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KINETIC STUDY AND LINEAR FREE ENERGY RELATIONSEIIP 

ANALYSIS OF SOME METAL CARBOlYYL COMPLEXES 

Jianbin Bao, Doctor of Philosophy thesis 1997 

Depmmtent of Chemistry, University of Toronto 

The kinetics of CO-substitution reactions with various P- and As-donor 

nucleophiles of R U ~ ( C O ) ~ ~ L  (L = P(OPh)3, P(O-i-Pr)3, PCy3, P(II-BU)~ and PPhEt2) and 

R u ~ C ( C O ) ~ ~ L  (L = P(OPh), and PCy3) have been studied. It has been found that 

R U ~ ( C O ) ~ ~ L  undergo monosubstitution reactions via both associative and dissociative 

pathways and Ru~C(CO)~& reaa via sole associative path.. The rate data have been 

successfully analyzed using the newly developed methodology of quantitative separation 

of electronic and stenc eEects represented by: 

Substituent effect s for Ru,(CO) L show that higher standard reactivity(SR) values are 

favored by ligands with stronger electronic donicity for associative reactions and larger 

size for both dissociative and associative reactions. Ru3(CO)1 with higher SR values 

show less assistance from metal-nucleophile bond making during their associative 

reactions. R U ~ C ( C O ) ~ ~ L  show lower SR (-2.0-0.5 vs. 2.9), smailer amount of bond 

making (P = 0.1 vs. 0.21 f 0.04) in the transition state(TS), a little more "flexible" (y = - 
0.05 vs. -0.07) TS and earlier onset of stenc effect (& 5 10 1 O vs. 6L, = 1 1 7 O )  compared 

with those of the unsubstituted clusters. AH2* and A&* values show excellent linear 

correlations and suggest entropy dominated reactions. 



Another analysis of quantitative separation of electronic and stenc effects has been 

successfÙIly carried out for Mnz(C0)8b and CO~(CO)&~ containing non-z-acid 

phosphine substituents. The measured -8 transition energies in these complexes show 

clear aryl effect. The equation h < m c P )  = a + ppK2 + y0 + a E ,  gives an excellent 

description of the data (1 00( 1 -R2) 5 2.6%). Increasing o-basicity increases h im@) 

and increasing ligand size and increasing numbers of aryl groups decrease it. The 

magnitudes of the effkcts are discussed and suggestions regarding their physical origins are 

offered. 

The activation effect of a zeolitic environment on the substitution reactions with 

chemisorbed(Pc) and physisorbed(Pp) PMe3 of Mo(CO)~ encapsulated in the a-cages of 

Na56-Y zeolite has also been studied and precise activation parameters measured: M ( P c ) *  

= 44.8 2 1.0 k.J mol-', AS(Pc)* = -194 + 3 J R' mol*'; AH(Pp)* = 122.6 5 3.5 kJ mol-', 

A.S(Pp)* = -29.9 9-8 J K-' mol-'. The encapsulated Mo(C0)6 is very strongly 

activated, in enthalpic terms, towards associative substitution by Pc molecuIes but this 

effect is almost exactly canceled out at ca. 66 O C  by accompanying unfavorable entropic 

factors. Associative substitution by Pp molecules is believed to be stencally hindered by 

the unavoidable presence of Pc molecules in the nanoreactor(nr) to the extent that 

advantage cannot be taken of the high intrinsic susceptibility of the Mo(CO)~ to 

associative substitution. Activation parameters (AH2 = 72 + 3 kl mol-'; ASdf = -106 5 8 

J K-' mol-') for the CO dissociative reaction in the presence of 2 Pc rnolecules/nr have 

also been determined and are close to those for the dissociative displacement of 12c0 by 

"CO. 

Isokinetic relationship analysis has been done on a number of inorganic and 

organometallic reaction systems and most of them have been found to obey isokinetic 

relationship. Variations in the relationship have been related to the changes in reaction 

mechanisms. For the associative CO-substitution reaction of Ru5C(CO)l~(OPh)3 with L' 



in particular it has been discovered as the vetyfirst example that an isokinetic Tolrnan's 

cone angle(& = 1 53 O) exists. 
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Chapter 1 Introduction 

Although Mond1 discovered the first metal carbonyl Ni(C0)4 a century ago, it was 

E e b e s  and CO-workers who pioneered and dominated the research into the reactions and 

synthetic chemistry of metal carbonyls f?om the 30's to the 60's. The 1960's also produced 

many of the early metd carbonyl cluster$ which were followed by enormous advances 

made in the 1970's in the synthesis of high nuclearity carbonyl clusters (HNCCs) 

represented by the work of Chini and CO-workers4 More recent studies on the synthesis, 

structure5-' and reactions89 of metal carbonyl clusters have been reviewed in the literature. 

In contrast to the heavy research on the synthetic and structural chemistry of metal 

carbonyl complexes the amount of kinetic and mechanistic work has been very minute by 

c o r n p a r i s ~ n ~ ~ ~ * ~ * ~ ~  until recent studies and reviews by Poë. ' '*12 

1.1 Catalysis by Meta1 Carbonyls and Carbonyl Clusters 

The rapid development in the chemistry of transition metal mononuclear carbonyls, 

transition metal polynuclear carbonyl clusters, and of other transition metai organometallic 

complexes has frequently been related to ~atalysis .~* '~- '~ ex ample^'^ of the industrially 

important reactions inciude the synthesis of alcohols and aldehydes in the 0x0 

hydroformylation process that takes place through the formation of metal carbonyl 

intermediates, the formation of synthetic hydrocarbons by the Fischer-Tropsch "Cl 

chemistry" process, the carbonylation of methanol to yield acetic acid and the formation of 

ethylene glycol fkom synthesis gas by the Monsanto process, the Mond carbonylation 

process to produce acrylic ester from acetylene, CO and alcohols, and the application of 



olefins hydrogenation14 for production of I-dopa for the treatment of Parkinson's disease. 

