are given in Table V-Go 

2. Interaction of H2 or D2 with' Ir (DjH) (CO) P3 
; , 

/ 1 

a) 1.r. studies 

'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 and need1e for the release of pressure. A 

continuous stream of H2 or ~2 was passed th!ough 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 l ml of solution, rapid evaporation « 2 min) 

to dryness in a stream of nitrogen, and trituration in 

hexane (1 ml). The i. r . spectr um of the re sul ting powder was' 

taken as a Nujol mull or a KEr disk. In these experiments, 

the effects of intermolecular H/D exchange were minimized by 

constantly purging the solution witp reactant gas, and 

solid~state sampling. 
1 , 

b)' N.m.r. Studieè 

\ 'J' -=;-
The" reaction products were analyzed by solution-sta te 

n.m.r,. spectro~copy in a ~anner simi.la,r te that described-

above' (part a), but on a smaller scale 
Î 

(10 mg Ir (I) cQmplex) , 

in deuterated sol vents (ca. l'ml of CD 2C12 

at sornewhat higher concentrations (10 mM). 

or toluene-da) 

The gas was 
! 

bubbled for ca. one hour at 25°C or ca. five hol,lrs at O°C. 

The solutions were then quickly filtered into n.m. r. tubes 

" and stoppered under nitrogen.' In sorne cases, th~ samples , 
were then ceoled. Only a short tinte passed between the 

and 

cessation of bubbling and cooling « 5 min). Further de~ails 
{ 

of the i.r. and n.m. r. spectr~l. measurement are given 'ln q 

\ 
Chapter Il, section B. 2. , 

C. RESULTS AND ANALYSIS OF SPECTRA 

Spectral p.at~ and structural assigtunents, of the 

, 0 

1 
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If 
Ir,{D/H) 3 (CO) P2 reac~ion products are described below, as 

" , 

well as t~e effects 'of varying the reagent, the t~mperature, 

" and the solvent", The"range over which the ~~action temperature could 

be varied Wàs limi,ted: I!l~ch above ~iEmt t~mperature, the 

, less of hydrogen from the complexes was too fast, while ,at' 

temperatur~s below 0 oC, no react,;ion at aU ocèurred, even 

aft::er six nours. 

Struotures referred to in the, text are listed in Table 

V-l. Isot()pomers wi th compleméntary H/D s!Ù'stitution patterns 

are indicat~d by superscript primes, and hydrogen atoms 

having the sarne relationship to the tertiary phosphine and 

c~rbonyl: ligands are indicated by subscript letters. 
o 1 

1. 

-l 

Int'ra-Red Spectra, 

Solid-state spéctra were mèasured on Nuj 01 mull\s 
• 

obtained from methylene chloride solutions of the tris-

" ~pho"phine)' complex" 27, treated with hydrogE!n at room _ 
\ 

t~~erature. These spectra a~e compared to partially 

~euterated products, obtained under similar condition!3r in 

1 • l 
V11'F~gure v- . 

Assignments of the peaks in these spectra may be made' 

wi th" t~e aid of jhe trihydride spectra and Vaska' s st:udy of 

sorne partiaÙY deuterated hydrido-oarbonyl complexes185,~89. 

In those studies, a resonant interaction between metal-hydrogen" 

) 
J 

.. 

: . 
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Table V-l" Isotopomers of IrH(CO) 11'3: IrH(CO) 11'2' and IrH 3 (CO) P2' 

IrH 

IrD 

H 

6'" o p 

0 

28 

28' 

CO 

27 

D 

27' 

7 

lia 

:a6: 
Ha 

29 

o 

· m Hb 

oh--i 
o 

29 ' 

O~ 
14 

u 
OC P 

14' 

~6.0 
P He 

CO 

3 

0 

6 ~c 
c c 

co co 

~O 31 

H • o -
d tic. :0: 

co CO 

30' 31' 

1 

/ 
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Figure V-l"; 

o 
• '9 el! 'iiir'1~ ........ ~",~"'''''''''~~\,,'''''''''''''''''''_<'1 .... "'~ .... ...., .. 
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, 
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" 

~ 

l.r. spectra of Ir (D/H) 3 (CO) P2 reaction products 
in the Ir-H and CO stretching regions, measured 
in nujol mul~s. In, (a), the spectrum of IrH(CO) P 3 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.il, and 
after bubbling D2 for l h (b.ii) and 2.5 h (b.iii). 
In (c), the spectrum of IrD(CO) P3 is shown be~ore 
reaction (c.i), and ~fter bubbling hy~rogen for 
0.8 h (c.ii), and 1.5 h (c.iii). 

" 
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1 

and carbonyl stretching vibrations was noted in complexes 

where the hydrogen and c~rbonyl ligands are trans to one 
• ,'\>. 
~" , another .. ~, This interaction ~ould in the present case result in 

a~ inbrease of 20 to 30 cm~l in v upon the substitution of 
6 CO 

deuterium for hydrogen trans to carbonyl. Furthermore, the 

ratio vlr-H/vlr-D for a similar H/D substitution cis to the 

carbonyl ligand was found to be 1.39. Accordingly, for v Ir-H 
1 '~l 

trans to H,one weu1d expect an absorption at 1281 cm upon 

substi,tution with deuteriwn. 

These re1ationships were verified by the preparation 

of fac and mer IrD3 (CO) P2' Both isomers had the sa~e v co 
(1986 cm- l ) , but the mer isomer exhibited a broad, weak 

absorption at 1280 ~-l that "was misÏ;~ng in the fac isomer. 
~ I~ ~ ,~ 

The absorption due to v rr- D trans to D is much weaker than its 
\ 

trihydride counterpart, possibly due to a lack of resonant 

interaction in the former case. 

Both fac and mer TrH3 (CO) P2 ar~ c1early present after 

---one heur of treatment with'hydrogen (Figure V-l, a.ii). 
/ 

Further growth of absorptions due to trihydride species ceases 

~fter a reaction time of ca. 4 h. 
. \ 

The spectrurn at this t~me 
\ indicates that on1y the three species 27, 3 and 7,are 

present. 

1 

, 
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Arter 60 min (Figure V-l, b.ii), absorptQons character-
'" 

- " ~".d'" - J. 
ist~c of H ~rans to CO (2073, ~965 cm ) and D trans to CO 

-1 ' 
(1998 cm ) are apparent. All these peaks continued ~o grow 

wi th time (Figure V-l, b.iii). Very weak, broad absorptions 

are tentatively assigned to "Ir-H trans to D and H, respectively. 
-1 A weak absorption appeared at 1285 cm , and ïs assigned to 

",Ir-D trans to D. In view of the relatively low extinction 

coefficient of this stretching mode, th.e presence of this 

absorption suggests that appreciable arnounts of a compound with 

trans D ligands was formed. 

After a reaction ti~e of 45 min (Figure V-l# c.ii) 

several peaks appear which,are assigned to "Ir-H trans to p' 

(2110, 2061 cm-~) ~Ir-H trans to CO (2076 'cm-l~, and vco trans 

to D (1986 cm- l ). It i5 expected that the substitutio~ of 

deuterium for hydroge~ in a position tr~s to hydrogen will 

resul~ in an increase in "Ir-H' Consequently, the large 

absorpt!~n at 1780 cm- l is assigned to "Ir-a trans to H. 

No evidence of "Ir-D (trans to H or D) !as ,apparent in the! 

region 1200-1350 crn- l 

d) Exchange Processes 

Interrno1ecular H/D exchange is e~pected to be sma11 under 

/ 

/ 
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, 
the conditions of these experiments {i.e., constant'purge of 

the solution by H2 ,o~ D2 , and solid-state sampling. The 

relatively slow growth of vco due to 27 (1930 cm- l ) in ~he 

179 

- > , 
addition of H2 to ,IrD (CO) P3 (Figure V-l,q) ~l1ows that exchan,ge -H, 

. tp , '1~ 
is not a major factor in these expertments. The absorbances '~ 

, \ 
mentioned above in sections band c are therefore due to 

e) Structural Assignrnents 

, 
The spectra in Figure V-l indicate that the fac ,-1I:somer is fonœd 

u"!1S 

by addition of hydrogen trans to ~, since both of these 
~yl 

stretching modes rA' (2) and Ali in Table II-l] are C1present in 

c and absent in b. The mer isomer is fo,rmed by the added 

hydrogen occupying trans position~ in the product. This is 

indipated by presence of vI~-H (trans H) in c and the absence 

of It in b, as weIl .as the presence of v
lr

-
D 

(trans D) in b 

but not c. -Also, there are indications of additional 

species present (Le., H trans CO in c, and D trans CO in b 

which implies non-stereospecific formation of each isomer. 

~he n ~ m. r. experiments de scribed below determined the nature', 

of these addit~onal species. ,/ 

f) IrH{CO) P3/D2 Reaction Products in KBr Disks' 

Reactions with deuteriUm, carrled out under the sarne 

conditions as in sectiôn b", were also analyzed as KBr pellets 
\ ~ 
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Figure V-2. I.r. spèctra of the réaction products of 
IrH(CO) P3 and deuterium, measured in KBr disks, 
after 1.5 h (a), 8 h (b) and 40 h (c) of 
treatment with deuterium. ~ 
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(Figure V-2). A1though aIL the absorptions noted in spectra 

,taken as Nujo1 mulls (Figure V-lb) were also present in 

.those taken as KBr -pellets, additional peaks appeared at 

IBI 

173-0' 'and 1~80 cm -1 in the latter cas'e. 1 Curiously, the~e peaks 
1 

continued to grow even after fort y hours of a deuterium 

purge (Figure V-2c) , when no other Ir-H stretch~s were evident. 

" It is believed that the additional peaks are a result of a 

solid-state reaction which occurred dur~ng the preparation of 

the KBr pellets. Under these cOnditions (i.e., an evacuatèd 

, die-press under a ,pressure of ,7,000 kg/cm2 exerted for ca. 

15 min with the ooncurrent generation of heat) , it appears 

that an intrametalla~ed species, such 'as 32 or 33, was formed 
\ 

by transfer of a hydrogen atom from the ortho-phenyl position 

of the triphenylphosphine ligand of an Ir (III) species, 

along with the elirnination of HD or D2 . 

Consistent with structures 32 and 33, the rather large 

absorptions at 1730 and 1280 'cm- l are assigned to v lr- H and 

v lr- D' respectively. The relative increase in intensity of 

absorptions assigned to vcc (1572, with smail shoulde~s at 

1762, 1745 and possibly 705 cm-1) , suggest changes in the 

substitution pattern of the aromatic ring, and are chatacter-

. . - f' Il t d ~, d 53, l~w F th 1 th ~st~c 0 ~ntrameta a e ~ompoun s . ur ermore, e 

intensity of vlr- H (trans D) is roughly proport~Ontl to ~ the 

amount of Ir(D/H)3CO P2 present in solution, regardless of 

"whether the Il;:' (III) species i5 trD2H (Figure V-2b) or Ir0 3 

f 

\ 
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(Figure V-2e) The source of the hydride ligand is therefore 

not the starti"ng material, 27. lo The fact that the a~sorptions 

at 1730 and 1280 -1 
cm are present'at a reaction time of 90 min 

(Figure ~-2a) ruIe, out a reaction with solvent as a 

possible source of hydrogen. 

r 

32 33 

, 
The above p~oposals sb:>uld be verified by 

o 
n.m.r. , 

1 
to fully 

establish intrametallation and to perhaps distinguish between 

32 and 33. Isomers of 32 and 33 having cis hydride and cis 

phosphorus ligands ha~~~een prepared b~ the ~xidative addition 

of hydrogen to Ir (CO) lP'1C6H4) (C6HS)2] p190 •. Since, in-the 

present case, the compounds àre formed in high yield, the , ~ 

preparation of intrametallated complexes by solid-state 

synthesis ma~ be a ~seful synthetic method~ The n.m.r. results 

presented in this ehapter elearly demonstrate that a similar 

, d ' 1 l' l'd ' 1 react~on oes not occur ~n so ut~on. 50 ~ -state ~ntrameta -
... ~ i ' 

~ation af hiçh pressure; if verified: would provide an 

~nterestlng illustration of Parshall's suggestioJil that "any 
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C-H bond may be metallated'if it,is 'rubbed' sufficiently 

hard against a reactive metal atom,,191. 

2. N.M.R. Spectra: Primary Reaction Products 

183 

The primary reaction products of the addi~ion of, hydrogen 

or deuterium to the tris(phosphine) deuteride (27') or 

hydride (27), respectiveIy, may be found'by carrying out the 

reaction at 25°C, irnmediately cooling the solution, and 

meas'uring the spectrum at low temperature. The .very small 

amount of the hydride,27,which can be found among the _products 

of hydrogen addition to the deuteride, 27', (see Figure V-3b) 

demonstrates that this procedure does indeed elim1nate 

secondary reaction products formed by further intermolecular 

reaction of the Ir ChI) produc;ts. This hydride (27) wou~d 
, ,y 

dominate the spectrum of a solution in which secondary processes 

occurred_ to a significant extent. 

T~e spectra of the solutions that result from the 

addition of hydrogen or deuterium to 27 or 27' ar~ shown in 

Figure V-3. The chemical shifts of aIl peaks in Figures V-3 and 

V-6 are listed- in ~ppendix II. Resonance patterns are \ 

identified by a numbe; and subscript letter which correspond 

-to the ',structures listed in Table V-l. 

In the following analysis, only iso~opomers of .~e fac 

-_ ...... _--
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Figure V-3. The lH n.111.r. spectra of primary Ir (D/H) 3 CCO) P2 
reaction proqucts, measured in CD2C12 at 25°C 
(a) and -20 Gé (b,c). The spectra indicate the 
products of addition of H2 to ~rH(CO) P3 (a), H2 
to IrD(CO) P3 (b), and D2 t.o IrIHCO) P3 '(cl for 
ca. 1 h~at 25°C. The resonance patterns are 
identified by tie-lines and numbers corresponding 
to structures in'Table V-le The frequencies of 
all numbered peaks are listed in APprndix II. 
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and mer trihydrides of structures 3 and 7 are explicit1y 
• 

~iscussed as possible reaction products. Isotopomers of 4, 

the mer-H, cis-P trihydride isomer which ~as not fiOrmed in 

any of the reaction~ previous1y discussed, were a1so considered 

as possible products. On the basis of the n.m.r. spectra, 

it was found that these isotoporners are not present in any 

of the deut.erated samples.· 

The large quartet in the center of the spectrum (Figure 

V-3a) is due to the starting complex, 27. A comparison to 
\ 

the spectrurn of an equilibriurn mixture of the trihydrides 
q • 

(Figure II-9) indicate that al1' other peaks i~ the spectrum 

.rnay be attributed to the isomers, 3 and 7. The isomers 

of the tFihydride are present in tne sarne proportion in 

both cases. . . 

The largest peaks in Figure V-3b are sing1ets of'near1y 
• 

equa1 intensity at 20-.85 t (peak 19) and 22.01 T (peak 23), 
. " 

~nd are acèornpanied by -unreso1ved multiplets that are~symmetric 

to the resonance center. This second-order pattern indicates 

'hydrogen trans to phosphorus in a !situation in ~hich the' 

hydrogen atorns are equiva1ent in chernica1 shift, but 
t~ 

rn~gnetically ~nequi~ale~t. The ~ultiplet is similar in 
} 

! \ 
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chemical shift and appearance te thé fac trihydride, 3, but 

without obvious H-H coupling. Structu~e 30 is therefore 

assigned. 

The next 1argest peaks, 3, 6, and 1'0, form a simple 
\ 

J 

triplet cent'ered at 6 ~ The triplet splitting indicates 

hydrogen cis te equivalent phosphorus atorns. The absence ef 

,hydrogen coupling in this triplet indicates either two 

chemically and magnetically ~quivalent hydregens,' or a single 
\ 

, \ !' 

hydrogen. Of the possibilities, 29, 28 1 and 29.1, the 

dihydride, 29, is assigned on the basis of the chernical shift, 

the· coupling ~onstant and the indication of trans-hydrogen in 

the infra-red spectrum (see Figure V-~c). Furthermore;' 

it is unlikely that 'a species containing two deuteriurn atoms 
• • ,f 

would be formed by this reaction, since other eVJ.dence 
( 

indicates that H/D exchange does not oceur. 

The remaining lines in the spectrum may aIl be assigned 
, . 

,to a speciesowith hydrogen eis to hydrogen. If the triplet 
\ 

due te 29a ~s ignored, a triplet of doublets is apparent in 

the rrgion 19.8 to 2Q.3 T, centered at peaks 4 and 5. The 

triplet pattern is indicative of hydrogen cis to equivalent 

186 

phos"horus atorns. Another doublet. (peaks 12 and 13) of 

,approximately equal intensity is apparent further upfield with 

the sarne H-H coupling constant. Only 28, of the possible 

i~omers of formula IrDH2 (CO) P2' has the app~o~riate structure, 

chemical shifts and coupling constants. The 28a multiplet 

J' 
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shows clearly, although the 28b multiplet is partially 

obscured by other ,peaks. 

The ass,igned structures.' 28, 29 and 30, account for nearly 

every line in the'spectrum. As mentioned above, the absence 

of significant R/D intermolecular ex change occurring through 

intermediate 14 is indicated by the absence of ëj. significant 

'arnount of the tris (phosphipe1 complex, 27. peaks 16 and 2~, 
, '\ 

the center lines of the 27e quartet, are clearly p~esent, 

although the outer peaks, 11 and 22, are ~arely perceptible. 
~ 

. 
'1 . 

The addition of deuterium to 27 giv~s rise -ço a spectrum 

that lis much simpler than those d~scr~bed above. There is 
" t 

no H-H coupling apparent in Figure V-3c, suggesting the 

absence of IrDH-2 (C,~) 112 speci~s', and therefore the absence 

of intermolecular H/D exchange. 'Furthermore, there is no 

evidence of hydrogen trans to phosphorus. The spectrum may 

be completely analyzed in a fi~st-order manner, and considered 

to he composed of symmetrica~ triplets and a quartet ar~sing 

. d \, h from hydrogen cis to two an three equ1valent phosp orus 

atcms, resp~ctively. 
c' 

The largest peaks comprise a quartet due ta the starting 

complex, 27rJ "The lar~est triplet 16 aS6igned to a fac 

configuration with de1fterium~ trans to p~osphine, structure, 4' . 

Th~ absence of any hyàr:ge~ 'trans t~ phosphorus in the spectrum 

û 

o 
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( 

dernonstrates that this isomer is forrned stereospecifically, 

which is again consistent with the absence of H/D inter-

molecular exchange. 

The rernaining two triplets in the spectrum are assigned 
\ 

to two forms of the mer isomer. \ The larger triplet is 

assigned to 28 " which has deuterium in a cis configuration, 

188 

and the smaller' triplet to 29', having trans deuterium ligands. 

Il 

d), Structural Assignments 

Chemical shifts of the deuterated products of the 

hydrogen (28, 29 and 30) and deuteiiurn (28', 29' and ~O') 

addition reactions discussed above are listed in colurnn 2 of 

'" Table V-2. The close agreement \.~i th chemical shifts of . , 

analogous trihydride resonances strongly supports the above 

assignrnents. The-small differences between the trihydride 

shifts and those of the partially deutera~~d products rnay aIl 

be attributed to the effects, discussed systematically below, 

of temperature and solvent on the chemical shift. Moreover, 

the coupling constants are in excellent agreement with tri-
o ' 

hydride measurements in all cas'es (see Appendix II for spectral 

data) . 

The co~plementary reactions, IrD(CQ) ~3 plus hydrogen, 

and IrH (CO) P3 p~us deuterium, both give three different 

primary reaction products: a fac isomer, in which the added 
1 

molecule i9 in a cis configuration (30, 30 ' ), and two mer 

/ 

. , 

\ \ 
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Table V-2. Chemica1 Shifts of Isotopomers of IrIi3 (CO) P2' , '\ 

Chemical Shift (,;) /:;.,; t. 
Structure 

Methylene Cloride Toluene t.°C [1" -1" ] * 
10 3, 

toI me 
-20° 0° 25° 25° (x \ (ppm) 

resonance a 

7 20.10 20.06 

28 20.05 20.02 19.96 19.27 -2 -.69 

l , 28 1 20.06 20.04 19.99 l,9.29 \-2 -.70 

29 20.17 20.14 20.0a 19.38 -2 -.70 

resonance b 

7 20.53 20.54 

.. 28 20.54 20.56 20.55 20.09 0 -.46 

2'9 1 20.54 20.10 

resonance c 

3 21.40 21.42 
\ 

30 21. 43 ,21. 43 21.42 20.48 0 -.94 
.-

re sonan"ce d 

3 20.22 20.20· 
, ) 

30' 20.2j 20.22 20.19 19.~7 -1 -.38 

ré'sonance e 

27 20 .. 82 20.79 20.72 20.42 -2 -.32 
'1, 

. 
r 

* The difference ~etween the chemica1 shift rneasured in to1uene 

( 
and that measured in ,methylene ch1oride, at 25°C. 
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1 

isomers, in which the added atoms are <;:is, (28, 28:) and tr!lans-

(29, 29 1
) to one another. These are entirely consistent 1 

with the products observed in i.r. spectra. 

3. Secondary Reaction products 

When sp~dtra were recorded after letting reaction solutions 
\ 

sta?d a few ho urs at room temperature, mixtur~s of I~DH2(CO) P2 

arid IrD2H (CO) P2 p~ofucts were obtained. The fOllowing 

results indicate that intermolecular R/D exchange oceurs in 

statie solution, and the eJGtent of exchange inereases with 

Ume. Analysis of spectra containing seeondary products 

revealed the presence of all'ten isotopomers of the trihydride 

3 and 7, listed in Table V-le 
\ 

, Intermolecular exehange is indicated by several spectral 
\ 

features, identifi~d in Figure V-4 as i to vi. Sehematie 

representations of exchange - prodJJCéd spectral features are 

shown in Figure V-S. 

i: A deerease of the dihydrid~ 28, relative to the 

dideuteride, 28'; is indicated by the transforma~ion in the 

lowest field doublet in Figure V-4a,b. Because the chemica1 

shift of 28'a is slight1y higher than 28a, due to an isotope 

shift, the right side of the doublet is larger than the 1eft. 

/ 

\ 
<:" 
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Figure V-4. The lB n.m.r. spectra of secondary Ir (D/B) 3 (CO) .2 reaction p~ducts, measured in CD2Cl2 at 25~C (a,b) and O~C (c). The spectra are the products of H2 addition to IrD.(CO) -Pl after 1 h (a) and 2.5 h (b) in static solution at 25°C. The products of-D2 addition t6 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 Figure V-S. 
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.Figure V-S. Schematic representations of the spéctra of some 
secondary reaction products indicated in, Figure V-4. 
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ii: The largest triplet in Figure V-4a, assigned to the 

dihydride'f9, decreases in intensity relative to a lower-
F< 

field triplet assigned to a dideuteride, 28'. 

, i4i:, The tris (phosphine) species, 27, produced by the 

loss of HD from a dihydride , is the dominant 'species in 

Figure, 4b. Species 27 is barely detectable in the analogous 

low-te~peratu?/spectrum (Figure V-3b). 

iv: The high-field pattern!in Figure V-4b indicates 

clearly the formation of a species, 31', not present in any 

low-temperature spectrum. The doublet of doublets expected 

193 . 

of 31' accounts for the sharp singlet growing out of the broad 

mul tiplet neir 2fr'O l., 

b) IrH(CO) P3/D2 

V: The main exchange product ta be expected, 31, is 

indicated by a widely split quartet of doublets, a11 of equal . 
intensity, assigned to 3lc in Figure V-4c. The broadening 

apparent on the right 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. 

vi: A small triplet was assigned to the s,econdary product 
, . 

29 in Figure V-4c. The primary product, 29', present in the 

low-tE!mperature spectrum (Figure V-J'c), is not 'apparent in . 
;-------

Figure" V-4c. 
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14. The Effects of Solvent, Temperature,) and Isotopic 

Substitution on the N.M.R. Spectra 

a) Reactions in Toluene , 

The addition of hydrogen and deutérium to 27' and 27" 

respectively, wa~ (carried out at room temperature in toluene-da 
to .vex:ify structural assignments and the absence of solvent 

participation in the reaction. The results in both solvents 

were completely analogous. AlI of the primary reaction 

produc'!:s found in methylene chlor,ide are present in toluene, 

and in roughly the sarne proportion (see Table V-4). Secondary 

reaction products are formed in static solution upon standing, 

- "":,, indi'cating that intermolec1,1lar R/D exchange occurs in the, 

sarne manner as in metnylene chloride. None of the produc:ts 

of reactions done in methylene chloride, therefore, are a 

result of a reaction with solvent. 

1--.' 
b) Effects of soltent on the Chemical Shift .. 

1 Reaction produc1:s measured in methyien~ chloride exhibi ted 

higher chemical shifts than those measured in toluene, as 

shown in Table V:" 2 • The difference in chemical s,hift due 

to'the solvent, here éalled the solvent effect, varies 

significantly from C?,ne type of protoh' to ànother (see Table V-I 
.. 

for the positions of protons a to e). Solvent effects are 

related to structural features of the complexes in the 

following series:' 
/ 

'1 
1 , 

1 i 

1 
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.:> 1 1 li' ci s 2 li' cis 2 li' cJs \ P cis 

c ,. b e a 
> > > 

3 P cis 

The most likely interpretation of ~he àbserved order is 

1hat solvent-solate interaction is sterically inhibited by 
.. 

,the presence of large triphenylphosphine groups in the cis 

position. Thus the largest solvent e~fect occurs when the 

1. - proton is least sterically blocked from the surrounding 

environment by adjacent triphenylphosphine ligands. A solvent­

solute interaction of this sort might occùr if metal-methy1ene 

chlorid:e "outer-sphere" coordination effectively shie~ds the 

hydridic protons. By th~ interpretation, methylene chloride 
\ 

has the , larger effect on ti~ sol~e, contrar~ to the 

usual situation in organic molecules 1 where the shift 'induced 
\ 

by aromatic solvents is considered most important I92 ,,193. 

The interpretation of solvent effects is further complicated 
1 

in the present case by the fact that neither solvent can be 

considered completely inert with respect to interactions 
, 

( 

wi th the solute. 

c) Effects of Temperature on the Chemical Shift 

The effects of temperature on the chemical shift, listed 

'in Table V-2"1 are much less, th an those apparent on changing 

the solvent, a change of at most .1 ppm occurring over' a 45 
1 \ 

degree range. Like solvent effects, ~he effect o~ tempe rature 

1 

t 
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( 

variation on the chemical shift is dependent more on the 

resonance type than on a particul,ar molecular structure. For 

example, the ehemical shift of proton 28a ,is ~emperature 

dependent, but 28b is note The same temperature dependence 

196 

observed in "a" r,esonances merely reflects the indifference of 

the temperature dependerice to isotopie substitution. The 

'resonances either mpve downfield with increasing temperature, , , 

or 'are unaffeeted by tempe rature . The order in which the 
1 

viirious resonances are af'fected by temperature is not the 

sarne as that observed on ohanging solvents. 

The effeet of temperature _on the speetrum of' the IrD (CO) P31 

H2 srstem is illustrated in Figure V--6. Resonances due to the 

same proton are joined by lines and the e'Xtent to which 

1 
each pattern is shifted can be seen. The spectra are 

identical ,with respect to splitting pattern and coupling 

constant, and show none of the line broadening eharacteristic 

of fluxionali ty. 

The irreversible formation qf secondary products can be 

seên from a comparison of FigUre V-6 a and c, both ',reeorded 
\ 
1 

For example, a sharp peak due to 31', calIl be seen 
1 

o ' 1 

,in ~e center of the' ~u1tip1et to the highest field! in 

Figure V-6e. This peak, not present in Figure V-Ga, was 

\ produeed by intermoleeu1ar H/D exchange occurring during the 

time (ca. 20 min) that the sample was ~at room temperature. 

1 
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Figure V-6. The effect of te}tlperature on the chemicaP~i.ft. 
The same sample of IrD(CO) 1»3 treated with hydrogen 
in CD2C12 was cooled to' -20 oC Ca), let warm to 
25°C for .4 h (b), and re-cooled to -20 oe (c). 
Resonances of the same species are joined by 
lines. 
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d) Isotope Effects on the Chemical Shift 

~ 

The chemical shifts Qf Ir (Dj,Hr j (CO) 1P2 isot~pomers, 
o' 

are listed in Table V-3. The substitution of one or two 
u 
0-' 

hydrog~n atoms by deuterium at positions cis to the proton 

being observed has little effect on "the chemical shift . 

. Protons trans ~o each other, however, show a ~ark~d downfield 
~ l, 

shift of :08 ppm upon changing the trans liqand from H to D. 

198 

This shift is opposite in direction to that usually found 

. ' 194 in isotopic substitution in organ~c molecules • Downfield 
• 1 
~so~ope shifts, although rare,- are sometimes observed in 

organic compounds, and have' 'been _ attributed to i'ntermolecular 

effects such as hydrogen-bonding195 or interaction with 
/ 

solvent196 • 
o 

Recently, large dow?field, as weIl as upfield~ 

isotope shifts were reported in paramagneti~ metallocenes197 

The present results are the first observation of downfield 

isotope shifts, in diamagnetic transition-metal complexes. 

I~ structures where the proton opsèrved is trans to 

phosphor~s or carbonyl (Hb or'Hc )' the isotope shift upon 

" substitution of one or two deuterium atoms in apcis position 

is in no case greater than the experimental error inherent 
o 

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 of less than one 

Hertz. With~Hi trans to D, 'a small upfield isotope shift wa~ 
",'{l 

h 1 

i, 
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Table V-3. Effects of Isotopie Substitution on the Chemical 

Shift*-. 

c> ... ~-:..;;: 

Resonance trans cis ligand type Ligand "'-, 
, 

cis H cis D 
) 

,-

a H 20.10 (7) 20.14 (29) 

a D 20.02 (28) 20.04 (28' ) 

cis 2R cis 'H, cis D cis 2D 

b CO 20.53 (7 ) 20.56 (28 ) 20.S4 t (29') 

c p 21.' 40 (3 ) 21. 43 (30) .21.41+ (31' ) 
21. 41 (31) 

d co 20.22 (3) 20.23 (31) 20.22 (30' ) 

~. 
~ 

\ -
*Shifts measured in methylene chloride at GOC, unless otherwise 
noted~ are in units of T (ppm). Structure numbers are in 
parentheses. 

tShift measured at -20 oe. The same shift is expected at QOC. 

fShift measured at 25°C. The same shift i8 expected at O°C. 

, 
"-
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detected in Ha by the asynunetric over1ap of the resonances 
.. 

_ of ,the same spectrum. 

The difference in isotope shift caused by substitùtion' 'of' 
1. 

\ 0 in a cis or trans position in an otherwise iden,tica1 mo1ecu1e 
'-'. 

resembles the large difference in cis and trans coup1ing 

constants observed in these molecu1es (e.g., J HP cis, 18.1 Hz; 

J HP trans, 123 Hz) •. In fact, a systematic study of the 

isotope shift in sorne organof1uorine compounds have shown it 
\ 

to be, at,least in some casés, directly proportiona1 to the 

coup1irig constant194 • In the present case, the\isotope shifts­

and the coup1ing\constants J HH (cis) and J HH (t~ans) do not 

appear to be similar1y related. The absence of noticeable, 

J HD (trans) coupling in 28'a (see Figure V~3c) suggests, 

since J HD = c~. 1/6 J HH , thàt J HH .(trans)' is less than 6 Hz, 

which is the same range as J HH (cis). 

The isotope shift in n.m.r. ~ been interpretèd according 

" to severa1 theoretica1 mode s, ncluding zero-point 

vibration al amp1itud~ing198, isotope-induced changes 
"-." , 

in bond hYbridization1914) and, recent1y, the result of 

t t , l' d h ' 'b ' '1 t 'b t' 199,200 ro a 10na an an armon1C V1 rat10na con r1 U 10ns . 

According to thè latte~ intérpretation, the tempe+atur~ 

dependence of the chemica1 shift'is related to the isotope 

shift, and both are re1ated to the variation of chernica1 

shielding with internuc1ear, disp1acement. lri this context, . 
it is ~otew6rthy th~t the temperature dependence of Ha is 

\ 

, 

t 
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larger than that of Rb' Hc or Hd' The reason for the 

unusual downfield direction of the isotope shift, however, 

remains uncl~ar. The large difference in isotopie shift for 

deuterium substituted in the cis and trans position may be 
, 

yet anot4er illustration of trans-inf!uenee in octahedral 

transition metal comp,lexes20\l. , 
\ 

e) Effect of Concehtrat~on on the Chemical Shift 

The effeet of concentration on the chernical shift has 
1 

not ~een explicitly determined, but does not seern to be a 
\ 

facto~ in the 

reasons. AlI 

concentration 

resultr 

initi~l 
~ 

discussed abo~~ for the following 
0/ 

sol,utions had roughly the sarne initial 
1 

of the' starting Ir ('I), ~Iex~ 27 or 27' (ca. 

- 20 mM). The che~ical shift of 2~ present in very different 

concentrations in Figures V-3b and c; changed only very little 

(ca. 20.84 l versus 20.82 -r). Finally, the changes in temperature 

, and solvent result in the same type (e.g., Ha in 28, 28' and 
~~'':- " 

29), even when these species were present in different 

concen tr ations. 

5. Relative Amounts of ,Ir{D/H)3(CO} P2 Products 

Product ratios were ealculated for each reaction, and 

are listed' in Table V-4. These fig~~s represent the molar 

amounts of each isomer, relative te fac isomers 3, 30 or' 30'. 

\ 
~ .. 

\. 

\ 
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Table V-4. Relative Amounts of Ir (O/H) J (CO) P2 proc\uct.a • 

mer isom.r 

Rea~tantsC Conc\itionsd 
Added cis Added trans TotAl fac 1somer tr lB (phosph1ne) . 

(·C) CJO,~O' ) (27) 

'1 (28,28' ) (29,29' ) 

A. trH/H 2 25125 .47 1.01 2.15 
.50 .99 

B. Iro/H2 25/25 .~ .2 . Ii 1.0 1.0 

IrH/OZ 25125 .2 .2 1.0 2.0 

Iro/H2 2S/2Sb .6 • J .9 LO 1.0 
, .1 

Ir,ll/02 25/2Sb .5 .5 1.0 1.8 

C. I ro/H2 25/ .. 20 .37 .21 • S9 1.00 .10 
.38 

IrH/02 25/-20 .27 .09 .36 1.00 1. 42 

» 
o. IrO/H~ 0/0 .36 .18 .51 1.00 .18 

.JO 

IrO/H2 25/0 ."34 .20 .54 1.00 .15 
.34 

IrO/H2 Aboye, after .40 .22 .58 1.00 .29 
24 h at O·C .32 

a -
Eltimated error limits B:t.l: A,C.~:t.05. Reaction. and measurementa in ~thylene 
chloride, unl ••• otherwise nOUd. 

bR.action. and measur.ments 1n tolu.ne. 

CStartinq compl*X/qs.eoul re.qent. IrH i. 27, IrD i. 27' 

dReaction tUlperature/measurement temperature. 

" 
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They were obtained by measuring the ~eak height above the 

base-line, multiplying by a factor ~ppropriate for the splitting 

pattern, and averaging values for several lines in the 

multiplet. The peak heights of individual lines of the\multi­

plet were generally' in the proportion expected for that 
\ 

pattern. In the case of the fac isomer, the broad, unresolved 

multiplet of 30'c is ca~ 15% lower in intensity than expected 

from"simul'ated spectra, and sa the average value of the resolved 

and unresolved part of the multiplet was used. ,Agreem~nt 
" 

between the two reso~ances due to 28~(Table V-4, colurnn 3, 

sections C and D) suggests that line broadening due to 
, , 

deuterium coupling is not significant. , 

In section'A of Tabl.e V-4, the product distribution for 

the reaction of 27 with hydrogen is given as an ex~ple of an 

undeuterated reaction. The effect of éhanging solvents is 

shown in B, where both hydrogen and'deuterium are added to 27' 
if" 

or 27 in methyléne chloride and toluene. Sinc~ both the 

reactions and the measuremepts ~ere do ne at room temperature, 

'these products contain a certain amount of "scrambled" 

or secondary products and so are Qnly approximations. More 

accurate product ratios can be foùnd in C, where the spectra 
" 

were measured at low temperatures. The effect of different' 

reaction temperatures is shown in D. .. 

In aIl experiments listed in Table V-4 , more fac ~somer 

is present than mer isomer. In methirrene-chlorI~e, the 



, \ 

mer/fac ratio i8 usually in the range of .4-.6, 'while in 

toluene there is slightly more of the mer isomfr. Partial 

deuterium substitution does not have a great effe~t.on the 

_mer/fac ratio, since it is in the sarne range ,for the unsub-

stituted case, .5. Since nea~ly the same value, .4, was 
, \ \ 

obtained for the iridium trihydrides in solution in the 
1 

absen~e of the tris (phosphine) complex, 27 (see,Chapt~r II), 

27 does nct in~rfere in the equilibrium between ,the two 

trihydride species.' In experiments in which d~uterium gas is 
, , 

a reactant" a smaller arnount of thè mer isomer is produ,?ed 

204 

(se~ Table V-4, column 5, section cl. The effect is not large, 

however, and it i6 not possible to decide from these data 
, \ 

whether the d~fference is due to a kinetic isotope effect on 

the initial reaction or the, trihydride equilibrium, or merely 
., 

unanticipated experimental errOr~ Similarly, the addition\ 

of deuterium results in r,~latively less mer product in wh,ich 

the added moleçule ia trans (column 4, section c) than the , 

analogous hydrogen addition. FOL: real;lons similar ta tho'se 
',,-- ------., ' 

cited above, the significance of this observati~n is'unclear. 

The most reliable figures (Table V-4, section C) for both 

hydrogen and deutérium ad~ition indicate that the ratio of 

the amount of mer isomer in which" add~d ligands are cis 

(column 3) to that in which the y are trans' (column 4) is 

approximately 2 to 1. This ratio is tnat expected 

, \ 
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from a random distribution of hydrogen isotopes over the 

three available pos~tions in the mer configuration. 

There is no difference in the product distributions , 

between reactions carried out at OOC and room temperature, 

measured under identical conditions, as shown in section D 

of Table V-4. Furthermore, the distribution of Ir(III) 

products does not 'change aftter 24 h ,at QOC. 'The formation 

of a smrll amount of the tris (phosphine)' product, 27, 

~ndicates an equally small (ca; lO%) .decrease in the 

concentration of Ir (D/H) 3 products. No other evidence' for 

secondary reaction products can be seen in the spectrum~ It 
, 

may be concluded that all three reaction products are formed 
1 

under conditions where further intermolecular reactions do\' 

not occu~ even at long reaction times. 

6. Attémpt~d Stereospecific 'Synthesis of ~-IrH3(CO) P2 

Attempts were made to produce ~-IrH3(CO) P2 under 

-conditions where the effects of intramolecular posi tional 

205 

scrambling and intermolecular hydrogen exchange are minimized. 
1 

The results are shawn in Table V-S. The failure of either 

lithium alumin~ hydride or sodium borohydride to produce 

the trihydride from IrH2Cl(CO) P2 in a variety of solvents 

under mild conditions eliminate this route as a use fuI method. 
+ <> • 

Attempted in ~ production of [IrH2 (CO) P2 ] ~l04 (reac~on 3, 

1 

l 

1 



Table V~5. Attempted 
l ' 

'Ir Complex 

3. IrH2Cl(CO) P2 

". IrH (502 ) (CO) .2 

5. [IrH2 (CO) P3IClO" 

6. (IrH2 (CO) P3 1ClO4 

~R • no reaction,. 

II ( 

StereospeciÎ~ 

aeagent 

a. 

b. 

Ag(el
l
,,) 

LiAl.H,,\ 

H2 
NaH 

LUlH" 

\ 

/ 
1 

Solvent 

toluene 

H2 CCl2 

CHJCN 

pyrl.di,ne 

THF 

ethenol 

THF/toluene 

H2CC12 
CH 3CN 

pyrl.dinl!! 

TH~ 

THF 

Conditions 

-40', 1 h 

ca. "5-, h 

25°; 1 min 

ca. -5", " h 

25° , 5 min 

25·, 1 min 

25·, .5 h 

25·, 2 min 

-15· j 10 min 

25·, 1 min 

25°, 1 ml.n 

Resulta 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

product (i,r •• 
2004, 1998 cm-l) 

NR 

NR 

NR 

206 

IrH(CO)' .3' ca. 75' 

, IrH3 '(CO) P2' ce. 25\ 

Ir (D/H) (CO) 1'3 

Ir!D/H)J(CO) P 2 
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Table V-S), followed by treatment by LiAlH4 , resulted in an 

unidentified product rather than the trihydride. The report , 

of the isolation of this cation, as ~entioned in Chapter l, 
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is likely erroneous80 Displacement of S02 by, gaseous hydroge~, 

like the displacement of CO frorn IrH(CO) 2 P2 80 ,130, is not 

more facile than dis~lacement of P from IrH(CO) P 3 at OOC, 

and sa lis not a promising route. The reaction between 

" [IrH2 (CO) P3]+ and lithium aluminum hydride yielded primarily 

IrH(CO) P3; the small amount of the trihydride produced is 

probably formed by a further reaction of the tris (phosph'in'e) 
, 

product (27) and mOleculir hydrogen. The reactiop of/the 

cat~on with lithi~ alum!num deuteride did,not produce stere9-

specifie products. 

7. 'Summàry of Results and Conclusions 

a) The addition of hydrogen ta IrH(ÇO) P3 results in fac 

and mer trihydrides in the proportion 2/1. The same 

\ ~roportion occurs in faq/mer equilibrium in solution. 

b) Deuterium labelling experiments indicate that primary 

products of hycfro~en addibi.<j>n to IrH (CO) P3 have three distinct 

stereochemistries: a fac s~wœ, (30, 70%), and two mer 

structures, with added hydrogen in the cis (28, 20%), and trans 

(2,9, 1,0%) positions. These results are consistent with infra­

red measurements. 
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c) Changes in the added mOl,ecules (H
2 

versus O
2

) or the 

sol vent (methylene chloride versus toluene) had little effeçt' 

on the distribution of products. 

\ 
d) In static solutions, intermolecular H/D exchange 

, 
products ~ere formed at 25°C but not at ooe. The appearance , 

of these products'is consistent with the loss and readdition 

, of 'HO. 

\ 

e) The proton cffemical shift varies with temperature, 

solvent, and isotopie suPstitution pattern. The variation 

in each case is a function of structural position. 

f) A downfield isotopie shi'ft occurred uf?on substi tuting 

D for H in a position trans to the observed proton. Such a 

shift is opposite to the direction usu~lly found in organic 

Molecules, and is the first of its kind'observed for diamagnetic 

transition Metal hydrides. 

g) All three stere~chemical reaction products ,are 

fo~ at ooe, in the same proportion 'as at 25°C. 

Il 

h) Analysis of a deuterated reactlon product in a ~Br die 

suggest~ that the intrametallation of a coordinated ligand 

has occurred • . 
il Attempts te stereospecifically synthesize an isot?pomer 

of ~-IrOH2(eO) P2 were not successful. 