AIsq because of the great importance and usefùiness of CO as a ügand8*17*18 in synthetic 

organometallic chemistry, hundreds of important c o r n p ~ u n d s - ' ~ ~ ~ ~ ~ ~  are synthesized by the 

incorporation of one or more carbonyl groups in an organic molecule, maidy using metal 

mononuclear carbonyls or metal polynuclear carbonyl clusters as catalysts or catalyst 

precurson, and these have spanned classes of reactions as diverse as hydration, 

isomerization, hydroformylation, water-gas shifi, cyclisation and oxidation. 

1.2 Metal Carbonyl Chemistry 

Following Pa~l ing ' s~~  explanation of M-CN bonding and electroneutrality, the 

question of relative importance of 0-donation and x-acidity of CO and other x-acid 

ligands is stili an important and contentious issue today. 

The coordination mode of a CO ligand cm be terminal, doubly bridging, or tnply 

bridging, depending on the size and number of metals in the cornplex. In an unsymmetric 

form, the dlr bridge, CO acts as a four- or six-electron donor displaying side-on 

coordination which is uncornmon in monometal carbonyl complexes. The very weak 

ligand to metai O-donor interaction is reinforced by back donation from filled metai d 

orbitals (HOMO) to vacant ligand antibonding orbitals (LUMO). A stable M-CO bond 

results when a strong electron donor ligand such as phosphine is tram to the carbonyl. In 

this position the phosphine and carbonyl ligands share metal orbitals, and electron density 

is transferred f?om P to CO. The coordination of ligands to a metal atom can induce 

changes in the molecular orbitals. The changes in the electron distribution in the ligand by 

coordination modiQ the reactivity of the ligand molecule, sometimes drarnatically. 



1.3 Mechanisms 

1.3.1 Substitution Reactions 

Mononuclear carbonyls undergo reactions such as substitution, oxidative addition 

or elimination, reductive elimination, and insertion-migration that are necessary steps in 

cataiysis, and much is known about their mechanistic pathways and energetic~.~J~~l-*3 

Substitution reactions are among the most important types of reactions and rapid rates of 

ligand substitution are essential in catalysis by metal carbonyl complexes because in al1 

reactions catalyzed by metal carbonyls and metal carbonyl clusters the transition metal is 

the active site and there are two ways for the reactants to get access to the metal 

complexes. One is by a dissociative metai-ligand bond cleavage to give a coordinatively 

unsaturated metai complex. Much research has been directed to create coordinatively 

unsaturated metal complexes and some effective approaches have been r e p ~ r t e d ~ ~  such as 

the use of good leaving groups as ligands, the use of bulky ligands to promote 

dissociation, the use of reagents which react with and annihilate certain ligands, the use of 

photochernical methods to induce dissociation, and the use of redox reactions to generate 

substitution labile metal complexes. The other way by which reactants can approach the 

metal active site of a metal complex catalyst is by an associative ligand substitution 

reaction. 25-26 

1.3.2 Metal Carbonyls 

Early ~ t u d i e s ~ " ~ ~  on monometal binary carbonyls such as Ni(COk, M(C0)j (M = 

Fe, Ru, Os) and M(COl6 (M = Cr, Mo, W) and bimetai binary carbonyls CO~(CO)~  and 

Mn2(CO)lo (M = Mn, Re) showed that they purely or predorninantly react by a 

dissociative mechanism. The reactions were first-order in the carbonyls and zero-order 

(or first-order with very small rate constants) in nucleophile concentrations. In further 

support of a dissociative mechanism were large enthalpies and positive entropies of 



activation, dong with retardation of the reaction rates with added CO. The dissociative 

reaction behavior was understood in tems of the 16- and 18-electron r ~ l e , ~ ~  which 

suggests that an associative mechanism is unfavoured because it requires the formation of 

a 20-electron transition state or intermediate instead of the more stable I 6-electron system 

formed in a dissociative pathway. 

The occurrence of associative reactions of a rnetal carbonyls complex was first 

observed by H e ~ k ) ~  in 1963 who showed that carbonyls containhg a nitrosyl ligand such 

as CO(CO)~(NO) undenvent CO substitution reactions by an associative pathway. This 

observation was followed by work in Basolo's laboratos." on some other nitrosyl rnetal 

ca rbony l~~~  and cyclopentadienyl metal c a r b o n y l ~ ~ ~ ~  such as ($-C5H5)M(C0)2 (M = Co, 

Rh and Ir) and their substituents which also showed associative pathways. The 

explanation is that the Welectron counts is maintained in the higher coordinated 

intermediates by localizing a pair of electrons on the nitrosyl group or the cyclopentadienyl 

ring. In so doing the ligands NO+ and $-C5H5 are considered to withdraw an electron 

pair from the metals during the approach of the nucleophile and are converted to 

reasonably stable NO- and $-C5H5 forms respectively. 

1.3.3 Metal Carbonyl Clusters 

Kinetic studies by Poe 11*37M and CO-workers show that associative substitution is 

a relatively more important pathway for the reactions with phosphorus nucleophiles of 

metal carbonyl clusters, especially H N C C S , ~ ~ * ~  and the rates of associative CO 

substitution reactions for HNCCs are usually much higher than those for rnetal carbonyls 

and lower nuclearity carbonyl clusters. The e~planation~~ for this behavior is that the 

metal framework in metal carbonyl clusters c m  rearrange to form low energetic 

intermediates upon attack by nucleophiles. 

RU~(CO),~ was the first cluster s h o ~ n ~ ~ w ~ l  to undergo associative reactions with P- 

donor nucleophiies in addition to reacting via a CO-dissociative path. R u ~ ( C O ) , ~  was also 



found to be four orders of magnitude more susceptible to nucleophilic attack than 

Mo(CO)~. It has been proposed that this susceptibility to nucleophilic attack is due to the 

cluster's ability to undergo Ru-Ru bond breaking concurrently with Ru-L bond making so 

as to forrn an intemediate such as the one shown in 1 in which each Ru atom has 

rnaintained its Il-electron configuration in a way that only clusters c m .  Subsequent loss 

of a CO ligand and reformation of the Ru-Ru bond will lead to substitution, but 

fiagrnentation of the intermediate with more nucleophilic P-donors can occur. I lA2 Some 

Ru3 c l ~ s t e r s ~ * ~ ~ ~  that contain one or two P-donor substituents such as R U ~ ( C O ) ~ ~ L  (L = 

etpb, P(OEtI3, P(OPh)3, P-n-Bu3, P@-MeOC&L&, P(PCIC&)3, and PCy3) are also 

found to react via associative paths in addition to dissociative paths. 

E U I ~ C O ) ~ ~  has been reported" to undergo CO substitution Ma an associative 

mechanisrn and the associative reactions with PPh3 are known to be about 108 times faster 

than those of Ru3(CO) 12. Even its substituted derivatives lUq(CO)lo(PCy3)2 and 

Q(CO)9(etpb)345 are so susceptible to nucleophilic attack that the rates of reaction with 

PPh3 are over 103 times higher than that of R u ~ ( C O ) ~ ~ .  Ir4(C0)1211 is much less 

susceptible to undergo attack than f i (C0)12 but reacts with P-n-Bu3 about loS times 

more rapidly than does O S ~ ( C O ) ~ ~ . ~ ~  It was concluded that reactivity increases greatly on 

going from M3(CO),2 to for both second- and third-row transition metals, and 

that second-row metals are much more reactive than third-row metal carbonyls. 



RU&(CO)~~, which has the Ru atoms arranged octahedrally around the 

encapsulated C atom," was the first HNCC to receive systematic kinetic s t u d ~ . ' ~  It 

shows a very high susceptibility to nucleophilic attack and the reactions were clean CO 

substitutions. Another HNCC of interest is R U ~ C ( C O ) ~ ~ ,  which can easily be obtained 

£tom Ru6C(C0)1747 and has a square-based pyramidal arrangement of Ru atoms with the 

C atom lying just below the basal plane but being within bonding distance of al1 the Ru 

atoms? A principle reason for interest in these KNCCs is the belief that ~ i m i l a r i t i e s ~ ~ * ~ ~  

exist between ligands bonded to clusters and adsorbates on surfaces. R u ~ C ( C O ) ~ ~  has a 

carbon atom bonded coplanar with the metal "surface" while the molecule Ru&(CO),~ 

encapsulates "interstitially" a carbon atom. The partially exposed carbides in Ru~C(CO),~ 

may mimic, stmcturally and chernically, the behaviour of surface bound carbide 

intermediates in Fisher-Tropsch ~hemist$~ in light of similar mechanisms between the 

hydrogenation of ethylene on Pt surfaces and that in Wilkinson's ~atalyst.~' The kinetic 

behaviour of R U ~ C ( C O ) ~ ~  showed two types of associative pathways." Nucleophiles (L) 

with cone angles of 133' or less react rapidly to form an adduct which shows structure 

similar to Ru~C(CO),~NCM~, followed by CO-dissociation to form RU~C(CO)~L.  The 

CO-dissociation is kinetically independent of the nucleophile concentration CL]. 

Nucleophiles with cone angles of 136" or greater react via a slower single step substitution 

to fonn RU~C(CO)~~L.  Adduct formation was believed to involve attack at a basal Ru 

atom with concurrent weakening of an apical-basal Ru-Ru bond. The other path was not 

clearly defined but suggested a possibility of breaking a basal-basal Ru-Ru bond to form a 

different adduct that loses CO rapidly so that it is not detectable. 

1.4 Modification of Reactivity 

The reactivity of metal carbonyl complexes can be affected by metal effects, 



substituent effects, and environment effects such as that of solvents for homogeneous 

reactions and solid supports for heterogeneous reactions. Metd effects include the 

influence in reactivity by changes in charge, electron count, row and electronic 

configuration of the nietai and have been reviewedj2 for mononuclear carbonyls. 

Substituent effects here rneans the change in rate associated with a change in a non- 

participating ligand attached to a metal. The focus of the following text will be on 

substituent effects and solid support effècts. 