\' 
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D. THE MECHANISM OF ISOMERIZATION IN IrH3 (CO) P2 

~sms consistent with the kinetic measurements and 

labe11ing experiments reported above are shown in Schemes 7 

and 8. The stereochernical course of the reacti~n is indicated 

in terms of the fac ~hd mer dihydrides,28, 29 and 30; 
i 1 

comp1etely analogous mechanisms could of course be drawn for' 

the dideuterides, 28', 29' and 30'. Both of the schemes 

shown here are\adaptations of the one suggested by the kinet~c 
measurements, equation 37, modified ta account for the mer 

isotopomers, 28 and 29. The difference between Schemes 7 and 

8 lies only in the way 28 and 29 are formed. 

In Scheme 7, product '29 is formeQ by the trans addition 
cl' ; 

of hydrogen to the planar interrnediat~ 14'. Trans addition 
l ' 
has not bean previously observed for hydrogen, although 

" . 
such a reaction does not violate orbital symmetry rules120 

(see Figure I-l)~' Trans adâition has b~en reported for the 

oxidative add~tion reactions involving other addends. A1kyl 

~alides can add trans122 ; the mechanism has,been the s~ject, 

of some controversy, and it now appears 

is operative, -B.ILj.n-Sch~2 or 3116 • 

ltrans addition' are mentioned in Chapter 

1 

that a free radical one 

OtheJ examples of 

1. 'The addition of 

protonic acids to Ir(I) complexes can resu1t in trans products, 

but the solvent-dependency in these cases suggest ionic 

intermediate"s, again as in Schemes 2 or 3121 ~ Recently, the 
1 
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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 st,epwise addition, as in Scheme 2202, was reported. 

Trans addition of hydrogen in the present~case would' imply 

that a concerted addition, as in Scherne l, can 'occur in ,a 

trans fashioh. 

Scherne'S. Two Modes of Hydrogen Addition. 

o 

~p pL--! 
CO 

o 

27'·~ 
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intra­
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Scheme 8 shows a mechanism for isomerization which 

includes intramolecu1a~ posit;onal interchange in the mer 

isomer. Although no 1ine broadening attributab1e to fluxion-
, 

ali,ty was observed in the n.m.r. spectra of the mer isomer, 

it is possible tha~ such interchange occurs at a rate slow on 

the n.m.r. time ~c~le, but fast enough to forro both' products, 

28 and 29 (see. below) . ., This mechanism is strongly supported 

by the'product distribution reported in Chapter V. The ratio 

,1 

of m~r isorner with added hydrogen in the cis positiOns \ (28) to that 

with added hydrogen in the trans positions (29) is about 2:1, 

the same as that ratio expec:ted' when .'the hydrogen isotopes 

are randomly distributed among the three available posi;Jions. 

Schemes 7 ~\iÏ 8 might be distinguished by the stereo­

specifie synthesis of pure 28 or 29 by an al ternate method. 

The a~sence of positional interchange after-several hours in 
o 

solution at ooe would be sufficient to eliminate Scheme 8. 
1 -

~ 

Unfortunately, several attempts pt such a syn~hesis, reported 

above, have not been successfu1. 

It is not possible, however, t~ distinguish betw~en 

SChernes 7 and 8 on the basis of the distribution of 

products among the mer isomers 28 and ,29 at different reaction 

te'lperatures. Similar distributic::l:lS abserved may reflect ei ther stabili ty 

. 
towards loss of H.;i or HD in Scheme 7, or the establishment 

of equilibrium between mer isotopomers at 0 0 in Scheme 8. 
1 

For the latter situation to occur without 1ine broadening in 

:...-_--"""--=~-----------......;..._--------------

! 

i\ 
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the n.m.r. spectrum at 25°C, the rate constant of mer positional 

inter'change, k, would be between 10-4 sec-1 and 10+2 -sec-1*. 

Since these limits are quite large, it is possible that 

rather high temperature~ would be necessary ta observe line 

broadening. High-temperature spectra would likel~ 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 
1 

high activation barrier. There are, however, examples of 

fluxional octahedra among ch~late, law-valent carbonyl, and 

hydrideccomplexes. 
'\ . 

The tendency for chelate complexes te rearrange Fapidly 
\ 

or isomerize 204 may be' due ta relatively low activation 

barriers in situations where the concerted movement of ligands 
-is necèssary. Chelate ring-size and liga:ryd 'IT-a6id~:ty 'may alsa 

. '., 182 
be relevant factors in the barr~er to rearrangement • In 

the case of cis/trans isomerization in OS(CO)4[Si(CH3)3]2' 
1 

xor example, rapid migration of the trimethylsilyl group 

across a carbonyl carbon" via an acyl-type intermediate, was 

considered a possibility183. Other pases of intramolecular 

* The low 1imit is the rate of H2 10,6s from the mer isomer; 
the high limit was calculated, from Gutowsky's formula203 for 
the shortest lifetime possible for' protons separated by b~: 
1"* = l/k = fl/'lTbv. 

.. 



isomerization in pOlycarbonyis, such as Mo(CO)4(PR3 )2 i where 

R is an alkyl group, have been recently rfp~rted205. 'In that 

c~se, isomerization occurred very slowly (slower in fact 

than,fac/mer isomerization in the present study), and was 

interpreted by a mechanism analogous to the Baïla~ twist 

through a trigonal prismatic transition state. 

In metal hydride complexes, stereochemical non-rigidity 

has been attributed to distortions from octahedral geometry 
\ 

that result from the' disparate sizes of the hydride and other 

common ,ligands180 ,181. Cis-MH2L4 complexes, where M = Fe 

or Ru and L = a var~ety of tertiary phosphine ligands, 
f / 

214 

yielded' temperature dependent'n.m.r. spectra that were 

interpreted according te two mechanisms in whidh the phosphorus 

atoms moved little compared' ta the hydrides. The structure 

" was regarded as a tetrahedron of phosphorus atoms around 

the metal wi th hydride ligands in the cen-ter of two faces. 
l ' 

Fluxional processes were described by th' movement of a 
, , . 

hydri,de liga'1td àcross a face, the "tetrahedral jump" mechanism 
, 

shown in equation 52, or ~hrough 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 phosphor~s tetrahedron, corresponding to the trans 
\ 

configuration in octrahedra. 

\ 

l 
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(52) 

\ ' 

H 

4?>B ::::.. 
H~H 

;:... 
H~H (53) 

<: .... 

34 

. 
In the present case, an intrarnolecular rearrangement 

?f ~-IrDH2(CO) P2 in which cis H/D ligands are transposed 

-r~consistent with experimental results. A similar "single 

twist" has been discussed for a bidentate cornplex206 , although 

not for monodentate corn~lexes. Non-rigidj±y in the mer 
~~ , 

isomer would not'be due te octahedrâ~diétortion, sinee one 
..----------:---------- ' would e.xpect, ~n--steric grounds, greater distortion, in" the -----

rigid fae isomer. Analogously 1 the n.m. r. spectrum of ~ 

IrH3 !3 is t~perature dependent and reversiblYo èonverges 

to a,single resonance at 40°C; ~-~rH3 P3 is rigid at, room 

temperaturel90 

Intramolecular electronic effects may be as important 

as steric factors in sorne stereochemieal rearra~gements. 

i' , 
! 
1 

1-
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Tpe cr-trans effect is stronger for hydride than for any commbn 

ligand77 ,2Q7. One e~ects a ligand with a high cr-trans effect 
1 

to achieve a large overlap between the ligand and the p\ 
c "cr 

orbital of the metal kt the expense of the corresponding overlap 

in the ligand trans te it. ~hus, a hydride ligand trans to 

hydride weuld be more labile than a similar M-H bond when trans 

to another ligand. Since the former cas'e corresponds to mer 

trihydr,ides and the latter to fac trihydrides 1 intramolecular 
\ 

hydride exchange in ~-IrH3 (CO) Pz and fluxional behavior 

in ~-IrH3 P3' as weIl as the rigidity of the f~c isomers 

of each, is consistent with the high cr-trans effect of the 

hydride ligand. 
/ 

In view of the above discussion, the isomerizatien o~ 
/' 

, / 
IrH3 (CO) P 2 through two stereochemical 'modes,of hydrogen 

addition, as in Scheme 8, is a more likely process than the 

three stereochemical modes shown in Scheme 7. Further 

experimental evidence is'necessary, howeve~, before eithe~, 

mechanism can be disproved. 

The significan~ of eluci~tiQ1 of the zœchanisn of oxidative a&lltiCll 

of hy'drogen has been discussed in Chapter 1. The 

demonstration of two stereochemi~l modes 'of hydrogen addition 
\ 

,to form fac and mer IrH3 (CO) P3 indicates that concerted 

oxidative addition need net be stereospecific. The 

possibility of trans oxid~ive additi?n of hydrogen or limited 
, \ 

posi tiçmal interchange in polyhydrides' is interesting in vj"ew \ 
i 
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of the im ortance of this class of compounds. Further 

.' .. invéstigat 

lead to a 

" processes. 
\ 

, 

'" 

~, 

".fi 

.. 

\ 

,proce'sses 'discussed in this thesis may 

-- , . -, -
"" .", 

detailed unqerstanding of catalytic 

" , 
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~ 
èONTRIBUTIONS TO KNOWLEDGE 

The stereochemistries of fac and mer IrH3 (CO) P2 h~ve 

been unambiguously established, and their ·i.r_., IH and 31p 
\ , 

n.m.r. spectra ful1y ana1yzed and assigned. The rate of . ' 

interconversion of each isomer has been measured and shown 

to be independent of hydrogen concentration: The rates of 

hydrogen sUbstitution by triphenylphosphine have been ,measured 

for each isomer in two solvents as a function of isomer and , , . 
triphenylphosphine concentra~ion. On the basis of these 

measurements, a mechanism for isomerization involving mo1ecular 

hydrogen is proposed. 
, 

The unusual non-stereospecific hydrogen 
1 

addition implicit in this mechan~~m ,is relevant to homogeneous 

catalysis and the general understanding of concerted oxidative 

addition reactions. The possibility of a trans oxidative 
1 

addition of bydrogen, or a ci~ intramo1ecular hyd~ide inter-

change, nefther of which has been previously observed, is 

suggested by deuterium labelling', experiments. An unusual 

isotope shitt in the ~H n.m.r. spectrum is noted and discùssed • 

. ;--

, \ 

\ 
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~ , 

The isolation of an analogue of the proposed intermediate, 

IrH(CO) J1!12' mig,ht be achieved through th~ use of o tertiary phos"':" 

phines large enough to inhipit further coordina'tion. The 

suggestion in Chapter IV that iridium dihydride carborane \ 

complexes isomerize via the loss and re-addition of hydrogen 

could be tested by, for example, examining the behav.ior of 

23 in a hit~Ogen purge. 

Attempts at a steAf.eospecific synthesis of ~-IfDH2 (CO) P2 

could be continue~ by, for example, low temperature irradiation 

of IrD(CO}2:;P2 in the presence of hydrogen, or by the in situ 
\ . 

preparation of IrDX{CO) P 2 , where X is easily displaced by 
1 

~ydrogen at l'ow temperature. 'The high temperatu~e n.m.r. spectrum 

of ~-IrH3(CO) P 2 might be exarnined for line broadening by 

preparing a conceptrated solutiop 9f the trihydride i~an-±nert 

solvent under a hydro~en atimosphe~e in a sealed, thick-wall 

n.m.r. tube. 

A systernatic n.m.r. study of mer trihydrides'might be under-
• 1 

, ' 

taken to test the generality of fluxional behavior at elevated 

temperatures and, in partially deuterate'd sampl~s, of downfield 
, 

isotope shifts. Finally, th~ structure of the intrametallated 
1 

species postulated in Cnapter v, 32 or 33, should be established 

1 31 ' by H and P n.m.r. Solid"':"state ,intrametallation at high 

pressureS might then be attempted on other transition metAI 

aryiphosphine hydrides that reductively ellminate hydrogen. 

, 
,( 

1 



1 . 

(, 
,f 

f , 
L 
! 

( 

. APPE~DIX l 

MATHEMATlCAL DERIVATIONS 

A,. Deri vation of Integrated Rate Expressions from the 

'Isomerization Rate Laws 

, \, 

The isome~ization reaction involving an unsaturated 

intermediate, 

A 

\ 
'k m:-

gives rise te the fo1lowing rate laws, where A, Band C 

repr~sent the concentration of each species. 

dA 0 

km+B[Hi] --= k A-
/ dt m-

dB " dt= km_A - km+r [H2 ] - kf+~ [H2 ] + kf_C 

\ 
l , 

dC 
dt= kf+~[H2] - .. kf_C 

(29) 

(30) 

( 31) 

The steady-state assumption that B,' is small cempared to A and 

\1 
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C impl,ies 

where Ao ils the initial concentration of the mer isomer, /" 

and 

dB/dt = 0 (A-2) 

By using expressions A-l and A-2, equation 30 maYI be rewritten 

as follows. 

B = A + (A-3) 
10 

Substituting this expression for B into the'rate law fdr 

-dA/dt (equation 29) yields 

(A-4) 

wher:e (A-51 

and (A-6) , 
1 

l , 

1 
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After cancellation, aIl terms for the hydrogen concentration 

have been eliminated from-the rate expression. 

Equation A-4 ~ay be integrated to yield the expressiQn 

ln (k A 
~ 

-k t a 

AIge'braic manip,ulation results in the following expression 
\ 

for the rate law: \ 

where " k F 

and 

- ! , 

The integrated rate ,expression, eq~ation A-a" can be 
, " 

(A-7) 

(A-a) 

( 32) 

( 33) 

siinplified when equations containing the", equil1brium constant, 
l " . 

Keq' and the equilibrium concen1;ratic:lns Aeqf. Beq and Ce'q' are 

- introduced~ Thus, from equation 37 , 

! ~ , 

{km-} (k f +> 
= (k f _) (km+> (A-9) 

1 

l 
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Substituting the constants from equat~ons 32 and 33, one 
1 1 

obtains the expression 

(A-lD) 

Since B is small, 

(A-11) 

Equations A-lD and A-Il, when substituted into ~quation 

A-S, result in the ,simp.lified expressions given below. 

and 

1 

A -A \1 
o eq 

- ln 
Ao 

(26 ) 

(27) 

In the ca$e where Ao =,~)D (that is, if the sta;rting material 

is pure fac isomer), an analogo~s derivation,may becarried 
! 

out from equation 31 by integrating 1 with respect to C. The 
1 l , 

resulting equation,exactly analogous to eguation 26,may be 
, \ , 

simplified to give the foll~wing equation. 

, , 

. 
"" 



/ 

• 

\ ~ 

224 

Aeg ]. = 
A -A . eq 

(28 ) 

Expre~ions, 26, 27 and 28 can be used to determine 

values, for kF and k R from an experimental ,determination of A 
~ 

versus t. These expressions are idehtical to those obtained 

from a simple two-component equilibrium that is first-order 

in both directions. The significance of the above derivation, 

,'besides demonstrating this equivalence, is that i t shows 

that kF , kR, and Keg are all independent of hydrogen 

concentration under this model. Furthermore, the relationships 
\ 

between kp and kR and the individual,rate constants (km+, 
1 \ " 

km_,'kf + and k f -) have peen deterrnined in equations 32 and 33. 

" 
B. Derivation,ot "Corrected" Rate Expression 

'In' the presence of excess ligand, the primary reaction ta 

forro IrH (CO) P3 is a, first-order decay of IrH3 (CO) P2 (see 

equation 42, Chapter IV). Since the decomposit-ion, of the 

product i8 also first-order, the following consecutive 

reaction can be wri tten. 

.' D 
kO k' 
-E-F (A-l2 ) 

In· this expression, F is the concentration Of decomposition 
\ ' 1 
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products, and the other quantities are as defined in -Chapter 
ro 

IV. ,A standard first-order treatment of consecutive 

reac'tions178 re~ults in thet expre.s~i0!l' 

.. 
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''(A-13) 

One may define the followinq constant, E' eq. 

E' ' 
eq 

Substitution into equation A-13 yields the following 
1 

1. 
express~on. 

v 

E' eq 
'E 

= - --~~~--~~ -kDt -kit 
e .. - fè • 

Because .kD ~> k' t, tlle co~stant? E' eq rnay be evaluated from 
.{ . --

. (A-15) 
\ 

measured v~lues: 'At vety long, reaction i;iroes, where t = t L 

and E = ~, the quantity exp(-kot) i8 n~qliqible comparea to .., 
exp (-k 1 t). Therefore, 
1 , , 

> J 

(A-16) 
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Rearrangement of equation A-15 yields the fo11owi~g expression, 

given in Chapter IV. 

(44 ) 

\ 
C. Derivation of a Rate Law for'the Decomposition of IrH(CO) P3 

\ 

Decomposition of IrH (CO) P 3 proceeding through the 

in~ermediate IrH(CO) P2 may he represented by the fo11owing 

reaction, where kil is the rate constant of decompo~ition. 

*' IrH (CO) P2 

B 

kil - (Ir) 

F 

-From :th~s equatio~ and equation 41 in Chapter IV, the 

following rate laws are obtained., 

o 

(A-17) 

, (A-la) 

(A-19) 

If one makes the steady-state assumption that dB/dt = Q, then 

'. . , one May obtain an express10n for B fram equat10n A-19. 
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Substitution for B in equation A-lB and rear,rangement results 

in the following equation, 
A 

dE - dt = k 1 E,1t" 

where 
kllk 

k ' 
-p 

= k + P [p] + k il • 

/ (A-20) 

(A-2l) 

The quantity k ' , the apparent rate constant of aecomposition, 
1 

will(only be constant when [Pl is in large excess. Since 

k_p » k ' , equation A-21 1 may be rewritten as the following. 

(46 ) 

/ 
The apparent rate constant, k " is, by equation 46, in<versely 

Il • \ 

proportional to the ligand conc~ntration. Integrat~on of 
1 . 

equation A-20 yields 

ln E = kit - ln Eo' (A-22) 

Consequently, a .linear plot of - ln E versus t with a slope 

. inversely proportional t~ ligand concentration provides strong 

support for thi§ mechanism. 
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APPENDIX II 

N.M.R. SPECTRA 

, , 

A. 1 H N.m.r. Spectral Data in the High-Field Region. 

1. 

Chemica1 Shift ('[ ) Coup1ing Constants 
(ppm ± .01ppm) (Hz ± ~05Hz) 

\ Assignments 

Peak Peak Center J
H

_
H J Number Shift H-Pcis 

1 19.85 ] 4.9 ] 16.6 2 19.91 
3 20.04 'J 4 20.09 20.06 4.4 ,7a 

5 20.23 ] 4.4 J16.6 
6 20.28 

1 6 (20.28)* j 4.4 t 7 20.32 1 4.9 f 8 20.39 
9 20.49 ;r' 19.5 

10 20.54 20.54 j 4.4 c 7b . 11 20.60 4.9 
: ' 1 \ 19.5 
'1 12 20.70 

j'4.9 13 20.76 4.4 14 20.81 

* In this and subsequent tables, peak shifts in parentheses 
indicate over1ap by neighboring peaks. , 

( 

\, 
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"2. ~-IrH3(CO) P2 in CD 2C12 at 25°C (see F~gure II-3)~ 

Chemica1 Shift (T)~ 
(pprn ± .Olpprn) 

Peak Peak 
Number Shift Center 

1 19.97 
2 20.00 
3 20.03 
4 20.17 
5 20.20 20.20 
6 20.~3 
7 20.37 
8 20.40 
9 20.43 
,-

20.6 t 10 ca. 
Il 20.83 
12 20'.86 
13 22.00 

21.42 

14 22.02 
15 ca. 22.2 t 

\ * '> i 

\ Apparent trans coup1ing. 

\ t ' 
1 Unreso1ved multiplets. 

, 

Coupling Constants 
(Hz ± .05Hz) 

"J 2.4 
] 2.4 

] 2.4 
] 2.4 

] 2.4 
] 2.4 

(/J2.4 

J 2.4 

J 
H-Pcis 

18.1 

19.i 

J105.1* 

Assigrunents 

. 3d 

3e 

1 

1 . 

l ' 
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(; 4. IrD(CO) P3/H2 in CD2C12 at -20°C (see Figure V-3b). 
~ 

j 

1 
1 Chernica1 Shift Coup1ing Constants 

1 

(pprn ± .01ppm) (Hz ± .25Hz) 
Assignments 

Peak Peak Center JH-'H J , 
Nurnber Shift f H-Pcis 

1 19.84 ] 4.8 
J16.7 2 19.89 

4 20.03 20.05 ] 4.6 28a 
5 20.08 

J16.5 7 20.21 J 4.6 8 20.~6 

3 19.99 316 .,5, 6 20.17 .. 20.17 16.7 29a 
10 20.35 

9 20.31 ] 4.3 
J1902 10 (20.35) 

12 20.52 ] 4.5 28b 
13 20.57 20.54 

, 17 20.73 ] 4.3 J19.3 
18 20.79 

14 20.65* 
~ 18. St 19 20.85 21.43 30c 

23 22.0J 104.2 

24 22.22* ] 18.9 

11 20.48 

3
2L9 \ 

16 20~72 20.84 21.1 
27e' 

20 20.96 21. 5 22 21.20 

\ ' 

* Multiplet. center. 

tApparent trans coup1ing. 

1 

1 
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B. 

at 25°C- (see Figure 1I-5). 