1.4.1 Substituent Effects 

The ligands such as phosphines that are most ofien used with metal carbonyl 

complexes involve a-donation and nacceptance in their bonding and may have differing 

stenc requirements. A kinetic effect may arise fiom the ground state or from the transition 

 tat te.*^*^) A non-carbonyl weak x-acceptor or strong O-donor (or both) ligand affects the 

bonding of the remaining carbonyls with the rnost significant strengthening for the CO 

tmns to the ligand as refiected from structures and spectra and it represents the ground 

state effect . The postulation" t hat a donor ligand stabilizes the 1 6-electron transition state 

formed in a reaction proceeding by a dissociative mechanism was supponed by exarnples 

of CO dissociative reactions of mononuclear rnetal carbonyls "*""* and metal carbonyl 

cl us ter^.'^ For CO-dissociative reactions fiom complexes with a ligand that is a weaker z- 

acceptor and/or a stronger O-donor than CO, dissociation occurs cis to the ligandM with a 

rate much higher than that without the ligand. The fact that the CO cis rather than t rar~s 

to the ligand dissociates is accounted for by ground state changes since the CO t r m s  to 

the ligand is bonded more strongly to the metai than are the cis- COS. The labilization is 

understood from lowering the energy of the transition state by the presence of a weaker K- 

acceptor andfor a stronger G-donor. 

Kinetic efects can be "fine-tuned" by purposehl variation of the stenc and 

electronic e k t s  of the substituent groups on phosphorus and fiom synthesis of 



polydentate ph os phi ne^.^^ An empirical example is that Ri~(PPh~Me)~cl is not active in 

homogeneous hydrogenation while replacement of the phosp hines with three PPh3 results 

in an excelient hydrogenation catalyst, the Wilkinson's catalyst. l4 

The hydroformylation of olefins is the largest-scale homogeneous catalyzed 

industrial process (5 million tons of 0x0 compounds and their follow-up products per 

year)16 and CO~(CO)~ is a well known catalyst precursor for the 0x0 hydroformylation 

process. Systematic studies of substituent effects on the metal-metd bond strengths and 

substitution kinetics of CO~(CO)~, Mn2(CO)lo and other dimetai carbonyls have been 

carried out by Poë 6146 and CO-workers beginning in the early 70's. A distinguishing 

feature of dinuclear carbonyls is the possible formation of coordinatively unsaturated 

intermediates formed by CO dissociation and may be stabilized by a bridging For 

substituted dinuclear carbonyls reversible dissociation of two ligands can occur due to the 

stabilization of the product by formation of metal-metal triple bonds61 and have been 

dernonstrated by mechanistic ~tudies.~~"' In addition, many disubstituted dimanganese 

carbonyls undergo homolytic fission and the strengths of the Mn-Mn bonds estimated 

from the activation enthalpies decrease substantially with increasing size of the 

substit~ents.~~ On the other hand, the effects of substituents on the O+@ transition 

energies for substituted dimanganese and dicobalt complexes have been measured and 

interpreted in tems of a strengthening of the metal-metal interactions associated with 

increasing d o n o r  character, increasing x-acidity and decreasing size of the 

substituents. 65-66 

The first metal carbonyl cluster whose substituent effects have been systematicdly 

studied2638*42*4348M is R U ~ ( C O ) ~ ~ .  It was discovered that Ru3 clusters can undergo 

fiagrnentation induced by bimoIeadar reactions with P-donor nucleophiles and this led to 

an increased interest in associative reactions of metal carbonyl clusters and the 

dependence of the rates on the electronic and stenc properties of the nucleophiles. 

A comprehensive set of data for ($-C5H&)Rh(CO)2 (X = NO2, Cl, PPh2 and H) 



with substituents other than phosphines show that7* electron-withdrawing groups stabilke 

the $-C5H4X transition state in a ring-slippage mechanism. 

1.4.2 Solid Support Effects 

Increased eff~rts '~- ' ' -~ have been applied to heterogenizing homogeneous 

catalysts, and hopefully the advantages of homogeneous catdysis are combined with those 

of heterogeneous catalysis while the disadvantages ofboth are minimized (Table 1.1). In 

Table 1.1 Eomogeneous vs. Heterogeneous Catalysis 

Homogeneous Heterogeneous Heterogenized 

hornogeneous 
- - 

Fonn Soluble, metal 

complexes 

Phase L 

Temperature Low 

Activity Low-High 

Selectivity High 

Separation Difficult 

Monitoring Easy 

Metds or oxides 

usually supponed 

GIS 

High 

Low 

Easy 

Difficult 

Supported metal 

compounds 

W Y S  

LOW-High 

High 

High 

Easy 

Easy 

order to investigate these possibilities two approaches may be considered as they are 

reflected in the literature. First the use of cluster compounds in the homogeneous phase, 

as discussed in Section 1.3.3 of this chapter, either to promote a transformation which is 

unknown with mononuclear catalysts or to improve the activity of known mononuclear 



systems. The alternative approach is to deposit known homogeneous catalysts on 

inorganic or organic solid supports either by physical adsorption or chernical reaction. 

The deposited cluster compounds on supports can be treated by removing the ligands to 

produce highly dispersed supported metal catalysts. This procedure is in contrast with the 

conventional techniques of impregnation and ion-exchange for the preparation of 

supported metal catalysts which produce lower dispersion with usudy lower acti~ity.'~*'' 

The three principle methods by which supported cataiysts have been prepared from 

transition metal complexes or cluster compounds are surnmarized below. The first route 

involves supporting the metal compounds on poly~ners .~*~~ Preparation can be done by 

ligand exchange, by ligand association involving a coordinatively unsaturated cluster. or by 

in sz~u cluster synthesis from a mononuclear complex. Examples are carbonyl clusters 

such as Ir4(C0)12,76+T> H20s3(C0)1078~7g and H ~ R ~ ~ ( C O ) ~ ~ ~ ~  with functionalized 

poly(styrenediviny1benzene). Hydrocarbon polymers offer the advantages of easy 

functionalization, for example, with phosphine, amine, and thiol groups, and virtual 

inertness of the remainder of the support. The second route is to support metal 

compounds on Functionalized oxides. Metal oxides cm be Functionalized with pendant 

groups such as those mentioned in connection with the po lymer~ .~~  Chernical bond 

formation between the organometallic compound and the functionalized support should 

produce an "anchored" c l u ~ t e r , ~ ~  and exarnples are a~ailable.'~ The other route which is 

most comrnonly seen in industrial catalysts is to use unfunctionalized oxides as supports.83 

The unrnodified oxides themselves are stable, inexpensive, and available with high surface 

areas. The complexes or clusters react with the surface groups such as -OH in various 

surroundings. Well-investigated systems include triosmium clusters on Si02 and &O3 by 

Ugo84-85 and G a t e ~ , ~ ~ . ~ '  trimthenium and tniron clusters on M203,88v89 etc. Among the 

solid supports, zeolites with intracrystalline cage and channel stnictures have attracted 

researchers' interests. These microporous aluminosilicates are composed of the smallest 

construction units Si04 and AlOf tetrahedra joined through shared oxygen bridges. The 



net negative charge on the lattice is counterbalanced by exchangeable cations located at 

well-defined sites. Zeolites are attractive hosts for catalytic species due to their high 

thermal stability, unifom cage and channel structure, well-defined structure, large intemal 

surface area, various pore volumes and void, and potential size and shape selectivity. As 

exarnples the Fe3(C0) 12/NaY systemgO and the more recent Ru3(C0) 2MaY91 system 

provide not only the better known shape sele~tivities,~~ i-e. reactant, product and 

transition state selectivity, but also a new kind of shape selectivity - catalyst ~electivity,~~ 

whereby the catalyst is stabilized in the zeolite cages where it is formed because it is too 

large to migrate out and change stnicture, such as by sintenng. 

Studies of zeolite Y entrapped rnetal carbonyl clusters have been concentrated on 

catalysis. Mantovani et a ig4  reported the formation of in zeolite Y which 

shows very high activity and selectivity to the formation of aidehydes and a nonnaViso 

aldehyde ratio similar to that observed in the homogeneous hydroformylation of olefins 

using rhodium carbonyl clusters. Lefebvre et aieg5 showed that the same system selectively 

convert syngas to methanol at - 240 O C  and 30 atm. Fe3(C0),2,96 and more recently, 

R U ~ ( C O ) ~ ~ , ~ '  encapsulated in sodium zeolite Y (NaY) showed catalyst selectivity and 

product selectivity in CO/C02 hydrogenation. Hydrocarbon distributions truncated at CIO 

were observed in these studies. Another investigationg7 was the study of the quantum 

yields for photoaquation of Rh(M13)$' in partially hydrated The quantum 

yields in the zeolite were 0.13-0.1 8 and were several times lower than the result obtained 

in aqueous solution. 

No kinetic study on intrazeolite reactions of metal carbonyls and metal carbonyl 

clusters has appeared in the literature until recently when the kinetics of thermal reactions 

of PMe3 and l3CO with ( M O ( ' ~ C O ) ~ } - N ~ ~ ~ Y  were studiedg8-'O0 at the University of 

Toronto. It was shown that both CO-dissociative and P-donor associative pathways were 

involved. The CO-dissociative reaction was found to be 103 times faster than 

corresponding reactions in homogeneous solution. The dissociative substitution by PMe3 



was retarded by applied pressure of 12C0 and increased loadings of Mo(CO)~ and PMe3. 

Substitution by PMe3 can occur by two associative paths, one with chemisorbed PMe3 

molecules and the other with physisorbed ones, and was somewhat slower than 

corresponding reactions in homogeneous solution. The kinetic data revealed that the a- 

cages of NaY provide precisely defined activating environrnents of a unique kind. 

1.5 Quantitative Separation of Electronic & Steric Effects 

1.5.1 Electronic and Steric Effects 

The early d i s ~ o v e r y ' ~ ~ ' ~ ~ ~  that metal carbonyls containing NO' or V-C5H5 such as 

CO(CO)~(NO) and (@-C5H5)Rh(C0)2 undenvent associative reactions was extended in a 

seminal way by the obsentation that the values of log k2 varied linearly with a parameter A 

HNP that provided a quantitative measure of the proton basicity of the nucleophiles. 

These values of AHNP are the half-neutralization potentials found when titrating the P- 

donor ligands against HC104 in nitromethane. The linear plots of this kind are a type of 

linear fiee-energy relationship (LFER) since the values of AHNP provide a measure of the 

fiee energy of attachent of the ligand to the proton, and log is proportional to the fiee 

energy A P  of attaching the nucleophile to the metal in the transition state. An important 

supplementary observation was that the log k2 values for large nucleophiles such as PCy3 

sigruficantly deviate fiom the LFER defined by the smaller nucleophiles. The deviations in 

the plots shown by large nucleophiles were aitributed to the size of the large nucleophiles 

and are narned steric effects. The early kinetic studies of metal carbonyls with P-donors 

showed that both electronic and steric effects are important to the reactions. 

There are a number of complete sets of electronic and stenc parameters that 

quanti& the electronic and steric effects of P-donors on reactions of metal carbonyls. 

Some electronic and steric parameters that are in comrnon use and important are pKa,'O1' 



1.5.2 Quantitative Sepsration 

The quantitative separation of electronic and steric effects was first undertaken by 

Po$' following a study of reactions of the carbonyl cluster R U ~ ( C O ) ~ ~ ,  associative 

reactions of which had been detected earlier by Candlin and Sh~r t l and .~~  A moderately 

well defined LFER was exhibited by srnaller nucleophiles but the larger PPhl and PCy, 

showed clear steric deviations. Poë suggested that the gradients P of this LFER, and of 

other LFERs denvable fiom data then available, could be taken as a quantitative measure 

of the relative extents of metal-L bond making in the transition states for reactions of the 

various complexes involved. The deviations of these larger nucleophiles PCy3 and PPh3 

from the LFER of log k2 vs. an electronic parameter quantified as A(PCy3) and A(PPh3), 

respectively, were assigned to the steric contributions and narned stenc effects. 