Peak 
Number 

1 
2 
3 
4 

6 
7 
8 
9 

,0 
Il, 
12 
13 
14 
15 

Chemical Shift 
(ppm ± .02ppm) 

\ 

Peak 
Shift 

15.95 
,15.65 
15.31" 
15.04 

8.18 
7.81 
7.64 
7.47 
7.34 
5.76 
5.60 
5.'46 
5.26 
4.93 

I.~-

Center 

15.48 

6.55 

*partially decoup1ed values. 

Coup1ing Constants· 
(Hz ± 1Hz) 

J' 
H-Pcis, 

Il, 

~.ll 12 
\ 10 
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Assignments 
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C. Calculated Spectra 

CalcUlated Valuesa Measured Values 
b ' 1 

peak * frequencyC intensity , peak id frequency intensi ty 

l' H spectrum 

aThe spe'ctra were calculated uSirig the program given in' ~ 
Appendix III and the par~eters in Table 1I-2. In l, JHH = 5.0 
and J pp = B.O Hz. 

bcf. Appendix III. J ~' 
cRelative to resonane( center. In 1 and 2, the multiplets are 
symetrical; only the right portion of the mul'biplets is 
tabulated. 

def • ,Figures V-3b (1) and II-5 (2,3). 

,eUnresolved shou1ders. 
1 

"[ 
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APPENDIX III 

COMPUTER PROGRAMS 

A. KINCOR 

The following pro~r~ was used to analyze the kinetic 

data reported in Chapter IV. Two examples of the output of 
1 

the pro gram are shown in Appendix V. Kinetic data of all', 
j 

experiments processed by this program are tabulated in 

.Appendix VII. 

l 
0001 
OOO~ 
0003 
000. 

0005 
0006 
0001' 
oooa 
0009 
0010 
0011 
)012 
001'1 
0014 1 

0015 
0016 

, " 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

.C 
C 

ID. 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c: 
C 
C 

.02 

làl 

10" 

lOIS 

.06 

101 

KltlCOR 

l PRU"R~M TO PIlOCE:SS KI[<ETIC O"'TA 
..r SUIUNG THE "aSOROANCI! OF RE"CTtOI4 pROOueT 
CONTAINING CORRfCTION5 FOR TIHI!-MI!,UUREME:NTS 
AND FOA TIME MC"SUR!!O DY THE CLOCK 
A ~fAST-SOU""es SU8PROG""M 15 useo 
tHr PAU"RAM WILL CORRECT FOR SOLVE"'t INOUCEO DECQIoIPOSIT 10N 
At LUNG TlMCS • 
ALt HC"CTIONS "RE "'SSUMeO TO PI! FIHST OAOER 
IN'TIAL ""'TES ARE C"'I.ÇUL"TEO IIV FITTIN" THE O"T" Ta " pOLYNO"I.t.L. 
IUSING CURV,.T). ""0 ~INI)ING no!! OEklVATlve AT ZÉRO 

I .. PUT O"'T'" 15 Re ... o INTO .... IRIX A 
"'AT RIX ... 
COL INFOP .. U HlN 
1 O ... TA PT NUM 
2 tIMEICN) 
3 TI .. EIHR-OCLK) 
_ TH'E~NIN-OCLKI 

5 TIMC '''IIN) 

~ ~g~gr<J~~~~I~~~~) 
tI UF'O FOR I,JNCClR lUTE 
,) UI<O FOR OECO_ RATÉ 
10 OAO FOM COR R"'Tf! 

FIELD 
p.,.o 
Ife.. 2 
F4.0 
~&.o 
11'6.1 
F6.3 

ORDtR FUR l'IPUT CAROS 
NUNOCR Q~ RUNS IN PROGRA .. 
ItUN IDE:NTIFICIITION CARD 
DATA C"'RDS /WR MATRIX A 

l''PT 
2-10 
11-21 
ôlZ-3D 
31-39 
40-S0 
51-61 

CO OUTPUT 
S of< ME 

SP ... 'E 
1 
1 
1 
1 
1 
1 

~L~f,'l!j'~':ot\~~ •• DI .HI 50.21.C C 91.0'11.0' .E(!50 I.I'J'SO ,.GI 11' .OU) .RI l' 

FORMAT CU, 1 .' 1 
00 lb II-I.NA 

.'lCAO IH THE RU~ IO~NTt"ICAf ION ...., .. flER. N.lMB!R OF POINTS .N THE 

~~~H ~~~~~~SW~~~~~~ ~:;f;.:r~~,u:~g~V~~f~sC~li~1 ~~''r~~;GZ~flO. 
-"NO THE O.4SEL IN~ V"'LUE 
IF tiC. J. THE .NITIAL RXN ""Tf 15 C"'LC~"'TEII ..... TER CORRECTI .... 
1'011 TUE AND "'OSORe ... C! VALUE,; LOGS AR Nor CALCUL ... TI!D 
IF NC • _. 'ClNI.Y l'HI! INITIAL RI!ACTION RA e 15 C ...... CULAff!DI AIS$(IRISANC:I! 
V"'LUCS ... LON! ARE COARECfED. 
IF IRR • 10 THe IN'TIAL RUE .5 Ollt~IN"D AT CONCeNTR"'TlON OF ZI!IIO. 
'N THIS C:ASE. "DSOAII .. NC:I ~USf BI! SlNGLE-VALUED OVI!R Tli" RANGI! USED. 
N52 .5 TH! O"TA PT NU .. BI!R _HICH BEGIN5 T~e 11-2 ABSORB"'NCE SC"'LI!. 

~~~M Si! îV ~~'=l~~('~~:n~;l!;:?~: m .NS' "".rl lfo.1031NIM 
"ORMU ~.HI.IIHRON ""NOE"., 121 
"RITE 16.I04INP ._ 
l-unfll.U IIH • 10HlHEIiE ARf! .' 12. 24H DAT'" POINTS IN THIS RuHl 
WRITt Cô.I05ITZH,1\;tH ' 
FORMA".H .JJHTlllt ZI!RO IS .F3.0 •• H: .F3.0 ... O'CLOC", 1 
.'IITt: 'u.IO"-'"L \ 
FUR"A' 1.04 .23t1I1ASELINI! "UOR"A"C!! .S • F6.31 ~ 

f~H~~i·7~ità!~Rlla\~·~~!AAN 15 COIIRIrCTEU FOR Ot!CCll4POSITION AT LOIIG 
C R .. .-cfION TIMI'!S SY AN ITf!A"TlVI!! III!THOO '1 
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f 
l, 
\ , 
r 

t 
i 

1 

\ 
f 

·l , 

,1 

( , 
# 

't 

Ir 

() 
,) 

\ 

IlOI7 
001~' 
001e; 
0020 

0021 
002:! 
0023 
0024 

0025 
0026 
0027 
0028 
"002Q 
00")0 
0031 
00102 
.031 
001. 
00'5 
0036 
0037 
00311 
003'1 
00"0 

0041 
.0042 
0043 
0044 
00"5 
0046 
0047 
0048 
004<) 
0050 
0051 
0052 

00'13 
,0054 
0055 
~05 .. 
0057 
0058 

gg:: 

00(>1 
00"2 
0063 
0064 
0065 
0061> 
00"67 

0061,\ 
0069 

0070 
007\ 
007? 
007' 
00-'. 
007"1 
0071> 
0077 
00711 
0079 
ODilO 
OO'!U 

00112 
00113 
008. 

0085 
00116 

88:: 
00119 
0090 
009\ 

0692 
009"+ 
00 •• 
,)095 
00'1 .. 
0047 
00." 
O,"q 
0100 

0101 
0102 
0103 
DIO. 
0105 
0106 
0107 
010. 

10M 

121 
C 
C 

1" 
109 

C 
C 

j 

c 
C 

17 
1~ 
1111 
C 
C 
C 

" \ 

7 
6 
C 
C 
C 

19 

"110 

.00 

401 

119 

200 

III 

20 
112 

C 
C 

113 

201 

IF (NC.Eo.2IwfllTo; ,,,.IOBI , 
~UnMAT OHO. 4 7HTH 1 Oô PROG .. A" 1 5 NOT CORRECTEO FOR DECaMPas 1 TI ON 1 
IF INSZ.NE.O' WRITe,60121,N52 
Foww~T ,. SC4~E 0-2 "EGINS AT POINT NU"R~R '.13' 

RI!4D DATA INTO ""TRI" 4 
00 l!. t 2-1 • NP 

~fi~~l~'l~:! ~~1 :~;i !2~~i: ~~~ •. 0.1 X J .F6.1 .1". ~5( f"'b. 3. 00 ) 
KK_NP j 

Ta CURReCT FOR TIME AND AB50AIUNCE 
IF (1ISZ.EO.o, NS2-99 s-,_ 
DO 1 1~IoNP 
IF (A' 13.1I."E.N52)5-2. 
If" PlC.Eo •• 'GO Ta l ' 
IF IAII:I.2) .co.O.) GD 70 1> 
4( IJ.5)-2 •• A( 13.2 J 
GO Til 1 
TJ-41Il.3,-TZH 
IF IlJ' 2.3.3 
T.I-7J+12. 
T J_T .1-60. 
AII',51-TJ+AI13 •• ,-T%M , 
IF IAII3.SI.LT.0.) GO TO 2 
4' 13,71aACI3,61'S-fIL 
IF (tIC.EO."'GO TU 22 

Ta FINn THE M4X 1 MU" 4DSDRB4rCI! V4LUE 
II'I NC.EO.3IGO TU 22 
IF (l'le.EO.21 GO Ta 17 
4,.. X.O. 1 

00 5 I .. I.NP 
ADftF-A .. AX-4( 14.71 
IF 1401"1"1 ... 14.5 
AI4A~-"C 1 •• 71 
CONTINUE 
GO Til 18 

:=~~ê~~~~i~14N"X 1 
FOR~tH I1HO.'Tttl: ..... XI1N 49S0RB4NCe IS, ',1"6.3) 

[ 
[ 
1 

\ 

T" COMPUTE LOG C 4 .. 4X-4 1 FOA UNCDAREC TEO R.\TE 
'U" l!o THE YI\LUE FOR .HICH T 15 Le:55 TH4" \25 1'11 NU, ilS 

1(1(,,0 
DO 7 rS-"NP 
IF 1""5.51."T,.125.) GD TO 5 
AARG."N"X-ACI5.7) 
IF 14ARG.LE.O.IGO TO d 
A 11~.8)_-ALOGI""AG) 
KKaKJC+I 
CONT WU!: 

\ 

\ 

nE4D IN OAT4 TO Il MATRIX TO CALCULAfE LE4ST SOU4RES ~INE 
ACS~TS 4RE IN C "'''TRIX 
DO 19 Ib-I.IUe 
9116.1I""C 16.:11 
0IllL,21_4116.81 
"DP.~K 

~~~~Fn~'ï~O I~i~:~~~lc 1.81.AC "K. 510AI KK .11) ,'Cil 1. C Il!l.CIJI ,NOP 
l''OR''''TIIHO.JIIHLE4ST SQUARES ANALYSIS OF POINTS FAON .1"6.1. 

C5H AND .Fl0.6.10H TC POINTS.,,6.1.5H AND. ,.10.6 1'5X.9HSLOPIE 15 • 
'CI"IO.b.IOX.~7HCORAEL"TION COEFFICIENT IS .FIO.6.IOX. 
CI5HY-INTI!RCEPT tS • FIO.I>'5X.2"HNUM9ER OF OATA POINTS • 131 

WRITFII> ... OOI: 
FUIl .. 4T C9H ST DEY •• UX.IIH5T OEY YoI211ol0HST ERRO'" Y.IOXoIOH5T OEY 

C SLP. 10'" 
_RITC C" •• OI)CCCIL1.I.ILL-".71 
FùR~4TCIM .611"12.6.8"" 
,AlTe (e.1I9' 
FUPHAT Il HO. 'THil F01.LOWING IS " PLOf OF THES! POINTS" 
DU 200 120-1. NOP 
011201-01120.11 
ElllOI.RIIZO.ZI 
C4LL PLoOTI ID.II.NOP.IOll 
KPL-O 
II'" (tIC.EO.I' GO Ta 20 

:~~!~TI~i~~!~ZtfTHI5 ""TE IS UNCORRI!CTEO FUA LoDNG TERN OECQMP051TIO 
CN"" 

GO TU 22 
wAITE C(0112) " 
FORt.t"T ClIfO.'THIS A"TE 15 ONLY AN !5TINATE .\ND NUST BE C,OARECT!O 

CFOR LONG TER" oEÇOMP05ITION""""""" 

TO FIND THE DAT4 POINT IKKK' .HfAI! THe RXN 1$ .01 FROM CQ~~ET'ON 
IF IKPLo.GT.5IGO TO 21 
DO Ci 17aKK.NP 
OEY-CXP C-CCU."1J7.511 
KKIt-17 
IF CDE\/.~t.O.O" GO Ta la. 
CONTINUC " 
II' CKKK.EO.HPI GD Ta 21 ~, 

Ta COMPUTE THE 
PO,l NTS uSI!O. 
K4-0 

DECO .... OSIlIO" RATE •• HERE K4 15 THE NUNIIER al' 

DO Il II1"'KKI(. NP 
41IS.9,--ALOGI41Ie.7)) 
K •• 1(4"l 
OCK •• I'-AIIR.S' 
IIIK4.2,- ... II/$o91 
.r.DP-K4 

1 

""lTr I/I.IUI 
FUIl""T (ltfO.'THIS RATE 15 THf ~ONG- fEAN SOLYENT'-IHOUCeo OECONPOSI 

CTION AATE'I 
CALL IT~N ca.c.HOPI 
lIIIlTE ({I.II O'''CKltl( .51 .Al KICK .9' .... c NP. 5 ""C NP.91.C 111.C C2I. CC 310NDP 
fI' CKI'".OT.3' GO TO 25 ' " 
..RITI! 16.1191 
OU 201 .aO-I.HOP 
O~ 1201_01120.11 
EC UOI_nc 120.21 
CA~~ ","UTI 'D.a.HOP, 1011 . \ 

, . 
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- , 
1 
1 
1 
1 

r-
I 

c 

.) 

,. 

r. 

r 

010" 
0110 
0111 
0112: 
011' 011 _ 

0115 
011 Co 
0117 
0111'1 
011'1 
0120 
01 :!1 
0122 
012') 
ola_ 
ola~ 
0126 
0127 
012,.. 
412<' 
0130 
0131 
o 13~ 
0133 
013 •• 
013!! 
0136 
0137 
01.38 
013" 
01_0 
Ot_, 
01_:> 
01.3 
0144 
Ol.~ 
01_6 
0'_7 

OI!:lO 
0' '51 
DIS2 

01 '53 
015_ 

0155 
01'56 
01'57 
01'511 
01'5" 
DiCta 
0161 
0162 
01 Ct3 
016_ 

016~ 
0166 
0167 
01611 
0169 
0170 

0171 
017? 
0173 
000 1 

0002 
001)3 
000_ 
000"' 
0006 
0007 
0008 
OOOel 
0010 
0011 
0012 
001 :1 
0"'. 
0015 
0016 
0017 
lia'" 0019 
0020 
OQ:U 
0022 
0023 
ooa .. 
0_5 
0026 
00a7 
002'1 
002<) 

C 
JO 

25 

31 

Il 
32 

IZZ 

115 

ZOt 

1 \20 

.21 
II. 

C 

~2 
116 

CO ..... VTATlCN OF CORRt!C1'ED AATE 
I(TST_OOI 
II' IAIKTST.51.GT.I~=1 Ge TO 25 
I(l(aItTST 
IF IKTST.GT.501 STOP 
GO TU ~O 
Aupr_AIN~.71/IE~PI-CIII.AINP,5111 
00 12 19-',KI( 
AAPP~o IEXPC-CCIIOAI19.511-AC 19.71/AOPRI 
I(NaI" 
IF IAA~PR.GT.O.) GO TO 31 
,,_It ..... , 
AI 190\01-0. 
GO Tu l2 
AI19,IO' .. -ALOGIAARP"' 
BI 19.1loAI 19,51 
~~!~N2Id.U·hiOl • 
NOP"KK 
KPL-KPIl.+l 
;~A~~T\,;}~~I~~ORR~CTEO AOSORRANCE """IMUM, A!lPA. IS·.F7.31 
""ITE Ib,lI5'7 
FOR"ATIIHO,'THIS RATI!: 15 CORR!!:CTED "Olt LONG TEA" OCCOMPOSIT 10N'I 
CALL STIILN IH,C,NOPI • 
"HITE Ib,ll 01411.51.AII,IOI,AIItIt.5I,"IKK.10I,'III.CI21.ECJI,NI)P 
OEY-' ~PI-C C IIOAI""I<. 5" 
IF' C'lEV.GT.O.OIIGO TO 20 
"RITE 16.1191 
DO :!o:! 120-I,NOl" 
DI IZOloUI 120,11 
El IZOI-OI IZO,21 
CI.LL PLOTI (O,E.NOl",IO., 
"'RITE Ib.1201 
FQAL'AT Il .. ,'THIS IS TIiE FINAL .çOAAECTEO IlATE" 

::n~I~6:~gl, IC(IL~ l'. ILLo •• ,," 
GO T J 22 
IoIAITF. 16,11.' 
Fo .. ""T 111.,0,' ERnOIl: THE INITIAL AlIN 15 MORE THAN .01 FAU" COMPLET 

'ION" 

PRItIT T"OI..E Of' 04TA CAIIRAr A' 
..nI Tnb.lltol 
~or,""T 1 UH. IIHPT .NO" 3X ,IOHTI"!! UNCbR, 19l1. 8NCOR. TIO.E,.K,IOIiAOSORIlA 

CNCE. IIX, 9HC.1ROINAT ES/ 1 OX,2HCI4,9X. 2HHR, 7X ,3HMIN.6X, 3HM IN, ax.3HAA ... 
CIIX, lHCUR,8K. ~UNCOR ,1 OK,IIHOECOMP,9l1,lHCOR/ 1 

DOZJ lJO-l.NP 
23 . 
liT· 

""IT!!II>.11 7' 1 AIIIO • .II1, Jlol" 0' ' 
FOR ...... T(. fi • F "'.0.5)( .F'6. 2. sx, 2er' •• 0 .5)(' ,F6. 1 .sx .ze F6. 3 .5)() .J CFi 0.6, 

C 
C 

300 

Jal 

JOl 

lO. 

C 
16 

C 
, C 

~ 
C 
C 
C 
C , 
C , 

50 

C5\(I' 

INTIAL "ATe CALCUL4TION 
"'AilE (/>0300' 
rORMAT 1111-,' C"LCULAT10N OF INITIAL RATE'/' THl:;: FDL~O~ING IS '" P 

CLOT Of A8SOROANCE YERSUS TIllE' 1 
no 301 I:!I-I,KK 
DI 1 ~lI-AI 121.51 

~!~~I~~n2:ô:tKK doh 
OATA f'/.Q*I ,/ 
_10 1 

IF 1 KK.LT .1 2 l "-KK-2 
~:~~!!CY:~~,IDGfa'i:~1il,M ,GoIl.O.O,O,RI , 
FlINM.T Il HO " Till! 5LOPE AT ZERO 15 ',1'\0 .. 5/' THE: Y-INTERCEPT 15', 

CFIO.51 
IF IIR~.NI!.,'GOTO 16 • 
C4LL CIIRYFT le,D,I',KK ... M ,GoIl.O,O,Q,R' 
RTI"-I,/GIi!' 
.RITe III,30.'RTIN . 
l''O''''AT 1//' AT ulla CONCENTRATION, THE INITIAL RATf IS ',1'10.61 
"'RITE(6,:I03IGI2I,GII' 

CONTINUE 
STOP 
l'ND 

SU8A"'Ur Il''! sTilL/\! 18. C, NQP 1 

STPLN 

THIS 5U8PAUGRAM' "ILL USE YALII!S IN A T"'O OINENSIONAL MATRU 
A.NO CALCULATE TH!! SLDPE. Y-INTEACFPT, A~D CORRELATION 'COE"I'IClf:NT 
av HE LEAST SOUAIUS ... eTHOO 'qJo 
IMI'"T IS MATRIX O. <:O"TAINING TH!! OAT .. POINTS 
OUTPlUT IS ""T'''X C. WHI!!AIE CCII 15 rH!! SLOPE. CUI 15 THE COAllfL"TION 
COEI'I'rcUWT. AND CI II 15 THE Y-INTEACEPT 
Nl\P 15 TH" NUMRI!R (II' DATA POINTS. "HICH 15 ReCltlYI!D AS (NPIIT 
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'1 

1 

1 

.j 

t ... 

~, 

1 , 
l'IIooIlAM Tnu:IPvIll'OllE A A )f X s,.c,ty"", 
l'IIooIIAIl .. EII w. ;r: Yqrte. Tl PROGRAMMABLE 57 
O"n: Alq(. ft J "zr PaOORAM RECORD 

.l' .. ..,,TD.u.....-.n~ 

.,. 

-~ 

>. 

.. 

........... ~, .. ~"""~- ... --~ 

~ 
now CHAIlT IHOTES 

4A ·,payt ~ AP/XXI
, 

... (,'1C J!"W~ ~ tJ,Jo ~fr f"~" 
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APPENDIX IV 

APPARATUS FOR THE MEASUREMENT OF REACTION KIN~TICS 

ONDER A CONSTANT PROPORTION OF GASES 

23-9 

The appara~us shown in Figure A-IV was used to prepare, 

maiptain and sample solutions bnder an atmosphere of constant 
1 " 

composition. The whol~ ,system coul? be ~vacuatep\and filled 

wi th the gas mixture in the proper proportions before -
~ 

dissolution of,tne solid complexe Sample solutions were 

forced out by means of the Mercury Pump. After equilibratio"Il ' 

te a~pheric pressure, the rea~tion~flask K e~~ld be isolated 

from thè system to eliminate evaporation. The detailed 

procedure is given below. 

l. 

2. 

3. 

,4. 

l , 
Weigh out the sample in_to the reaction flask, K, and attach 
to the system. 

Fill. the solvent flask -0, include a stirx~ïng bar, and J' 

degas the solvent. 
.. 

Evacuate the en tire system, keeping A, D, E andH closed. 
(j 

With J and, C closeq., fill the system
Q 
with the gases 

through E to atmospheric pressure. v~n C ànd a, and 
let the so~vent stirr for several m~nutes. 

" 
5. Transfer the proper mnount of sèlv~nt bY a syringe from­

solvent flask 0 to the reaction flask K, and start the 
j timer. 

6. 

7. 

, \ ' 

To measure- each sample, push the stainle .. -steel tubing '0 

through A into the solution and raise the height of the 
mereury reservo.ir M. Open & and fill the i.r. 'cell: 
then pull the tubing'out of the solution,' stopp,r the cell, 
clos~ B, withdraw\ the tube and close ~ • 

Step 6 must be repeated'~or each sample. The gas reser­
voir L May be refilled when necessary as in steps 3 and ~. 
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APPENOIX V 

OUTPUT OF A KINETIC ANALYS!S 

A. Reactions in To1uene 

R UN hUII4AEP 2_ • 

i~~E l~:g t~ D~!~ :~~~Llll~K THI S RUN 
IiIASo!LINI .... r.CIlBANC;1! 1 S 0.0 

THIS P~OGR"'OI 15 NOT CllI'ilECTED FOI: D!COOIPOSlTIOH 

T"! OI ... 'UOIUf\I "BSO~II"'NCE IS 0.629 

•• 

LIAST sou.ua:s A""LYSIS O~ POINTS 1'''011 7.5 AND 0.663588 TO POINTS 118.1 AND 2.61129!1. 
~b~:~RI~" c~r~I~~1~T5 17 CO~R!LATION coe"I'IC1!N,T 15 0.999420 Y-INTERC!PT IS 

THt:. l'OLLO.ING IS ... PL.OT CI' THES!! POINTS 

7.5ol000 .. ~ .. 11'\.100 .663588 •• Y •• 2.61730 .. 
• 

• 

• 

• 

• 

• 
• • • 

PT.NO. TIOII! U":OR. COR.TIIII! ..,SORBANel! OROINATIS 
COI ,HR "IN "/N .", .. COR UNCO_ OICOIIII 

.. . J. 3.7& O. O. 7.11 0.11 .. 0.116 0.6635 •• 0.0 
2. •• 65 O. o. 9.3 0.126 0.124 0.6U197 a.a-. 
J. 5.45 o. , O. 10.9 0.1.' O.I'tS 0.725670 0.0 _. 

6.55 O. O. 13.1 4.16. 0.r6A O.76S". 0.0 ,. 8.15 O. O. 17.1 0.1 ••• O. ~ •• 0,'416.7 0.0 •• 10.50 O. O • 21.0 0.232 O. 31 0.9131 19 0.0 
7. 13 • .,11 O. O. 17.5 0.290 0.190 1.0".,511 0.0 
•• , ... ao o. o. :12 ... 0.31. 0.31' 1.IISI8. 0.0 
9. 19.iS O. O. 38.3 4.331 o.ur I.UIOOI 0.0 

la. "Z.05 O. O. • •• 1 0.310 0 • .170 J 1.350926 0.0 
Il. all.65 o.' O. 51.3 0 •• 02 0._02 1 ... UOS 0.0 
la. 29.115 o. '\ O. 119.7 0.630 0.6JO & ..... ,10 0.0 
13. 3.3.90 o. O. 61.8 0.411' O •••• 1."4463 0.0 
14. 41.00 O. O. 8Z.0 0.492 0 •• 91 1.,en7. 0.0 a:. .6.55 o. O. 97.1 0.5:U 0.11'3 2.,..,1. 0.0 
1 • 112.70 O. O. 105 •• 0.540 0.540 2.'19119 0.0 
Il. 59.0S O. O. , 16.& 0.11116 O.IS. 2.81 JI" 0.0 
U. 65.50 O. O. 13100 0.571 g:lU 0.0 0.0 
19. 70 •• 0 O. O. 1&0.11 0.1171\ o.~ 0.0 
20. 76.20 O. O. lSII •• 0.586 O .... O. 0.0 
21. 113.4& O. O. 166.9 0.1196 0.1196 O. 0.0 
22. 9111.40 • O. O. '8 ••• 0.601 0 •• 011 0.0 0.0 
23. • 9,'0 O. O. 19 •• 6 .,.6.0 o'Ui 0.0 0.0 
25. 116.ao o. o. 1'1.4 0.61l o ... ,g:2 0.0 .r. '\ lJ19.20 O. O. 1111 •• 0.62. 0.61. 0.0 
lU. 170.00 O. O. '&0.0 0.619 0.6,. 0.0 0.0 

, i 
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0.551224 
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0.0 
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POLYNO"UI. CURV~ l'tTTING 

• y ~I 1'2 
0.T500000eoOI O.II'OOOO~+OO 0.101182930000 0.101182920+00 
0.9299999<1001 0.1240000 .. +40 g: :i:m~g:~~ 0.12802100+00 
g:mgggg::g: O.J 4!OOOQI!+OO 0.1 •• 378200"00 

a..j"OOOOE.OO O. ~6S'3SI0.00\ 0.16583.00.00 
0.17099901!.O2 0.19800001.00 O. 0195110+ 00 0.20191 .. 0+00 
O.,JOOOOOe+02 0.ZJ20000e.00 0.233868'D+00 0.233861120.00 
Q.2'IO"0~.02 Q.290UIJOI!+00 0.Z8060UD+00 0\28060~10+OO 
O. JllWO •• !+U 0.31400001.00 o.ln 111590+00 g:m!:ugm 0.JUO.99It02 0.3l70000l!+00 0.3. 3"'6P+ DO 
0 .... 100011.02 0.;17000001+00 0.37115750.00 0.37115710.00 
0.tJ2'lO_r.u O •• 0I000CM!"+ 00 0 •• 0080320.00 0 •• 0089290tOO 
O ... UOOI"'" IJ"lOOOOOI+OO 0 •• 31050120.00 0.'l050,80+00 
0.','.999,+QI 0 •• 160000111+00 0 •• 51131 .. 0.00 0.4111138.0000 
o.saoooooe>o:! 0 .... 211000...00 O.,. '.'060000 0.·'H82oaoooCl 
0.'7100011.02 O.I:UOOOOII+OO 0 •• ,.1Ia-0.00 0.12.120.0.00 
0.1014000 oU 0 ••• 00000 ... 00 O.53a96360+00 Il .$3196310+00 
0.1181000,.03 0.$560000tioOO 0.556132JOoOO 0.5562:1160+00 

IG..sO o.all141 J.CI-OI 0.1.?'''''6000a o. U23'6$»-~lI 0.250' •••• 0-0. 

I~ O. 1'5~ 13"'0-0' 0 .... 4 .... 0-04 

'U"I.U. 10"'0- 0.1750130110-04 "011 OIGIIEe: 4 ..1 rf--); </-- .--~ 1- ',,-~ ___ 

H­e 
c 
e c 
c 

Il 
1 • 
2 • 
l • 
4 • 

, .. 
TIC 

'-..-"~-

242 

• 
• 

, 
1 

1 

\. _J 
?~ 

é 
é 



, , 

f 
~ , 
t 
h . 
t 
i 

1 
,1 

f 
r 

:' 

,i 

\ 

B. Reacti?ns in Methylene Chloride 

"UN NU'U1Il'A 66 
't'truc 4Rt_ l" DATA ('1(11 NT', 't'II THI S fJUN 
T' 'l4L ll:.Nll 1" , •• : 1;!. O-CLl.CK 

• 04St. ... 1HF. "IlS0"'""N~~ 15 0.11 

THIS l>'tOGR"" IS CIlRACCTEO FOH 1""CO~I'OSITIOH AT LONG ItF"CTION TI"FS ay 4N ITERATIYF "ETHOO 
SC .... LE 0-2 DEG1NS AT PDINT NU"AEIl 1 

H;E .... xl .. UM Ae50""A':'CE 15 0.514 

Le .... s T SQUARES 
SL.OPE 15 
NUMOER OF 

ST ,OEV X 
33.934601 

ANAL.YSIS OF POINTS FFD" 6.7 4ND C.700UÜI> TO POINTS IZ~.I AND Z.9957lC 
J. )111 .. 48 CC.R~ELATION COEFFICIENT 15 0.t,I<J7241 Y-INTERC!PT 1 S 

O .... TA POIHTS 21 
ST DEVi Y ST CRROR of 

0.608584 0.04961& 

TH! l'OLLO.,,ING 15 A PI.OT OF T/iI;SE POINTS 

•• x •• • 78C Ode •• y •• 

• 

• 
• 

. \ 
• 

o. 
• ." 

• • 
1 

T "ATE NO N TED J'OR LONG TEA" D!CONPOS 1 TI ON 

'"15 AAT! 15 T~ LONG- Tla .. SOLVrNT-INOUCID O.CO~OSIT10N A"'f 
!Myl! .... "1 LII$ TH~ Il DIf~US OF ,aECOONI I!"ItIlOII tNI!I .. U ",OOTpOC:AI~·TC'~:OU20.0 0HI) \ 1. ~71'0, 
LIAIT IOU .... "!S ANALYSl!! !li' PU, .. '! l'MOM 264.0 ..... 1tQ i1 ••• U!19 "~ " _ ~~ 

',"OH" C.OUU7 ." (OA~P.L4T1Q" COCl'I"ClI!Nr LI ".993... Y-INTERer" Il 
, "..,..'111 III' DAY" II01N" '" 

1"11 ,.nu."W'ftlô' la .... PLOT DI' ~HE'f POU'TI ' 
\ '\, \ 
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0.5/11311 

" 

0.332464 
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THE C:ORAECT!O AB~D>lIlAHCC "AlIIMU". AO,~P. IS 0.707 