Meanwhile, Tolman's cone angle û had been derivedlo4 which is a quantitative 

measure of the size of P-donor ligands and very usefil to quantifi the steric effects. Kochi 

and CO-workers"' then showed that kinetic data for associative reactions of ($- 

C5&CH3)Mn(C0)2@-NOtC5&N)-t with P-donor nucleophiles fit to eqn 1.1 very well. 

Poë et al l l 2  soon found that a sirnilar expression (eqn 1 -2) 

well described the associative reactions of the carbonyl cluster Ir4(C0) 2. However, 

horizontal plots of Iog k2 - RAHNP) vs. 8 at low enough values of 0 where no steric 

effects were important would be obtained for substrate carbonyls and small nucleophiles 



showing no stenc effects, and these would change to linear downward dopes with 

increasing 8 when 0 became large enough. Examples of this behaviour were shown using 

published data. 

Almost simultaneously Giering and CO-workersH3 had independently corne to the 

sarne conclusion. They drew plots of log k2 vs. pKa for isostenc nucleophiles (Le. 

nucleophiles with the same cone angle), or for nucleophiles small enough not to show any 

steric effects, and named them electronic profiles. Plots of log k2 - h K a  against 0 were 

termed steric profiles. The steric threshold 0, was also introduced to quanti& the tuming 

point from no steric effect to a finite stenc effect and defined an intrinsic reactivity as 

being the value of log k2 for the small nucleophile P(OMe), (8 = 107'). PoëZ6 argued that 

this is not a good measure of an intrinsic reactivity of a cornplex because P(OMeh is quite 

a strong base (pKa = 2.6) and the strength of the metal9 bond in the transition state will 

be relatively large. He suggested an alternative waY3 of characterizing the reactivity of 

the complex and defined a standard reactivity as being log k20 = log k2 - RpKa + 4), i.e. 

the value of log k2 for a hypothetical nucleophile that is srna11 enough (O  c &) to exhibit 

no steric effects, and weak enough (pKa = -4) to be weaker than any commonly used 

nucleophiles. The metai-P bond strength in the transition state wit h this hypotheticai 

nucleophile might be relatively srnall, and the value of the standard reactivity might be 

relatively close to the intrinsic reactivity, the reactivity of the complex when stabilization 

of the transition state by bond formation is negligible. 

Giering and c o - w o r k e r ~ ~ ~ ~ ~ ~ ~  suggested that the onset of steric effects on the rates 

of reactions involving P-donor nucleophiles is quite sudden, and proposed that the data be 

represented by 

log k2 = azd + b(0- $)A + c (1-3) 

which allows quantitative separation of stereoelectronic effects via a computerized linear 



regression. A sirnilar but better equation 

log k2 = a + KpKa' + 4) + f ie-  &)A 

is preferred by Poë et a139+108 because this equation allows for a better definition of the 

standard reactivity and gives a dimensionless electronic parameter 0. Both equations 

incorporate the very important feature that A is a switching function which is zero when 

the cone angle is less than or equal to the steric threshold & or unity when 8 exceeds &, 

and steric effects are measured by the gradient y of the steric profile obtained by plotting 

log k20 = log k2 - flpKaF + 4) against 8. 

Another equation (eqn 1.5) analogous to eqn 1.4 have been u ~ e d " * ~ ' ~  in the 

log k2 = a + /?6(13CO) + I (0 - &)A (1.5) 

analysis of kinetic data from systematic studies of CO-dissociative reactions of a series of 

complexes containing P-donors as ligands. The parameter pKa' in eqn 1.4 has been 

replaced by 6(13CO) in eqn 1.5 because the P-donors are fully coordinated substituents in 

CO-dissociative reactions and both the a-donicity and the x-acidity should be considered 

to evaluate their ligand effects. As the standard reactivity of this system is related to CO ( 

6(13CO) = O and 0 = 9Y), the hypothetical ligand with pKa' = 4 does not need to be 

included. The reason why sometimes the parameter 6(13CO) is used instead of x when 

both are good measures of the net electron donicity (NED) of a ligand is that 6(I3CO) 

values are avaiiable for more ligands such as CO, &Ph3 and SbPh3 etc. 

1.5.3 The Implications of the Derived Parameters 

The derived parameters in eqn 1.4 can give a lot of important information and are 

explained by Poë et The value of fl  is directly related to the varying arnounts of 



stabilization induced in the transition state by the series of P-donor nucleophiles used and 

referred to the fully formed H'-P bonds as measured by pKa'. Relative values of P provide 

a measure of the relative extents of M-P bond making which is given by the ratio of the 

strength of an M-•P bond in the transition state to the strength of the fully formed M-P 

bond in the absence of steric effects. The M-P bond energy has been assumed to be  close 

for different complexes, and smdler value of p has been taken to reflect smdler extents of 

bond formation or earlier transition states and larger values of P larger extents or later 

transition states. 