~~~~r-~~~~~~~~~r.-~~~~~~TIIIN ------------------------------------------~------

THIS IUTF1~ IlNLY AN eSTI"ATC ANI> MU'IT nc CORRFCTFO Foa 1. ONO TERN OECO""OS' T'OH 

l' 
( 

THIS AATE 15 THE 1..0"1(;-' TEAN Sa.VtNT-INOUCCD OECOIIIPOS/TluN .UrE 
THur ARf LfSS TNIIN lb OfGJ<Ee5 or ,.,11:[0(1"1 !RAOR LI/Urs AU!! NOT 'A,"C,+ATtO 

L!UT SOO"'Rt~ ANAI..YSIS· UF paHIT~ ,1l0N 3 .... 0 liNO ~.76ll>7J TO POINTS "JI.' ANO IoC72Cl44 
~~:~Rlgf' o;f~:~~ï~TS y CC.AACLATIDN COEI'f'!CI!NT IS 0.99710a Y-lNfERCEPT I~ 

THI CO .... !!.c n'o "ttSORIIANC! """'MU ... AOP". 15 ;. 70C> 

THil RAT' IS CURIe.CTEI,) FOR LONG T!flN DCCOIIPOSITION 

",1A'; .. 3~"~~S A~~a~:I>U' PO MS ~~g=fUT'Ô~ ~~"I'"I~i:~~"'f~ TU/)~g~~~:Q\U.l Il.,0 
• NUMaIA OF DATA POIlOirs al 

THI. RATI! 1$ 0,,", <"H IIT'MAT[ AHO MU,T UE COAAI!:CTfO 'OR LONG lI!"'M D'COMPOSI,TlON 

, , ( 

\. 
\ 1 

\ ' 

1.41)4"49 
Y~ INTlU.C;fPT 15 

,).2"4671 

O. ~0917J 

j 
j 

1 

1 
1 

. 
1 

j 
! 

-1 
1 

1 

. -, 
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THI" QATr l~ THL Lt)Nf..,- 'Ll ~I .... U\H Nl-fN.JUC~Il,DI-C:OMPn~,Tlur" HAll 
THE~F. ARE loESS THAN \' UE ..... EES OF n<ccnON; EPIlO« I.IMIfS AR~ NOT CAI.CUl.AfCO 

LfAST 5'4lUARF'3' ANALYS'" UF POINTS FR"M "'0'.: AND ':.7QASt.tt TO POINTS 6e2.0 AND 1.072944 
SLOPE IS J.J'I3A3 COI<RFLATJON COEFFI~ lENT IS Q."98~.J V-INTERCEPT 15 
NUMOf~ OF OA'A POINTS e 

THE C.1A"ECTfO "nsaRDANe;> "'Ali I>tUN. Anpp. 15 l.7A6 

LEAsr SolUARES ANALV!;IS OF POI"T~ nm'4 6.7 AND ;: .l9'H~7 TO POINTS I,'!~.I AND 1.359<:'''1'> 
S O"F S 0.0 3"" CORRCL4TJON COFFJ"lCIENr 15 )." .... "7)5 Y-TNTE"CEPT IS 

THIS "ATt: IS ONLY 4N fSTI" .. TL ANa ",uST <lC CORReCTED FOI? L.ONG TE .. ,. OF.CO~POSITTn,. 

THIS RAT!; 15 THE LUNG- TC"'" SOLVfNT-INDue;I!O llECO'IPOSITI"N "ATE'" 
TH!!IIE A~I! LfSS TH AN ~5 OLGm:cs O~ F"F€DON' ERAOR I.IMITS ""iE NOT CAL.CULATED 

LI!A~~L~~~"'i~S A~~~m~. Ut PU IIITS ~~~~FI.:~ié~ ~~~FF I~ i~~i 1: ~ ro o~~~n~. 6J2') "NO Y-tNm~:~T IS 1 
NUMBCR ~ DATA POIHTS 

TNI! CORRECTEO "nsnROANCE NAX IlIUM. AOP". IS l.7Qb 

TNIS W~TF. 1'1 '::U"""'CTI'O ro .. 1.0,... TL~ .. OECONI>OSITI~lt< 

LEUT SOU""FS 4N4L'I'515 Ur PUWTS ~RO'~ 6.7' 4ND C.08)~45 TC r>OI'(T5 12'01 4NO' 1.3311955 
~~= ... I~F' D~r~I~~f~TS 'ZI COR~ELATl07 COFFFIClfNT 1\ 0.<)99 .... ·)J Y-1NTE"CEPT IS 

THE FOLLO," ING 15 A PLOT Of' THLSf POINTS 

.. )( .. 1 z~ • l '= ~ 

• 
• 

• 
• TH'S ,S THe 'IN~ (~Mr('.D AAT! 

• 

• 

liT, AIJII 

.. 

• 

, , 
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\ 
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"-

f 

1 

( ') 

x y FI 
J.""700C"'lr.Jl J .~tt1JJJOJ~-J 1 J.!1~Ud.)<)60-JI 

.l.IOClOOOJE"+02 O. ':i.l9"J1991IL-uJ ~.~JdI7l60-0 1 
;.1 "b~ '~';:E .. )2: -:.l''d';C~Cf;+~~ 1'\.1 e88"71Dt~': 
l.19S'~999E +J? J .144llHF+O l l.1 421 3740+'J 
o • 24J9')Ç9E. > 112 J,17C:çO~r+J~ ~.17~"53.D+CC 
.: • 28JIJQCJ9F.,(\Z '.lq"CIl:CE+C~ "'. 19f)0 111 OtOC 
J.J21)JJ"+J2 J.22?JOOOF+OO, 0.21641'1'10+00 

\O.3b7JOJIC"~7 O.2J5'19'l9f+C; ';.2JQ756JOt-JJ 
'1: .409599Q(.,2 l • .! .. ZJJJJC+JJ 1.25?4C.760>O) 
.l •• 6'OOOOf+0? 0.2".000OC+00 0.2I1Z702ICl+OO 
; .511,),)Qlfo .. ~2 ~ • .J:~~CO':f:.+~C ~. 30:!4622:0 .. 01" 
l.:>8JJJJJ~ .. )2 J.3Z.JJJJE+ JJ I.JZ.3eIlJO'JJ 
1).6.7t)9ç9r+\).:! çt.J~.CC ... I.oC+CC :. ,.63 2130.~Ç 
C.712""?~lE .. "'Z C. Jflt.:C! le .. :; ~.'6GeleJD+O~ 
l. 757Y99'9E + J.l O.3:t:S99'lYf:+CJu U.J7931 7lnoo~ 
Q .d:!7?~q9C+. 2 ~ •• '.l:OCCE+ ... : J, '<H.875'OtJO 
~.lI97Q99qE'+~2 J •• ll~q9\}r+J') J.41".,916D+JJ 
O. 967~9ÇqE+QZ \J •• .:u,O~O\JF+O" O.43270!l40+tlO 
0.104JO~:F+~.1 : •• 4"CCCC~+=: "'.445';7::1D+0'" 
'.llJd I.lJF +JJ J. 4:>".)0 lJ'-. )J 1.45:>37820+ lJ 
0.1201000f +.)3 \': •• \.I4~J~~I_.CC :i'.,"4Z4Stln+,-= 

SG'Isa 0.1"6139"51>-01 ~ .tSJAu..:."lu40-0J O.Z9Jl51!!:O-04 

SG~sa 0.1077$9210-04 ""~'H41"?0-O~ o .91 "63JO.O-~5 

NI~I~U~ seNSO- ..... 9Idb33~.O-O~ FOR DeGREE (\ 

N- 6 
cc. 
CI· 
C z .. 
C 3" 
C ... 
cs .. 
C 6" 

'= .15CJS144C-'::1 
J .. ~:!29J6ctr-02 
O.1419IJ7~- n 

-~. 5 39Z2 39"-- )" 
Ch 75?J .. O'F-,)1 

-J ..... IJ3Iqr-"" 
).IIS .... 4"'t-1I 

'HF. $LUF'~ "T ZEo"U 1 S 
n·u: V-I'HfQCEPT IS 

F2 
,.>.'.I~8iJ8JD-Jl 
J.<JJ31",.Q7D-Cl 
~.ICOa7690+'? 
J.14213720+00 
~ .112453 10>Ol 
,=" 196C7C80+ JO 
,).21603840+00 
~. 23975580+:0 
j. 2~944 7 JO+ Jl 
0.21)2701511+00 
:J. 3~246150+00 
J'324368oo+00 
J."\4(\~2051l+~O 
~. 3t 501670+ J J 
il.J7QJI520+00 
:). 39~n1280+00 
.J •• U"8113::1+ JJ 
CI.432701?0+CO 
Q.44S964tO+-:C 
J.455J1I3:»+00 
O.4".2l9!iO+,Q 

,:.lJ4727840-J. 

0.955427400-05 

POLV"U~UL CUR~" F IlT 1NG 

~ y 1'1 
.) .5 .. 0aO~N·-)1 J ... 7,».)JI(+)1 ~;t~~~~~~g!U O. 8.l9~"'l9F-')1 O.11lC)OO\J,",C.02 
a .1 040~ JOl +'1: J.14b::O~i·t:t:~ r.14396560+l);! 
,."'4H '1 t + J J J. j()!.>·J9~tjt:+J~ l.'I'lIl'5JeO·12 
~.1100000f.IJO g:~:~;;~::!ë~ ~,24J ~O"50+0i! 
O.I'l400Ç:E+O'l ~.28113540.e2 
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APPEND IX VI 

INFRA-1RED MEASUREMENTS OF THE KINETICS OF THE 

ISOMERIZATION OF IrH 3 (CO) P2 
/ 

Co = initi~l absorbance of fac isomer. 

A = absorbance of the mer isomer (measured absorbance 

base1ine absorbance at 1780 cm -1) .' 

Ao-Aeq [AO-A] 
X = Ao ln A-Aee; 

XI = ln [ Aes.] 
Aes-A Il 

AeS = initial or 'equi1ibrium absorbance of mer isomer. 

N = number of points used in plots of X or 'XI vs t. 

m = slope. 

r = correlation . coefficient. 

b \ = intercept 1 of X or X', \at 1 1:: = O. 
V 1 

S.E. (y) = standard error in X or X'. 

cr = m stan~ard deviation of slope 
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APPENDIX VII 

JINETIC MEASUREMENTS OF TaE ADDITION 

OF TRIPHENYLPHOSPHINE TO IrH 3 (CO). p 2 

• The fOllowing tables report the absorbance of the 
" 

product, IrH(CO) P3' of the addition of tri.phenylphosphine 

to fac and.mer IrH3 (CO) P,2 at various reaction times~ The 

initial reaction rate and" the reaction rate constants are 
1 f 

reported in Tables IV-l and IV-2, respectively. The initial 
1 

conditions may be found for each experimerit from the latter 

tables. 

254 

/ 

'\. 

Rate constants wete obtained ~s the slope of a least­

squ~res line in ~ 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 
\ ' 

values are equal to the'left-hand-side of equation ~3, using 

th~ maximum absorbance as Eeq' For reactions in rnethyle~e 

chlor.i.de r "corrected ordinat~s" 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 decomp~sition ~ate. 
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'36 

:4.;-4 
5.3 
"'.2 

1".7 
'l""r.T 
11'.! 
J '1. 6 
? 1.,-
2~. 8 
J"f. " 
12,'" 
~13.4 

~ 
• ",.7 
~O.I\ 

t l.'" 
-~ f.Ç!~ 

.,.~. ') 

.. l.,­
"'9.4 
~ 
1"'~. 1 
117.Z 
122.Ç 
BroT 
142.2 
21~.r 
2.::!." 
~ '''0. r 
JJ'5.(' 
"'f.7." 
-lq6~ 
.24, ? 
.5~.'" 
~2.G 

'39 

A.' -if 1 

: .... " 
'..11" 
"'J.II"' 

... , .12~ 
".1 j5 
.,; t &1'1 
"', t~" 
".1" ., 
""'.I?:! , . ~~ 
'.1 ( .. 
1. r .... jL 

".,':-3 
~,,; Z:!" 
,:.;-&f 
Q. ?,;t 
".?-''' 
1. ' •• ~ 
..... .".;1', 

":," A 
~. JI J 
';lH .,."'l:t­
". 12't, 
"."3:'t 
'~. 1~ 1 
.,.")~ 1 
O. )'"6 "."!r-,, 
17"':' , 
". ,c::,. 
".24 j 
",":!r" 
"".213 
1, !('( 
1. l~' 
~!!~ 

-('-;~"e- ... 
( .27,., 
n.JC J 
.!....L~ 
l,.~E ri 
\. ,*2, 
.~!"( 

·~::i; 
,...~,. J 
".t 6(' 
'."':- c 

"'l'''';TII"''I 
,., .,.79 
I,~ 1? 
~ 
1.0l1'; 
1.3~Z 
1 .... 2 
1,~'7'; 

~ 
, .&"12 
2.01 t-

*-1.115 
1. t 1:\. 

l' ~îj ... 
1. 1t? 
1. "1"-
1.l.t ~ 
r;-Si ~ 
I.t( 9 
1. bC.2 
1.71.'15 

COI';TI14E AII$Q!lO O~OINATr;~ 
M IN COlI COR () 

'42 

10 •• 
13.8 
17.3 
21.2 
25.9 
31 •• 
35". \ 
40.3 
..... 9 
*9.5 
51.9 
61.41 
67.9 
76.4 
81.4 
92.1 
9Q.2 

108.1 
Il'9.6 
127.1 
154.0 
180.0 
209.0 
2 .. 6.0 
269.0 
305.0 
332.0 
364.0 

~~::~' 
454.0 
482.0 
51Z.0 
535.0 

0.046 
0.06Q 
0.077 
0.0115 
.J.IIO 
0.137 
0.14) 
D. 17~ 
0.191 
0.212 
0.229 
0.2~3 
D.Z69 
D.Zee 
0.Z88 
O.JOS 
0.31B 
0.328 
0.331 
0.3"2 
0.339 
0.339 
0.32. 
0.298 
0.282 
0.255 
0.233 
0.212 
0.190 
0.177 
0.156 
0.139 
0.127 
0.118 

COH. TI lOt! 4P50AM 
MIN COR 

'1'.8 
9.1 

10.<;1 
14..1 
18.5 
22.2 
2'1'.0 
31.e 
37 •• 
.3.] 
49.7 
55.3 
1\2.3 
6"." 74.41 
&2.9' 
4iO.7 
qq.l 

106.9 

lf::~ . 
124.0 
IJO.7 
151.0 
177.0 
207.0 
239.0 
261.0 
309.0 
]]'1'.0 
359.0 
17'1'.0 

0.0]9 
0.05Z 
0.0'1'7 
0.113 
0.164 
0.212 
0.25'1' 
0.305 
0.357 
0.41 J 
0.410 
0.5111 
0.567 
0.60" 
0.64e 
0.697 
0.713 
0.7611 
0.801 
0.a17 
0 •• ·'1 
0.66'1' 
0.1191 
0. 4 31 ' 
0.975 
1.005 
I.OZ3 
1.041 
1.051 
1.061 
1.061 
1.061 

0.100 
0.134 
0.173 
o. ZOt 
0.Z61 
0.33Z 
0.36t 
0 •• 46 
0.506 
0.572 
0.636 
0.7 •• 
0.1127 
0.933 
0.97. 
1.13Z 
1.232 
1.359 
1.523 

'tg., 
I.oal 
1.IZ7 
1.210 
1.Z611 
1.366 
1 •• 56 
1.551 
1.660 
1.731 
hl57 
1.971l1 
2.063 
2. \37 

O~DIN4Tr;s 
U",CnR 

-0.023 
-0.010 
0.01" 
O.Oel 
0.106 
00161 
0.215 
0.277 
0.3.11 
0.430 
0.1122 
0.606 
0.701 
0.787 
0.8'1'9 
1.0011 
1.1011 
1.220 
1.3319 
1.402 "" 
1.532 
1.629 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O.D 
0.0 
0.0 

/ 
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1 

,'1 

, 

':1 

( 

1 , 

J 

1., 'k .l , ., 

'''~ .... 
>. > 
o. J 

12. " 
t-'J,7 
21. a 
'4. ~ 
2".Q 
12. ~ 
J7.1 
4".~ 
c ( .4 
')"7. :1 
f 'le ~ 

t'QI" 
7!o .. ~ 
Pl., 
'-J.1 
Co:). t 

l '~. 7 
l J 2 •• 
11-•• 
ll" •• , 
1 ~1 • ., 
lf,Q,," 
l c,7, J 

"2.13 .. ' 
?64 ... 
,!qn,r 
~'!..,: 

1""",( 
6.21 ... 
45' •• 
.. ,Ii.,.,'" 
·l~.t"I 
54~, t\ 
iii"!') .. ? 

'" 
....' 17 , • n 

~? 
,1. n1 

.. .1' 
'.\11 
,°. 1 ."1 
-,1"-" 

.1 .. 1 
'.1/1 
1',IAlC" 

',~, -
",!" , 
r .:!t. • 
' • .:!~2' 
'l.::' \ 
'.: 77 
'. ~.., 1 
.. , J' " 
': .. :'- l.! 
',""'1 
". t_.,. 
"."~. 
' .. 1 ~~ 
., lIe t 
~.".;" 
~.1' '\ 
'. ""4 .1.1',e 

,',Q." 
, 34.2 

~.1'" 
'.'''':' 
".""IA 
". 1 ~' 
-,:?()A 
... "w'l 

.~ ~ COR.TI~~~8!ORP.NC 
WIN CCR 

3,3 0.t03 
•• e 0.110 
S.!I 0.11 
?Cl C.13 
q.8 O.\o\S 

12'.8 O.IM 
15.6 0.192 
11.fI 0.203 
21.~ c.ue 
2 .. 1 0.2"3 
27." 0.267 
li ... C.Z93 
35.0 0.313 
3Ç.7 0.331 
.J.1 0.160 
_8.0 0.31\3 
52.0 0.402 
!ft.8 0 •• Z3 
6.1.ca C ••• e. 

0.473 ~7.6 
7l •• O •• 9? 

0.507 17.3 r 
e3.9 0.508 
41 •• 0.552 
qç,lJ o.sn 

~Oft •• 0.593 
114.t 0.60& 
11-8,. 0.616 

'SO 
'COR."Nf OSSOR~ONCE 

_IN' COR 

8.1 O.OZ. 
10.1 0.0.3 
Il.5 0.068 
I!I.I 0.077 
Il.! 0.096 
22.\ G.118 
26._ 0.13. 
30.1' 0.148 
35 •• 0.IS1 
40 ... 0.101 

;~:T O.PS 
0.191 

=6.1' 0.210 
62.2 C.222 
6S.0 0.241 
75." 0.260 
el • ., 0.273 
t7.1 0.2 •• 
92 •• 0.296 
98.5 0.J04 

104.5 0.310 
110 • ., 0.J2t1 
IU.7 0.333 
12l.7 C.l.a 

•• 1: ~ 
.rf' ''' 
.1 il 
_1,.1 
,il ,. 

\ .;,.." 
• .! IL 
.:t .. 
,JI- ~ 

,L! 1 
.5" 

".tl' 
.'7, ., 
,'l'L' 

, .1"1\ 
,(\" 

1 • r 1 c, 
1 .1 ~J 
1.~P_ 
1.31;' 
!.4 .. 
1.4~" 

1.' .' 
" l, Il 

1'\.r:1 
1.r';l~ 

1. "72 
1 .rr.r 
101. 
1. 1 ~04 
1.111 
1.21 
t .2. t 

147 

". J T.' O." 
1 "'!. 1 
17,3 
22."' 
25,' 
2.17.,4 
:1 "li. 2 
1Q. ~ 
44,Q 
~"I] .. 1 ~ 
-::"'."J' 
~),'" 
7r .A 

~~ .. " "2." 
Q1.0 
Q..,.", 

1'\7.2. 
1 \loi 
P'.I 
12'7.1 
l 't l.'l 
1" i. ,,\ 
1~"'.·"I 

""1.:1 .. ' 

"?""" 
~d6. ' 
1&::.t;, ) 
l~? r. 
... 1.t. 1 

4r)~ • 
4".::. ... 
'5' fi. , 
-;44. ~ 
l'\O~ .. ,· 

"'."'''' .,.""1'" '. "') 
,., 'l. 
, ,1 • "J 

- .11' 
~.1 15 
".1 '\p 
1. ~ ~h 
" .. 1"1'7 

'",1""" 
'.1 ,7 .. ., ... ., 
1." ., 
),~, 1 ., .... ,1 
~, ? 1 ~ 
".:-" " 
1,~~J 
.. ,..,: '? 

'.''l''tfl 

... 2."() ., .'1" 
"1 -:.2.?' , ,~.,,,, 

... 22" 
,.:!\::!: 
~.t~~ 
".1 101 " 
~ .! #- ) 

.... 1-;1 
'.1-­
'.ll' 
".lr~ 
,.II~ 
1. 1 ~ III 

': • l ~ 

l > 

,l' 

: J'." 
,t.' l 

'."foc.. 
" i oC. 
.p 
.7. 

.r' 
, \'1 :o~ \ 

1 .Z' • 1." '," 
1,'z""'" 
!. ,,,,,, , 

'.- 7,· 
1. "'2 
l,lt&: 
l ,q,. ~ 
.' ~ t, 

, " 
1,;.7'; 
L •• (1.:::: 

1,~ .. ') 
t ,5/ ~ 
l.~' 1 
L.ftr. 
l," " 
l ~ 1l' J 
1. _f ... 
1 • ~1 7 
1,bt4? 

ê. '?" 
~.13 ., 
..... 2,. " 
" ~ 

'45 
oeSORB PROINÀTCS cnR.flNE 

"IN COR C.oR 

'49 

0.0.8 

g:g~~ 
0.083 
0.099 
0.117 
0.128 
Q.lltl 
0.1.9 
D.173 
0.183 

.0.198 
-O. :HJ. 
0.228 
0'.234 
0.242 
0,25. 
0.260 
0.264 
0.269 
0.269 
0.214 
0.210 

~:~~: 
0.263 
o.Z!ll 
0.241 
0.231 

,0.203 
0.189 
0.1 ra 
0.163 
O.lel 
0.14. 
0.,1 'S 
O.US 

0.133 
0.IS2 
O.21~ 
0.2S3 
0.114 
0.387 
0.436 
0.4'16 
0.S41 
0,661 
0.737 
0.842 
0~9U 
1.088 
1.170 
1.26~ 
1.42l 
I.SS6 
".613 
1.815 
l.e74 
0.0 
0.0 
ï.'19i 
1.29_ 
1.31S 
l.lU 
1,4,-
1.46S 
I.SII4 
1,66e 
1.7H 
1.814 
1.890 
I.HT 
2.002 
2.079 

\ /",/1 48 
COR.Tllle 4e50R8 '---" COQ.T(~F AOSORaANQ!!. COR.TIME 013S0R aANCr MIN COR "IN COR "IN COR 

4.2 0.0711 2.3 C. 0.3! 10.1 5.2 Q.OA3 ~.e 0.0 .. 2 
o.o.a 

11.5 ('I.06h 7.3 0.0811 -.9 C.O"2 1 •• 0 C.-oQ5 Il.3 0.097 b.a 0.048 15.5 0.110 12.3 O.lOtSl ~.ç c.o"Q l'I.e 0.1410 14.a 0.122 Il.1 o. O~6 22.9 0.166 16.9 0.132 1 •• 3 Q.06oO 26.9 .20.7 0.153 \6.3 O. 065 
C.ZZ) 

~::~ 0.161 20.2 
31.2 0.262 

0.068 ... 36"" 0 • ...101 0.177 22 .. 3 o. Q?Q .,· .. 0 30.1 0.192 ?<!.1 0.011 
O.J_Z 

1.1' "e.! 0.180 3'l.O 0.222 ZÇ.9 o.e73 51.~ 0 •• 12 42".9 0.'240 1~.~ 0.013 57.2- 0."'8 47.5 0.256 38 ... 0.010 62.8 51.3 0.270 .. 2., 0.478 
0.072 6Q.C o.~oç 56.3 0.285 

"" 0 
0.072 7tl •• "1 61.2 0.302 ~C.7 0.072 

0.546 
e2.J 0.571 67.1 0.317 3!.a 0.072 47.7 0.54115 .72.a 0.33.3 60.& 0.073 q] •• 0 .. 618 77.8 0.346 66.6 O. 077 
99.1 " a3 ... 0.356 72.2 0.075 0."32 

" 
\O~.2 0.648 q 1.2 0.371 7P.2 0.072 111.3 0.667 99.4 0.390 83.0 0.079 119 ... 

loe.l 0.4410 f1IO.6 
O.tJ9l 

0.079 124.5 0.701 116.2 0.412 9Q.O O. ce. 
117.9 0 •• 18 107,6 0.080 

11~,e 0.087 
117." 0.oa2 

~ 
.51 .52 .53 
CliP. TIN! AB50R8&"'Ce cnR.TI .. e A850R8ANCE COR. TINE Hl~ORtlANCI! 
NIN COR -IN COR "IN ;OR 

6.2 0.021 3,e 0.017 5.e 0.069 
10.5 0.032 1.e 0.016 e •• C.090 
I~.O 0.042 q.s 0.042 10.0 c.\ ce 
' •• 6 0.04] ,% •• 0.055 '2.1') o..tl .. 
\7.9 0.1]&7 15.C 0.066 15.5 0.158 
21.!I 0.0.1!!I Ift.2 0.011 1~.6 O.lftl 
Z'5.8 C.O!l2/ 21.3 0.0111 21.9 0.209 
30.~ '.0571 24.1 o. t 02 25.2 0.232 
3&.8 0.069 27.5 0.110 Z8.2 0.25e 
Jç .l' 0.~76 30.5 0.122 ll,l 0.278 
45.0 0.087 "4,. 0.133 34.9 O.JO. 
150.6 0.097 36.a 0.H6 l~.3 0.333 
51!.C 0.103 42.9 O.IU .. l.3 G,J51J 
61.6 0.108 46.9 0.172 &e .9 0.387 
~I!.e C.lZD <>50.3 0.117 50.3 0.40" 
1,-5.3 0.129 "53.9 0.193 54.! 0."2. 
eI.2 0.134 ~7.! C.202 !Jf.l 0 ••• 5 

\ ~e..f' 0.138 62.0 0.212 6205 O.4e6 
91.8 0.142 6!5.6 0.2U 66.3 0 •• 86 
97.a 0.152' 

)ir~ 
0.238 73.6 0.519 

103.7 0.153 9.0 0.24e 79.6 o.s •• 
110.1 0.156 - a •• o. 58 ~4.2 0.562 
117.11 0.162 " .2 O. 4 fle.e 0.580 
122'.7 0.164 94.5 0.2 l 95.0 0.600 

100.0 o. 7 100.5 0.615 
IQ'l.4 o. as 106.0 0.628 
110.5 298 1.1 0.642 
114.9 .302 .4 0.652 
Ize.1 0.310 12 '1 0.663 
127.3 o • .lI 3 127. 0.6112 

, ' 
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.. 

154 155 456 258 
COP."'Mtt AH50RtSA.NCE COA.lI'IE ""SOAU OOUJINATES COH.TlMf" AR"îQRt:t OROIHATCS ~ "IN ',~OA ~IN r:OA CO~ ~LN C'OR COR 

( 1.1 0.1., 'T. ~ 0.006 0.022 S,.H .,.0.0 •• 0.001 
ç.C 0.1'9 ' IJ.J ~:~1: O.O!lb 

.lO.! 0.172 12.~ 0.0&. 0.094 '11.2 0.119 
0.217 ltl..4 0.>171 0.160 

~~:3 O.:5C 0.210 ,]. !5 
2~. 5 0.10] 0.239 l 16.0 0.11112 J.J77 0.309 

lÇ.3 0.Z65 Ze.2 0.128 0.307 
36.1> O.09b 0 •• 03 , 

22.~ 0.l2~ 35.S 0.1"8 0.&24 
.3.9 0.1\1 0.511 '4, ! 25 .. e 0.362 .').1 0.11)S 0.5H. 
501.5 0.135 0.61. . J, ( za.!! o.lQ6 4?6 0.22-1 0.61 Z' 
60.3 C.lôC O,18t 57. tri 0.247 0.722 t .,31.9 0,433 66.1) O.Z6t\ 0.829 61.1 0.lb4 Q.84' , 35,. 0 .. 466 75.5 0.286 0.93_ 75.9 0,11' O.9f.lO l Jf.~ 0.492 lé •• ? C.I8' 1.082 81.7 0.298 1.020 Q./l'~' 1.225 }. .J.~ 0.5H 

92,6 O.311§ 101.2 IiIJ.1 
.. 7.Ç 0,58'-' 99.1 0.207 1.392 

" 51.2 0.617 9q.~ 0.32" \.234 1C(,,1 C .Z05 1.047 
~&.8 0.04' 106.1 O., ,. I.JI7 

Il'.? 0.202 1.499 Il l.! 0.3.1 1.40- 1.611 !Se.e; 0.1;171 
120.~ g:i:g 1,.70 121.0 a .20~ 

63.1 O. 7~6 126.5 ~.2'2 .1-l. 
66.e 0.732 12" .1 ~~ 132 .3 O.NS 0.0 lJl,8 0.1"4 7a.l 0.778 212.0 0:",!70 f:~~~-

;"\2:.0 C .190 l.6bO 
1"0.1 0"li15 2"9, J J.112 1.76.J .' e •• ~ O. ",C 24'1.0 0.36'" 219,0 CI .165 1.801 279.0 1 0.3'57 1.030 1.991 rQ.2 0.962 