The parameter &, indicates the existence of a rather sharply defined steric 

threshold. Metal carbonyl complexes exist as closely packed polytopal arrays of CO (and 

other) ligandsi7 and this suggests that any expansion of the ligand polytope caused by the 

approach of a nucleophile would be dependent on the size of that nucle~phi le ,~~ and it 

seems difficult therefore to accept that there would be any region of the steric profiles 

where no dependence on 0 would occur. It has recently been p r o p o ~ e d ~ ~ ~ ~  that at some 

stage during the approach of a nucleophile to a metal carbonyl complex, as illustrated in 

Figure 1.1, a sudden and precise change in the geometry of the carbonyls is induced. This 

results in the formation of a relatively high energy transition state isomer (TSI) of the 

complex which contains a well-defined space in the ligand polytope. The space made 

available will be larger than that required by the smaller nucleophiles but, as û increases, 

there will corne a stage when the nucleophile will just fit into the space and the cone angle 

of this nucleophile will define the steric threshold. Accommodation of larger nucleophiles 

must be accompanied by a further opening up of the TSI to maintain the same arnount of 

metal-L bond making. The parameter yis the dope in a steric profile and is a quantitative 

measure of the flexibility of the TSI. The less negative the value of y, the less difficult the 

TSI is to open up further as 0 increases, and the TSI is more flexible, and vice versa. An 

alternative possibility is that the larger nucleophiles can only be accornmodated at the cost 

of lengthening the M-L bond in the transition state (Le. the TSI is totally inflexible) and 



Figure 1.1 A cartoon representation of (a) a TSI with an open space made available 

for approach of a nucleophile to its electrophilic centre; (b) the TSI with a smaller P- 

donor nucleophile (6 < B*) attached to the electrophilic centre without any stenc 

interaction; (c) the TSI with an attached nucleophile (8 = ûth) such that a partial bond of 

the sarne length as in (b) cm just be formed without unfavorable stenc interaction; and (d) 

the TSI with a larger attached P-donor nucleophile (8 > O*) which has forced the TSI to 

open up further so that a partial bond of the sarne length as in (b) and (c) can be formed. 

The sine of opening shown by the broken lines is the same as those in the undistorted TSIs 

in (a)-(c) (From reference 26). 



the transition state will be less stabilized as a result. 

The SR is an unambiguously defined parameter as discussed in the previous 

section. However, it corresponds to the intrinsic reaciivity only when P approaches zero, 

i.e. the contribution fiom bond making in the formation of the TSI approaches zero. 

Relative intrinsic reactivities are given by the relative values of SRs for complexes when 

they have the same P values. Care has to be taken to assess the relative reactivities when 

the complexes have different finite values of p and when the basicities of the nucleophiles 

are reduced below pKa' = -4. 

1.5.4 The Protocol of Stereoelectronic Analysis Using Eqn 1.4 

The kinetic data for stereoelectronic analysis should be fiom reactions with 

nucleophiles which cover a reasonably wide range of pKa' and Ovalues to avoid possible 

correlation between values of pKa' and 8 and to get good results of analysis. There are 

two methods available to do stereoelectronic analysis. One is basically a graphical 

approach and the other is a computerized multivariable linear least-squares regression. 

The first step in the graphical method is to plot values of log k2 against pKa', and a /?value 

is obtained From the slope of the straight line defined by a group of isosteric nucleophiles. 

Deviations from this line displayed by other nucleophiles are assigned to stenc effects. 

Thepara-substituted triphenylphosphines P(p-XC&& (X = FI, MeO, Me, Cl, F, and CF3 

etc.) provide a set of isosteric nucleophiles with B = 145O and a wide range of pKa'. 

Another available set of nucleophiles that are almost isostenc (in terms of Tolman's cone 

angle) is P(OPh)3 (8 = 128"), P(O-i-Pr)3 (8  = 130°) and P ( ~ - B U ) ~  (8 = 132O). They can 

provide sirnilar information and, if both sets of nucleophiles have been used, the P values 

should be the same, otherwise different mechanisms might be involved. In cases when ail 

nucleophiles have 8 $ &, the P value is defined by al1 the nucleophiles. When P has been 

obtained, the stenc profile is obtained by plotting log kZ0 against B. In favorable 

circumstances a value of & can be obtained fiom the intersection of the horizontal (8 s 



&) and downward sloping (8 > &) parts of the steric profile. The SR can be obtained 

£?om the intercept of the former with the log Q0 axis and the y value from the slope of the 

latter. 

The multivariable linear regression method relies on the use of a cornputer 

program. The program in FORTIUN was originally obtained from Professor W. P. 

Gienng, then translated to BASIC bv Lezhan Chen in this research group and later 

modified by the writer. The prograrn requires the initial input of the values of log k2, pKa' 

and B for each nudeophile together with the estimated value or range of values in &. The 

prograrn then does the regression for each chosen & value. The output includes SR, P 
and 7 together with the estimates of their standard deviations. The &, value with the 

minimum root-mean-square deviation (RMSD) is selected as the best stenc threshold and 

the parameters together with their standard deviations at this 6L, value are recorded. 

The graphical method is direct and simple, and has been c o m o d y  used in earlier 

studies to provide parameters such as P and y. The regression method is accurate and 

quick, and is preferred in the current studies. However, the graphical method is used 

dong with the regression method in Chapter 5, and it is also used to illustrate how well 

the mode1 of regression accounts for the data. 

This thesis describes work undertaken to extend our knowledge of substitution 

effects on CO dissociative and associative reactions of metai carbonyl clusters, both ones 

of lower nuclearity such as R U ~ ( C O ) ~ ~ L  and ones of higher nuclearity such as 

R U ~ C ( C O ) ~ ~ L .  Some spectroscopic studies of substituent effects are also described and 

show the importance of the so-called uryl eflect, and some significant extensions of the 

study of substitution reaction of Mo(CO)~ in NaY are also reported. 
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Chapter 2 Experimental 

2,l General 

The techniques used in these studies are now quite standard ones as used in this 

groupl-' and other gro~ps .~"  For this reason they are described vety bnefly. 