3~1.0 I.04Q JC7.~ 0.150 
9~a~ o.ftec:., 0.'50 3J!l. ) 0.\ 35 2.002 

101.1 O.,cH 2 ~ l3~.0 • 0.337 1.087 
3~5.J 0.122 2.103 

106 • .- O.~ll l65.0 ~.322 10133 
397. =- C .110 ~:m lCil7.0 0.309 1,177 

~~~:l 0.'152 42'5.0 O.2.9~ 1.22 ... H~.ù .;).100 
2 •• l0 0.912 4SS • .; C .:):fUI 

12e.II! C.ge2 :i::·g 0.281 1.26j '8"'_ ,) v.Jal 2.5JI 
12A.2 1.000 0.2-r.O 1,30 

516.0 0.070 2.659 5\6.0 O.2~1 1.3a 
540\. :: 0.063 2.7&' 5& •• 0 O.2_S 1 •• 0 

.57 .58 .59 
CelA. T Ille 

ARSO~() AttSùRO OQDINUEiS CIJR.TIHr Alv.U\:IJ n~O'N .. r!S t O"OINATES COF'.T IME 
MIN CO~ !cOR MIN ~OA COA MIN COOl COR 

9.5 -O.~J' 0.012 10.1 o.ooe Ml Il.2 0.047 o.l~e 13.Q 0.0\6 0.068 15.l 0.02' o,~e 
,,,.q 0.~6l o .ll'! 18.2 0.018 0.IJ2 IQ.-\ 0.032 0.12 1'l.J J.J83 0.235 ,2 ... 3 0.065 o .21ft 2'1.8 o.on 0.21 2? .q ~.J93 0.273 30.2 0.090 0.30~ 32.8 {\ 0.088 0.32 27.1 O.I?!! Il • .]t'' , 17.-; O.12~ 0.422 39 •• 0 .. 115 0.433 31.7 1 0.120 0.376 ... !. O~ O.IO~ 0.546 05.9 0.136 O.5~ l1.7 0.123 ~ C .392 ~ 

51.' 0.161 0.615 "'2.8 0.162 0.6 ~ Jq.4 0.1,30 0.436 
5~.5 0.171 0.117 61.t 0.le3 

g~~3: 47.'" 0.150 0.53'1 6'10 3 0.196 O.II~O (\9.5 o.?.ol 53. ~ C.16? O.59ft 76.6 0.207 0.949 11.1 0.214 1.06\ 1 5-t ... " J.169 0.651 
a~.l • 0.220 1.011 86.1 o.ZU 1.le6 6'3.0 0.172 0.695 q •• l 0.2.2'1 1.\14 9'1.1 0.2]4 1.J3~ 7:>.0 0.176- 0.142 100.6 0.2l8 1.29J 101.6 0.231 1.4' J e J. Il 0.181 a .83_ . \OT.6 0.244 1.391 108.7 O.~41 1.li14 ~~.7 }.19b 0.932 ~ . 11~.2 O.2<liO 1.'0' m:r 0.246, 0.0 97.4 0.2 JI 0.997 

\ 
. 

.. 121.9 0.250 1.'Ilill -0.2;") 1.41_ lOf, .0 ,0.2>12 1.057 \21 •• 0.252 ~ 128.5 0.245 1,406 Ill. J 0.238 0.0 13l.1 0.256 ~30.1 0.245 1.406 ~:!4f). J J.22G IUJI. 2 n." o.z,e 1.15. 12.0 0.228 1.~7e !.oo' ZQ7.0 C.210 1.5t..C 'Ii Z'9.l 0.250 1.386 2&Q.O 0'.220 l,S •• ll<). " C.I~ 1.671 " 219.0 0.2-0 1.427 21'9.0 O.207J 1.515 l8? J 0.16 1.19'5 
1 307.0 0.220 1.496 307.0 1).1'~5 1.l!34 16:1., ~ 0.1 1.937 335.0 0.2\1 '\.546 335.0 O.l8J L ,698 47Q. C .. ~.12 2.12,,) /. 165.0 o .19Q 1.6'. !61i.O 0.~67.0 1.784- "51B • ..J 0.10/\ 2.2.0 3'9 •• 0 0.t1\1 1.676 397.0 0.151 \.B5I 

.". 42!!t'.O 0.171 1.766 oZS .0 0.140 1.96~ . 4'55.0 0.\ 64 1.1107 .",0 0.\:/.11 2.D,1 
• 8 •• 0 0.154 1.870 48 •• 0 0.IZ0 2.120 • '/ 

~~ 
'16.0, 0.1.) 1.966 ~ 516.0 0.1 hl Z.207 .r '44,0 0.132 2.0Z0 !II ••• O a o! 03 2,,27~t 

" , 

A " ' ,', 
'62 '63 '64 
Cel".fIMt;: Afl'\OIo.l •• ORI)INATES COR. TINe AllsORO OADI~ .. TE5 COR. T l 'lE ",nSORtl OADIN .. T~~ 
NIN'" GOR COR MIN COR COR MIN COR COli 

Il.6 0.251> 0.194 -.. O,Jl,;) 0.067 '1.2 C.O'" 0.070 1:1.1 , C.lI , 0.245 8.3 C .016 0.1\6 9.1 J. )b" 0.106 l~hô .3,1'5) Q.U:I 12.3 0.02. ~.118 13." ~.~92 0.150 16.6 0.185 g:~~: 16.5 0.OJ4 0.:156 17.5 0.124 0.2\7 23.T e .'''b 21.6 O.H6 0.358 22.2 0.15. 0.279 27.9 \l."Q2 o •• ~ 20.e ·~.~5. , •• 39 &!(J.T C.11 .. 0.32e 32.8 o .S",v C.50 29,7 0.06. 0.536 :so •• 0.196 0.315 38.0 J.6J) 0.576 33.9 0.010 0.614 3 •• 8 0.226 0 •• 46 4'\.e 0.668 0.6705 35.6 J, \l?J 0.650 3<).3 C.238 0.4e2 52.2 0.712 C,1.9 .... ~ 0.OT2 0.712 ••• Cl 3.26. 0.555 SIl.b .J.7bS 0.'.3 "9.6 0.076 0.79. 50,3 o.~" • C.618 "1\.2 O.Hl 0.938 ~5 ... 0.1170 0.784 ~6.l . O. o. 0.6116 71.d C.SS2 1.,027 02.6 _ c.oa. 0.998 1>3.3 0.324 0.762 8l.3 0.~9~ 1.U4 I>~" Q.~1I2 '.~37 ~ 69. '7 0.3'. 0.a.2 9:s.1 0.02. 1.24. 73,t) o.~lIci 1.059 14.5- 0.36) J.QIO 

lL)·"~· 
t.,.l ft'.5 c.oa. 1.1111 111.:1 0.376 0.990 10 ." O.9n 1 •• 37 87.7 0.J92 1.392 8".l 0.J92 1.077 13 .0 .OU -~~ 9'.6 0,08" 1.339 95.5 J",,4 L.IS5 24 .l J.J6. 101.7 , C.086 1.462 JO:!.5 Q .412 1.220 291 1.010 -0.015 1 ~S.II 0.088 1.5911 IC9.4 0.426 I.Jl9 m:t3 g:m '. 0.036' 119.8 O.OS' 1.066 , 1\8.8 0.436 t.419 0.087 \28.11 o).J1I4 ~ t29,6 0 ••• 6 0,0 • 1 •• J C.I'" O.U .. 150.6 0.082 15\ .2 .,) •• 6. ~.J 479.C ~.80) O.VJ 19Z.0 C.076 2.577 192' .0 0.4711 0.0 b ~la • ..) 0.16. 0.264 2"1Il,.,) \l.060 a.eu 2~ •• O 0 •• 7" 0.7'2 300.0 0.056 2.112 JO,. J 0 •• 56 g. ml 33t.0 o.ou 3.123 3JO.O o •• Je» .1130 

( 364.l 0.040 J.211 lfl •• O 0 •• 26 0.853 .00,;) 0.01. 3.3111 ,Q). J ) •• 06 0.901 1" 427.C 'O.t)3. 3.)11 4~1.1J 0.391> 0.926 ".0.0 0.024 J.729 .t.c.o 0.374 ".'83 4C)I!.O 0.OZ4 3.129 .. 9->.0 0.356 • 1.032 5~B.J \l.\llll 4.017 $",,,. ~ 0.3 •• 1.067 5'0.0 0.012 4.422 55'. ,) ~.l3) 1'0108 ~1e.? 0.018 4.017 ne." 0.316 1.15:1 6<12.J 0.012 •• 422 ,,":!.O 0.304 1.190 ,. 



" " 
~ 

\1,. .. 
" 

259 , 
1 \ 

t C ~ , , 
1 

~ 

! ,1 l 
1 , -'-<JP 

~ 

.65 .66 '67 
COR. TIMF t?~\11 

OROI .. ATE$ CnR. rtME AIJSORn ~ci~INATes 
14'N COR MIN 

Cùfl. T t "4e ADS .. ')RJ 0"0 INA rES 
"IN '" :OR COR 

5.Q 0.064 0.01. ... 7 C,G56 0.0113 ./ C."5 
9.9 ~.IJJ 0.119 lJ.9 ~.J~o 0.128 0.5 ./0.:)03 

\:1,1 0.136 0.16' 14 .6 0.108 0.169 ~.1 l.l4-b 0.\\ ! 

\ Q. 7 C.IH. 0.232 lq,l. O.IH 0.233 
Il.2 0.0""0 O. ,~" 

23 •• 0,).224- 0.292 2 ... .- a.IH 0.283 15,4 0.076 o .Z02 

27.5 w.2!j6 0.~3 2ti,4 'J.190 0.332 
lQ.S , ~. '9J o .z.e 

3\.1 0.2S. 0.390 3~.1 0.222 ;g:~:; 
2',) C.lol6 0.Z99 

'5t~ 0,312 0 •• "1 Jb.1 Q.236 2~.0 0.118 ;,.34_ 

c .l •• 0.501 .u~ 0.262 0.'86 
32.4 ~.128 0.383 

45.7 J.390 0.57. 46.S o.ze. 0.1144 
3o.S 0.13' 0 •• 11 

'!>I.O 0.406 0.638 51.7 0.300 0.591 tfZ.2 J.t.6 IJ ... 63 

57.~ O.""" 0.723 ,!>~.) • 0.32' 0.663 .. 5.9 0.157 0.509 

o •• \ .)."7~ 0.810 ".ri 0.3" 0.731 51,6 C.170 0.571 

70.4 ~.!>oo 0.814 71 ,~. O.l6b 0.8041 
~';..q a.IBl G.6ao 

75.2 0.52' \l.vsa , 7~.d ~ c. la .... 0,.ll5 
04,0 0.199 0.723 

.e,., 1:I.5J6. 1.012 Hz.a 0,'00 0.946 13.6 0.20tl 0.792 

~. 8C').O Q .5U 1.117 tJq,é 0,4'1' 
. 

1.0fO 1~.6 0.211> o.a-f> 
q(,.J 0.56. 1.207 fJl6.A 0.434 1.115 85.5 0.22. 0.910 

lOJ ... Z 0.60. 1.lO! t o~.o 0.".6 -'"\.l90 92.6 ~.23l 0.985 

110.2 0.616 1,38 IIJ.~ 0 .. '56 1.261 98.1 0.2.311 1.035 

111).4 J.64" 1 .~2 12l •• 0 •• 04 l.ll8 
104 ... ~:~;~ 1.085 

'30.3 C.65tt o., 0 131.1 o •• eq, " 00.0 
• .,9.6 1.172 

151 .~ 0.676 0.0 151.0 O."~6 0.0 116. d 0.2S .. 1.232 

p:)2.J ,),6H 0.0 192.J o.GU 0.0 m:~\ 10.25e 1.273 

26_.,) 0.(,80 0",l85 26 •• 0 ~.SOb 0.&8' 0.266 0.0 

JOC .c e.6bli O.'~I> 30:.0 J.5~J· 0.69J 215.J 0.295 0.0 

J30.0 .).60\6 • 0.436 33~.o Il.oaQ 0.733 25).>'" O.2~7 J.G 

'64.0 0.624 0.411 36'.~ 0 •• 66 0.763 309.0 0.278 1.280 ,1 

40J.) J.sn 0.517 'J)oJ 0 •• \) 0.798 3.4.0 0.267 1.320 

4?7.0 Q .516 0.551 .27.a . 0 •• 30 o.aJO "o~ .0 0.251 1.382 

4n" 
C .556 0.586 460, "! g::~~ 0.877 4311.0 0.232 1.461 

"," l. J l.53" 0.621 49),) 0.9(16 .t.I).l 0.222 1.505 

5 S.O 0.51r. 0.1>&1 i~~:~ 
~.386 0.951 501.0 0.208 1.570 

550.0 0.492 0.709 .l.368 0.999 S33.~ 0.198 1.619 

5,7a.~ 0.47. 0.7.6 ~78.1J 0.352 1,0.4 S61.,) 0.188 1.671 

" 6';2.::1 } o •• ~" 0.785 Cte? J '!.l"2 t.072 

i 
• ! 168 *69 '> 
1 '70 ~ ~ 
! co~. TIME AIlSORU OROINATES cun. TIIoIr "U50.'hi 

MIN Mill OROIN~TES cr;ap:T IME Au~nAn 

1 
:ow COR COR COR OOOlloj.TES 

.' 1 "S.3 0.052' 6.4 
"!N COR WH 

1 
J.l35 C""1 0.101 

... 7 C.04b 0.012 ?J 0.172 0.132 
7.'0,) 0.113 0.IZ8 

Il.d 0.067 0.099 12.7 0.2~3 0.164 J'.I 0"26 0.150 
J6 •• 0.092 0.148 170> l.2H 13.6 , 20.2 20 .. Q 0.201 0.158 0.191 

0.112 o .Ia. 0.211) 0.245 t".~ 0.'R9 0.236 

'i 
2 ... 7 J.13l 0.224 25 •• 0.323 0.293 2~.C e.22~ ~.Z'3 1".- 00157 0.274 JJ .t 

g:~:~ 
1ft.? 

33.11 
3 •• _ 0.341 0.236 0 • .315 

0.175 0.309 O.l85 JI.O 0.268 0 • .305 
J1.1 0.11'19 0.340 :37.1'1 1 0.4?1 0.420 '5.' 0.29. 0.412 
"".1 C .213 0.396 43.1) 0."6Q 0.479 38 .. ' 0,310 0 ••• 3' 
.t».6 C.?2? 0.433 .7.3 0 .... 83 e.515 ••• 7 0 .. 341 0.505 
5'" .3 0.252 0.49\ $',) J.518 0.57. .8.4- QoI'356 0.539 
'b,'9 C .21C 0.540 '5.7.~ 0.5.3 0.622 5~ C.l." 0.605 

.J 6S.2 J.298 0.623 
6!i,.Q d.586 0.707 56 C.' cs g:~R, 7'7.2 0.322 0.100 7' ,) l.612 0.773 ~~~~ 8:::î 79.~ a.3Jl C.751 ISO)I Q ,g43 0.850 0.807 

tlb,a J.357 0.839 86 7 0.66~ 0.9J9 
~e'7. 7 0 •• 82 •• ~.a76 

93.'!> 0.372 0.908 9;.2 0.68' ~T ." 
98.6 9: .~ 1 0.992 0.500 0.943 

0.38Z 0.95. o .7l2 1.048 Q5.1· 0.523 1.029 ~ 

-'- I"S.J \ 0.198 1.036 ~,J5.7, 0.716 1'.110 1 J}. 1 ~.5'101 1.090 ..... ' Il ~.3 J"IO J .101 - Il.~ 0.732 ::g: 10h.5 0.54 d l ••• !» 
t 16 •• 0,4t8 1.1$9 116.1 0.74. 111. S C.S58 1.198, ~ 

1'Z~.7 0",42, •• 11,] 123.2 ,).752 1.300 117.6 Q,S70 1.~6.· '< 131.S 0 ... ·3 ~:! 
1'j7.2 0.7.7. g:325 

123,9 0.51'11 J.333· , 
21~.,J ..).446 215.C C.79S 1~9.J O.!598 ti-- • 
25.),.) 0 ... a8 0..0 ~~~:g 0.7N 0.261 215.0 O.'" 1 
3C9.~ O._57 0.7el 0.690 25J.O 0.6'15 0.0 "" ~ 

3._.) 0.'34 0.113. 
, .... ,J .)'.633 0.l71 3J<i. l 0.473 

4Q5.~ ... O~ .0 0 •• 51 1J.6i!3 

"" 
c.3Qe 0.921 ~.54B 0..601 ' .... 0 0.1»;> 0.501 

43~.e ).3TZ ".988 .3~.O ._9. .C~. 0 0.583 
"69.0 469,) 0.705 &.558 

o .HS 1.055 0 •• 5l tm'l 43".~ 0.531 0.03Z" 
501.0 0.JJ2 1.102 501.0 ·0.413 "",Q.iJ 0.503 0.6117 
533.J o.JJe~ 1.177 533.~ C.37~ ".9801 .~j~:~ ~.'8il. 0.733 
561.0 C .293 1.227 561.0 0.3.8 0.783 

~ 
1.055 Q.457 

~61.; C.631 0.B27' 

-, • 
>, 

" , 
( 

1 

1 
" ,\ 

1 'l 
.' . ", 

\ 



1 
f 
t 
r , 

G 

/ 

1 

, ' p 

IIV 
\~~ -- . 
, . 
, , 

(). 

Q' , 

" 'I 

1. 

2,. 

3. 
4. 

5. 
6. 

7. ~ 

8. 

9. 

10. 
Il. 

13. 

14. 
15._ 

16. 

17. 

18. 

19. 
20. 

21. 

22. 
23. 

.' 

1 

/ 

• i 260 

/ 

REFERENCES . 

o , , 
A.P. Ginsberg, Transition ~etal Chemistry, Vol. l, ed. 
R.L. Carlin, Marcel Dekker, lnc., New York, 1965" p. 11

1
3. 

J.P. Blackledge, Metal Hydrides, ed~ W.M. Mueller, J.P.I 
, Blackledge, G.G. Libowitz, Academic Press, New York, 

1968, p. 12. 
A. Wurtz, Compt.· Rend., 18 (1844) 702; cf. ref. l. 
D.T.~Hurd, Chemistry of tne Hydrides,-John Wiley & Sons, 

'In,c., New York" 1952, p. 44., ' 
T. Graham, Philos. Tr~ns. R. Soc. London (1866) 156 415. 
T.B. Flanaga~, W.A. Oates,' Transition Metal HydrIdes, ed. 
R. Bau, (Adv. i, Chem., 167), American Chemical Society, 
Washington, D.C., 1978, p. 283. . 
Ref. l, p. 114. ' 
G. Wilkihsonl J .M. Birmingham, J. Am'. 1 Chem. Soc., 77 
(1955) 3421. 
J. Chatt, L.A. 'Duncanson, B.L. Shaw~ Proc. Chem. Soc. 
(1957) 343. .~ 
H.D. Kaesz, ~.B. Saillant, Chem. Rev., 72 (1972) 231. 
G.L. GeoffroY, 1 J .R. Lehman, Adv. in Inorg. and Radiochem., 
Vol. 20, ed. H.J. Emelêus, A.G. Sharpe, Academic Press, 
New York, 1971, p: 189. 

IG.L. Geoffroy, M.G. Bradley, R. Pierantozzi, Transition 
Metal Hydrides.l (ref. 6) P" 181. 
G.G. Libowitz, The Solid-State Chemistry of Binary Metal 
Hydrides, W.A. Benjamin, Inc., New York, 1965, p. 94. 
Ref. 2, pp. 3-5. ~ " 
E.L. Muetterties, 'l'ransition Metal Hydrides, ed. E.L~ \ 
Muetterties, Marcel Dekker, Inc., New ~ork, 1971, p. 11. \ 
K.M. Mackay, HYdrO~en comaounds of the Meta11ic Elements" 
E. & F.N. Spon, Lt ., Lon on, 1966, p. 85. 
E,. o. Wol1an, J. W. Cable', W. C. Koehler, J. Phys. Chem. 
Solids, 24 (1963) 114l~ cf. R.W. B~oaeh, et al., ~ef. 6, 
p. 106. -. --
Tr~sition Metal Hydrides, ref. 6, ~p. 302-381 and 
references therein. ' 
K.M. Mackay, ref. 16, p. 47, and refèrences therein. 
See~ fqr e~~le, Transition Metal Hydrides (ref. 6), 
pp. l, Il, lt), 61, 9.3 and 215. ' 
J :P. cpllmaîr,' W',R. Roper, Advances in Organometalliè . 
Chemistry, Vol. '7, ed. F.G.A. Stone and R. West, Academie 
Press, New York, 1968:, p. 54. r 

A.P. GinsbergL, Transition Metal~!lydrides (ref-. 6) p. 201: 
T.F. Koetz1e, R.K. McMullan, R. Bau, D.W. Hart, R.G. 
Teller, D.L. Tipton, R~D. Wilson, ibid., p. 61. 

, ,-

/ 

i 



i r ( 

, 0 

> 

î 

\ . 

\ 

1 

r 

24. 
25. 
26. 
27. 
28. 

29. 
30. 

31. 
32. 

33. 

34. f 

35. 

36. 

37. 

38. 

39. 

40. 

41-
42. 
43. 
44. 
45. 
46. 
47. 
48. 

4,9 • 
50. 
5!. 

52. 
l' , 

53. 

, . 

" 

" 261· 
. , 

. . 
E.L. Muetterties, Angewandte Chemie, 90 (1978) 577. 
J,P~I Jesson, Transition Metal Hydrides(r~f. 15) 'p. 75. 
D. Glust-o, Inorg~ Chem. Acta Rev., ~ (1972) 91. ~ 
Transition Metal Hydrides (ref. 15), chpts. 3, 4, and 5, 
M.L •. Green, D. Jones, Advances in Inorganic Chemistry 
and adiochemist ,Vol. \ 7, ed. H. Emelêus a:pd .A'. Sharpe, 
Aeadem~c Press, New York, 1965, p. 115. . . 
J.P. Mc'Que, Coord. Chem. Rev. (1973) 10265. 

, D. M. Roundhill, Advance s in OrganometaIl i e Chemi stry , 
Vol. '13, ed. F.G.A. Stone and R. West, Academie Press, 
New York, 1975, p. 274. 
J. Chatt, ibid., Vol. 12 (1974) p. 1. ~ 
J.L. Peter sen , L.F. Dahl, J.:M. Williams, Transi-t.ion Metal 
Hydrides (ref. 6) 'p. 11. ! 
M. Ciriano, M. Green, J .. Howard;. M. Murray, J.L. Spencer, 
F.G.A. StoI)e and C.A. Tsipis, ibid., p. 111. 
M.~ Churchill, ibid., p. 42. -.-
R. W. Baker 1 P. Pauling, J. Chem. Soc., (Chem. Connn. r (1969,'1 
1495. , 
S. Datta, B.' Dezube, J.K. Kouba, S.S. Wreford, J. Am. Chèm. 
Soc., 100 (l978) 4404. ' .• 
P. ~.{. ylander, Cata1ytic Hydrogenation over Platinum M~ta1s, 
Acade' Press, New York, 1967. i 

F.A. Co on, G. Wilkinson, Advanced Inorganic Chemistry, 
3id ed., rseience Publishers, New York, 1972, p. 792 . 
and f0110wing pages. , 
R. F. Heck t\. oraanotransition Metal Chemistry: A Mechanistic 
Approach, Aca emic Press, New York, 1974, p. 59. 
B.R. James, Advances in Organometallic Chemistry, Vol. 17, 
ed. by F.G.A. Stone, R. West, Academic Press, New York, 
1979, p. 319. • 
A.J. Chalk, J.F. Harrod, ibiCl., Vol. 6 (1968) p. 119. 
J.L. Speier, ibid, Vol. 1~979) p.' 407. 
R.L. Pruett, ibid., p. 1. . 
J.F. Harrod, C.A. 'Smith, J. Arn. Chem. Soç., 92 (1970) 2699. 

,J.F. Harr.od, C.A. Smith, K.A. Than, ibid., 94(1972) 832l. 
A.J. Chalk, J.F. Harrod, J. Arn. Chem. Soc.,87~(1965} 16., 
A.J. Maeland, Transition Metal Hydrides, ref-.-6, p. 302. 
G.G. Libowitz, Critieal Material Problems in Ener,y 
Production, ed. C. stein, Academie Ptess, New Yor , 1976, \ 
p. 825~ cf. ref~ 6, p. 303 •• 
Transition Metal H~drides, ref. 6, pp. 302-382. 
Ibid., p. :a03 and 66. ,. 
L. Vaska, M. F. Werneke, Trans. New' :York Aead. Sei., 33 

1 (1971) 70. 
G.L. Geoffroy, B.B. Gray, G.S. H~ond, J. Am. Chem. Soc., 
97 (1975) 3933. 
G.""L. Geoffroy, -R. Pierantozzi, J. Am. Chem. Soc., 98 
(1976) 8054. 

--

1 ~ , 

l 



54. 

55 .• 
56. 
57. 

-" 
58. 

59. 
60. 

61. -

f' 6·2. 

63. 

64. 

65. 

1 
~, . - 66. 

1 
Ct 

1 

67. 
68. 
69. 
70. 

f. 

l' 
1 l 

1 
~ 

1 
t 

71. 
72. 

""' 
73. 

74. 
75. 
76. "'-

-77 • 

r \ 
78. 

79. 
80. 

8l. 
82. 
S3. 
84. 

() 85. 

J 

Il 
K. Elmit, M.L.H. Gree~, R.A. Forder, F. Jefferson, K. 
Prou J. Chem. Soc. (Chem. Comm.) (1974) 747. 
C. Gr notti, M.L.H. Green, ibid. (1972) 1114. 

292 

L: Far gia, M.L.a. Green, iEIa7 (1975) 416. ' 
C. Mast rs, Advances in Organometa11ic Chemistry, ref. 40 
(1979.) p 61. 
J.M. Lehrl~·J.P. Sauvage, Nouveau Journal de Chimie,.! 
(1977) 44 and refer~nces therein. 
J.M. ~hn~ J.Pt Sauvage, R. Ziesse1,. ibid, 3 (1979) 423. 
,G. Sprints hnik, H.W. Sprintschnik, P:P:--Ki'rsch, D.G. 
whitten, J Am. Chem. Soc., 99 (1977) 4947. 
G,.L. Gaine, Jr., P.E. Behnken, S.J. Valent y, ibid., 100 
(l'978) 654 l-

,G.M. Brown, B. Brunschwig, C. Creutz, J. Endicott, N. 
Sutin, ibi ., 101 (1979) 1300. 
T. Yosçh~ _, Y:-TIeda, S. Otsuki, J. Am. Chem. Soc., 100 
(1978) \394 • 
T. Yoschida, T. Matsuda, T. Okano" T. Kitani, S. Otsuka" 

,J. Am. Chem. Soc.,. 101 (1979) 2027. 
W •. Hieber, H. Schulten, B, Marin, Z. Anorg. A11g. Chem., 
240 (1939) 261; .cf. ref. 28. 
See R.A. Schunn, Transition Metal Hydrides, ref. 15, p. 209, 
210 and 212. 
Ibid:, p. 232. 
T:J":" Marks, J.R. Kolb, Cham. 'Rev., 77 (1977) 263. 
J. Chatt, R.S. 'Coffey,~.L. Shaw, J-.-Chem. Soc., (1965) 7391. 
H. Yamazaki, M. Takesàll, N. Hagehara, Bull. Chem. Soc. 
Japan,42 (1969) 275. . 
L. yaski; J. Am. Chem. Soc., 88 (1966) 5325. 
G. Parshall, Ace. Chern.' Res.,~ (1970) 139; J. Dehaud, 
M. Pfeffer, Coord. Chem. ~ev. ,-lB (1976) 327. 
H.C. Clark, K.R. Dixon, W.J. Jacobs, J. Am. Chem. Soc., 
91 {1969) 1346. ~ 
Hoc. Clark, W.J. Jacobs, Inorg. Chem., 9 (1970) 1229. 
J. Powell, B.L. Shaw" J. Chem. Soc. (A)-(1968) 617. 
J.P. Yesinowski, T.L. Brown, Inorg. Chem., 10 (1971) 1097; 
ref. "38.., . -
F: Basol0, R.G. Pearson, Mechanisms of Inorganic Reactions, 
2nd ed., John Wi1ey & Sons, Inc., New York, 196-8, p. 375; 
ref. 207. ~ 
D •• H. Gerlach, W. G. Peet, E. ~. Muetterties, J. Am. Chem. 
Soc., 94 (1972) 4545i ref. ID and 11. ' 
G.B. YOüng, G.M. Whitesides, ibid., 100 (1978) 5BOB. 
L. Malatesta, G. Caglio, M. An'goletta,-J. Chem. Soc. (1965) 
6974. 

-Ref. 142, 143; ref. 11, p. 196. 
See ref., 28 and references therein. ~ 
L. Vas~a, 'J.W. DiLuzio, J. Am. Chem. Soc., 83 (1961) 2784. 
J. Halpern, Ace. Chem. Res., 3 (1970) 386. --
L. Vaska, ibid., 1 (1968) 335~ , -

.. . 

1 



i . 

! 

i 

1 • 

1 

86. 
, 87. 

8B. 

89. 
90. 
9l. 
921

• 

93. 
94. 
95. 
96. 
97. 
9B. 
99. 

100. 
10!. 

102. 

10~. 
lt1)4. 
105. 

106. 

107. 
108. 
109. 
110. 
Ill. 
112. 

113. 

114. 

'115. 
116. 

117. 
118. 

119. 

120. 

! 

263 

1 

J.P. Collrnan, ibid., 1 ('1968) 136 •. 
B.R. James, ~-HydrogenatiQ'l, John Wi1ey & Sons, Inc., 
Ne.,.) York, 1973. 1 

Inorgan~c Reaction Mechanisrns, Specia1ist Peribdic~1 
Repçrts, The Chemica1 Society, London, pub1ished year1y 
since 1969. , 
J .P. Collrnan, Acc. Chern. Res., 10 (1977) 265. ;r 

F.,Basolo, B.M. Hoffmann, J.A. IOers, ibid., 8 (1975) 384. 
L. Vaska, ibid.,.9 (1976) 175. 
A.D. Allen-;-F:" Bottom1ey, ibid., 1 (1968) 360. 
J. Chatt, ,J. Organomet. éhern., 100 (1975) 17. 
1\. Sacco,. M. Rossi, J. Chem. So"C:-(Chem. Comm.) (1967) 316. 
H.F. Schaefer, III, Acc. Chem. Res., 10 (1977) 287. 
L. Vaska, J.w.. DiLuzio~ J~ Arn. Chem. SOc., 84 (1962) 679. 
P. Chock, J. Halpern, J. Am. Chem. ISoc., 88-r1966) 3511. 
E.M. _Miller, B.L. Shaw, J. Chem. Soc. '(Dalton) (1974) 480. 
B.L. Shaw, J. Organomet. Chem., 94 (1975) 251. 
E.M. Hyde, B.~. Shaw, J. Chem. Soc. (Dalton) (1975) 765. 
R. Ugo, A. Pasini, A. Fusi, S. Cenini, J. Am. Chern. soc., 
94 (1972) 7364.\ 
N.E. Burke, A. Singhal, M.J. Hintz, J.A. Ley, H. HU,i, 
L.R. Smith, D.,M. Blake, J. ~. Chem. Soc., 101 (1979) 
74, and reference's there~n. 
B.L. Shaw, R.B. Stainbank\, J. Chem. Soc. (Dalton) (1972) 224. 

'A.J. Deerning, B.L. Shaw, .:J. Chem. Soc. (A) (1969) 1128. 
M.S. Fraser, W.H. Baddley, J. Organomet. Chem., ~,(1972) 
377. 
M.S. Fraser, G.F. Everitt,'W~H. Badd1ey, ibid., 35 (1972) , 
403. 1----

J. Chatt, J.M. Davidson, J. Chem. Soc. (1965) 843. 
G.W. Parsha11, Ace. Chem. Res., 8 (1975) 113. 
See ref. 53, 72 and 190 for\examples. 
D.M. Blake, M. Kubota, Inorg'. Chettl., 2. (~970) 989\. 
R.G. Pearson, W.R. Muir, J. tune Chem. Soc., 92 (1\970) 5511.'\ 
R.W. JOhnson, R.G. Pearson, J. Ch~m. Soc. (Chërn. Comm.) 
(1970) 986. 
J.A. Labinger,· R.J. Braus, D. Dolphin, J.A. Osborn, ibid., 
612. 
G.M. Whitesides, D.J. Boschetto, J. Am. Chern. Soc., 93 
(1971) 152~. 't 

F.R. Jenson, B. Knicke1, ibid., ~339. 
. J .A. Labinger, A. V. Kramer, J .A. Osborn, ibid., 9'5 (1973) 

7908. -- 1 

J.P.',Fawcett, J.F. Harrod, Cano J. Chern., S4 (1976) 3102.,/, 
D. H. Gerlach, A. R. Kane, G. W" parshal1, J. P. Jesson, 
E.L. Muetterties, J. Arn. Chem. Soc., 93 (1971) 3543. 
J.F. Harrod, G. Hamer, W.' Yorke, J. Am. Chem. Soc., 101 
U979) 3987 and references therein. 
R.G. Pearson, Ac~. Chem. Res., 4 (1971)' 1952. 

\ 

1 

1 

1 



/ 

\ 

~2L" 

~2_2. 
~23. 

~24. 

~25,~ 

126. 
127. 

128. 

-129. 

130. 
" 131. 

132. 
133. 

134. 
135. 

136. 
137. 
138. 
139. 

140. 
. 

141-

142. 

143. 

144. 

• 145. 

146. 

147. 
148'.< 

149. 

.. 

264 

\. 

M.L. Tobe, Inorganic Rèiilction Mechanismi' Thomas Nelson 
and Sons, Ltd., London, 19 72. 
J .P." Co11man, C.'!'. Seàrs, Inorg. Chem., 7 (1968)' 27.' , 
R.N. 'Hasze1dine, R.V. Parish, J.H. SetchIield, J. Organomet. 
Chein., 57 (1973) 279. ' 
B. Longato~ F. Morandini, S. Bresado1a, Inorg. Chem., 15 
(19'V6) 650. 
See, for examp1e, M.D. Fryzuk, B. Bosnich, J. Am. Chem~ 
Soc., 101 (1979) 3043. 
Ref. 3S;-p. 776. 
J. H,a1pern, M. Pribani~, Inorg. Chem., - 9 (1970) "2616~ 
C.S.,Sokol, C.H. Brubaker, J. Inorg. Nuë1. Chem., 30 
(1,968) 3267. ' 

P,.C. Ford~ R.G. Rinker, C. Ungermann, R.M. Laine, V. Landis, 
S. Moya, J. Am. Chem. Soc.; 100" (1978) 4595. 
Ç.K. Brown, W. ,Mowat, G. Y.agupsky, G. Wilkinson, J. Chem. 
Soc. (A) (1971) 850.' 1 

G. Yagupsky, G. Wilkinson, ibid. (19,69) 725. -\ 
L. Vaska, Inorg. Nucl. Chem. Lett., 1 (1965) 89. 

1 - ' 
, M.G. B1-lrnett, R.J. Morrison, J. Chem. Soc. (A) (1971) 2325. 
M~G. Burnett, R.J. Morrison, C.J. Strugnel1, J. Chem. So~. 
(Dalton) (1973) 701; (1974) 1663. 

!1.G'. Burnett, R.J. Morrison, ibid. (,,197'3) 632. 
M.G. Burnetti C.J. Strugne11, J. Chem. Res. (1977) (Sl 250, 
(M),2935. - , 

C. O'Connor, G. Wilkinson, J. Chem. Soc. (A) (1968) 2665. 
L. Vaska, M.E. Tadros,' J. Am. Chem. Soc., 93 (1971) 7099. 
R.A. Schunn, Inorg. Chem., 9 (1970) 2567. -
M. Marte11i, S. Schravon, S:- Zecchin, G. Pi11oni, Inorg. 

• Chim., Acta., 15 (19 75 ) 21 7 • 
J .A. van Ooorn, C. Masters, C. van der Woude, J. Organomet. 
Chem., 141 ( 19 77) . 2 31. 
J.A. van Ooorn, C. van der Woude, J. Chem. Soc. (Dalton) 
(1978)' 1213. 

\ ~_ d 
B. E. Mann, c.. Masut:rs, 
33 (1971) 2195. 
BoE. Mann, C. Masters, 

, Comm. ) (1970) 846. 

B.~. Shaw, J. In~. Nucl. Ch~m., 

B.L. Shaw, J. Chem. Soc. (Chem. 

B.L. Shaw, R.E. Stainbank, J. Chem. Soc. (Da;lton) (1972) 
2108. \ 
W.R. Roper, K.G. ToWn, J. Chern. Soc. (Ch,:!m. Comm.) (1977) 
781. _ 
R. Zane11a, F. Canziani, R. Ros, M. 'Groziani, J. Organomet. 
Chem., 67 (1974) 449. _ 
J.J. LeVIson, S.O. Robinson, J. Chem. Soc. (A) (1970) 2947. 
R. Bau, W. Carroll, D. Har~, R. Teller, T. Koetz1e, 
Transition Metal Hydrides (ref. 6) p. 73, and references 
therein. 
M. Ango1etta, G. Cag1io, Gazz. Chim;" Ital., 9~ (1969) 46. 

f 

) 

, " 
\ 



'. 

\ 

1 

1 
f· 
t 
r , \ 

\ l 

J 

(1 

.. 

150. 

151. 0 

152. 

153. 

154. 

155. 

156. 
157. 

158. 

159. 

160. 

161. 

+62. 

163. 

164. 

165. 

166. 

167. 

168. 

169. 

170. 

171. 

265 

F. Canziani, F. Zing1aes, Red. Inst. LCilmbardo Sei. 
Lettere A, 96 (1962) 513. Chem. Abs., 62: 1140l. 
J.M. JenkinB; B.t. Shaw,'J~ Chem. Soc. (A) (1966) 1407. 
A. Araneo, F. Bonati, G. ~inghetti, J. Organomet. Chem., 
25 (1970) C25. ' 
S:-S. Bath, L. Vaska, J. Am. Chem. Soc., 85 (1963) 3500. 
An altenlate preparation was reported by L:" Malatesta 
at the same time (cf. ref. 153). 
G. Wilkinson, R.A. Schunn, W.G. Peet, Inorg. Syn., 13' 
(1972) 126-li9. 
J.F. Harrod, D.F.R. Gilson, R. Charles, Cano J. Chem., 
47' (1969) 1431. 
Persona1 observations. 
S.J. LaPlaca" J.A. Ibers, J. Am. Chern. Spe., 85 (1963) 
3SPl. ' 
J.J. Levison, S.D. Ro~_inson, J. Chern. soc. (Dalton) (19.12) 
2013. 
J.F. Harrod, D.F.R. Gi1son~ R. Ch'arles, Cano J. Chem., 
47 (1969) 2205. -
C.K. Bfown, D. Georg ion, G. W~lkinson, ,J. Chem. Soc. 
(Dalton) (1973) 929 •. 
R. Mason, 1. S'SlStofte, S.D. Robinson, M.F. Utt1ey, 
J. Organomet.~., 46 (1972) C61. 
P.L. Bellon, C. BenedIcenti, G. Caglio, M. Manassero, 
J. Chem. Soc. (Ch'em. Comm.) (1973) 9.46. 

h' 

M. "Angoletta, G. Caglio, Red. Inst. LOmba~Q... Sci. Lettere A, 
97 (1963) 823. ' "'. ..., 
References 11, 28, 154; L.M. Venanz~, Pla inum Group Meta1s 
and Compounds, American Chemi'ca1 Society, washington, D. C. , 
19 n, Adv. in Chent. Ser. 98; W. P • Grif f i th, The Che,mistry 
of the Ràrer P1atinum Metdls, Interscience Püblishers, 
New York t 1967; S.E. r,.ivihgstone, Comprehensive Inorganic 
Chemistr,.)"., Vol. 3, pergarnon PresiS, New York, 1973, p. 1262; 
S.5=!. Tripathi, S.C. Scrivastava, R.P. Mani, A.K. Shrimal, 
Inorg. Chim. Acta, 17 (1976) 257. 
C. O'Connor, G. Yagupsky, D. EVqns, G. Wilkinson, J. Chem. 
Soc. (Chem. Comm.) (1965) 420. 
J.P.Collman, F. Vastine, W.R. Roper, J. Am. Chem. Soc., 
90 (1968) 2282. 
Mo Ciechanowicz, A. C. Skapski, P. G. H. Trc;>ughton, Acta 
Crystal1og., B32 (1976) ~1673. 
B. E. Mann, C. -rasters, B. L. Shaw, J. Chem. Soc. (Chem. 
Comm.) (1970) 701. 
D. Eqans, G. Yagupsky, G. Wilkinson~ J. Chern,. Soc. (A) 
(1968). 2660 and 2665. 

\ R. Poddar, U ..... Agarwada, J. Inorg. Nue!. Chern., ~, (l974) 
575. 
A.J. Cha1k,.J. Chem. #(:,oc., (Chem. Conun.) (1969)',1207. . 

-

/ 



. \\ 
i. 

, 
1 
1 ~ 
r 

1 

! 
f 
! , 
1 

() , 

( 

1/ 

172. 

173. 

174. 

175. 

176. 

177. 

178. 

-179. 
180. 

181. 

182. 
l:83. 
184. 

185. 
186. 

187. 
188. 

189. 
190. 

191. 

192. 

193. 

194. 

195. 

196. 

197. 

/ 

r 
" 

J. P. Fawcett, J. F. Harrod, 1 J. Organomet. Chem., 113 
(1976)' 245. 
E.D. Becker, High Resolution NMR, Academie Press, New 
York, 1969. 
F .A. Bovey, Nuc1ear Magnetic Resonance Spectroscopy, 
Academie Press, New York, 19'6 9 • 
R.C. Taylor, J.F. Young, G. Wilkinson, Inorg. Chem., 5 
(1966) 20. 
A.J. Deeming, B.L. Shaw, J. Chem. Soc. (A) (1968) 1887. 
5ee ref. 141 for trans Cl configuratio~. , 
R.J. Abraham, The Anal sis of Hi h Resolution NMR S eetra, 
El"sevier Publis 1ng o •. " New York, i p. and 311. 
E..,J. Rosenbaum, Physical Chemistry,. Appe1ton-Centul:y-Crofts, 
Inc., 1970. , . 
L.' Vaska, R.E. Rhodes, J. Am. Chem. Soc.', 87 (1965) 4970. 
P. Meakin~ -~.L. Muetterties, J.P. Jesson, J: Am. Chem. 
50c-;-,- 95 (1973) 75, and references therein. 
P. Meakln, L.J. Guggenberger, W.G. Peet, E.L. Muetterties, 
J .P. Jesson, ibid ., 1467., 
J.S. Miller, K.G. Cau1ton, ibid., 97 (1975) 1067. 
R.K. Pomeroy, W.A. G. Graham, ibid.-, -94 (1972) 274. 
L. Vaska, W. V. Miller, B.R. Flynn, J-:-Chem. Soc. (Chem .. 

: Comm.) (1971) 1615. 
L. Vaska, J" Am. Chem. Soc., 88 (1966) 4100. 
A.J. Deeming, B.L. Shaw, J. Chem. Soc. '(Chem. Comm.) 
(1968) 751, 
B. Longato, S. Bresadola, Inorg. Chim~ Acta, 33 (1979) 189. 
M.F. Hawthorne, T.E. Berry, P.A. Wegner, J. Am--:- Chem. Soc.,-
87 (1965) 4746.' 
L." Vaska, J. Chem. Soc. (Cham. Comm) (1966) 614. 
F. Morandini, B. Ldngato, &. Bresadola, J. Organomet. 
Chem., 132 (1977) 291-
G.W. Parsha11, Collected Accounts of Transition Meta). 

. Chemi str,' Vol. - l, Amer ican Chemica1 Sodet y, washington, 
D.C., 19 3, p. 209. ' 
W.W. Paud1er, Nuc1ear Magnetic Resonance, A11yn and Bacon, 
Inc., Boston, 1971, p. 84. ' " 
J. Ronayne, D.H. Williams, J. Chem. Soc. (Chem. Comm.) 
(1966) 712. 
H. Batiz-Hernandez, R.A. Bemheim, Progress in NMR 
Spectroscopy, ed. Esmley, Feeney and Sutcliff, Vol. 3, 
Pergamon Press, Oxford, 1967, p. 63. 

,~ Nuc1ear Magnetic Resonance, Specialist' Periodica1 Reports, 
Vol. S, The, Chemical society, London, 1976, p. 45. . 

1 G.M. Ford, L.G. RObinson, G.B. savitsky, J. Mag., Res., 
4 (1970) 109. 
F.H,. ~oh1er,. ·W. Prossdorf, J. Arn. Chem. Soc., 100 (1978) 
5970. 

( 

/ 

l 

i 
i 

1 

l 



û-

.. ' 
1 

,,' 

" 

... 

p 

, 1 
1 

°1 
': .() 1 

.f 

. . 

198. 
199. 
200. 
201. 

202. 

203. ' 

204. 

205. 
206. 

207 • 

., 

1) . 

1\ , 267 

H.S. Gutowsky, J. Chem. Phys., 31 (1959) 1683. 
C.R. Lassigne, E.J. We1~s, J. Mag. Re~.t 31 (1978) 195. 
C.J. Jameson, J. Chem. Phys., 66. (1977) 4977, 4983. 
T.G. Appe1ton, H.C. Clark, '\L.E-.-Manzer, Coord. Chem.' Rev. , 
10 (1973) 335.' 
~ Crabtree, J. Quirk, T. Khan-Fi11ebeen, G. Morris, 
,J. Organomet. Chem., 157 (1978) C13'. . 
Ouoted by Paud1er, reL192, p. 76,'\ from H.S. Gutowsky, 
C.H. Holm, J. Chem. Phys., 25 (1956) 1228. , 
N. Serpone, D:G. Bickley, lnorganic Reaction Mechanisms, 
Part II, ed. J.O. E'dwards, Vol. 17 of progress i11'-- , 
Inorganic Chemistry, Interscience'pub11shers, New York, 
1972, p. 391. . . 
D.J. Darensbourg, Inorg. Chem., 18 (1979) 14. 
P.R. Hoffman, J.S. Miller, C.B. Ungermann, K.G. Cau1ton, 
J. Am. Chem. Soc" 95 (1973) 7,902 .. 
C_ Lanqt'ord, H.B. Gray, Ligand Substitution Reacti.on 
Processes, W.A. Benjamin, Inc., ~ew York, 1966~ cf. ref. 76. 

'. 

" , 

" 

" .; 

j 

r 
., 

~ 
',.- .., 

15, 

~ 

1 • 

/' 

t' 

, 