2-2 Instruments 

The instruments used for recording spectra and monitoring kinetic runs of 

homogeneous reactions were Nicolet SDX, lODX and 205 fourier transform infiared 

spectrophotometers, a Varian Cary 2200 UVNis spectrophotometer and a Hewlett 

Packard 8452 W N i s  spectrophotometer. Both W N i s  spectrophotometers were 

equipped with a thermostated water bath (k 0.1 OC). "P-NMR spectra were recorded on 

Gemini 200, Gernini 300, and Unity-400 spectrometers. FBA mass spectra were obtained 

by using a VG 70-250s mass spectrometer with a Xenon flux. X-ray crystallography 

analyses were done on an Enraf-Nonius CAD-4 difiactometer with graphite 

monochromated Mo Ka radiation (A. = 0.71073 A). Al1 the NMR, Mass and X-ray 

analyses were performed by the departmentai services. 

The instrument used for studying intrazeolite reaction kinetics was a Nicolet 205 

FTIR spectrometer. A specially designed IR ce11 ' as shown in Fig 2.1 was used for in 

situ thermal treatment, loading of reactants, and kinetic measurements of intrazeolite 

reactions. 



Fig 2.1 IR ce11 for in situ thermal treatments, loading of reactants, and kinetic 

measurernents: (A) stainless-steel reaction chamber; ) waterhir-cooled NaCl 

windows; (C) quartz tube, where the dehydrations are done; @) metal O-ring sealed 

flange; (E) stainless-steel sample holder; (F, and G )  sublimation chambers; and (H) 

connection to vacuum/gas line (fkom ref Sb). 



2.3 Chemicals 

R U ~ ( C O ) ~ ~  was used as received from Strem Chemicals. Liquid phosphorus 

nucleophiles L = P(n-Buh, P(OPhh. P(O-i-Pr)3, P(OMe)3, P(OEt)p, PPh(OMe)2, 

PPh,(OEt), PPhEt,, PPh2Et, PPhMe,, PPhzMe and PPh2Cy fi-om commercial sources 

were distilled under reduced pressure of argon before use or before storage under argon in 

Schlenk tubes with air-tight stoppers. Etpb (P(OCH2)3CEt, Strem) was sublimed at ca. 

50°C under reduced pressure before use, and PPh3 and AsPh3 (Aldrich) were 

recrystailized fiorn hexane. P@-MeO@)3, PQJ-F<D)~ (a = C a ,  Strem) and P@-t~lyl)~ 

(Digital) were used as received. PCy3 was either used as received or obtained from the 

adduct PCy3-CS2 by distilling away CS2 with ethanol under argon.4 

The crystalline zeolite, sodium Y, denoted Nar6Y, with the unit ce11 composition 

Na56(~02)56(Si02)136*fi20 was obtained from Dr. Edith Fianigen at UOP, Tanytown, 

New York. To remove cation defect sites, a sample of the calcined NaS6Y was slurried 

with O. 1 NaCl solution and washed until free of Cl-. Sarnpies were stored over saturated 

lW&1 solution to ensure a constant humidity. Mo(C0)6 was purchased from Alfa 

Products and used as received. The adduct (trimethylphosphine) silver iodide (Aldrich), 

(PMe3-AgI)4, was used as the source of PMe,. 

Tetrahydrofbran (Tm, Aldrich reagent grade) was distilled over sodium- 

benzophenone before use. Ail other solvents such as heptane, hexanes and DCM 

(dichioromethane, Aldrich reagent grade) were dried and stored over activated molecular 

sieves ( 4 4  BDH) for at least 24 hours before use. The molecular sieves were activated 

by washing with methanol and drying in an oven at Ca. 600°C for several hours. Mer 

activation, the molecular sieves were cooled to room temperature in a vacuum desiccator 

before use. Solvents were degassed by means of at least three fieeze-pump-thaw cycles 

immediately before use for air-sensitive reactions. Argon, nitrogen, carbon monoxide, 

oxygen (Canox) and ethylene (Matheson) used were at least C.P. grade. 



2.4 Synthesis of R U ~ ( C O ) ~  L Complexes 

The method of Bruce et as applied by BrodiG was employed for the synthesis 

of al1 the complexes R u ~ ( C O ) ~ ~ L  ( L = PCy3, P(OPh)3, P(O-i-Pr)3, PPhEt2 and P ( ~ - B u ) ~  ). 

Sodium diphenylketyl was used as an initiator for the catalytic substitution reactions of 

Ru~(CO) ,~  with L. 

2.4.1 Preparation of Sodium Diphenylketyl Solution 

The preparation of the solution was camed out on a vacuum line under argon 

atmosphere to maintain oxygen-free conditions. Benzophenone (46 mg, 0.25 mrnol) was 

dissolved in THF (10 mL) in a Schlenk tube and several finely cut pieces of sodium metal 

(ca. 10 - 20 mg) were added while the complex solution was purged with argon. The 

mixture was stirred for ca. 1 hour until a dark purple solution was observed. The Schlenk 

tube was then seaIed until needed. 

2.4.2 Reactions of R u ~ ( C O ) ~ ~  

R U ~ ( C O ) ~ ~  (1 00 mg, 0.16 mrnol) was dissolved in degassed THF (ca. 10 mL) in a 

side-arm flask under argon with constant stimng. A heat gun was used to warm the 

solution to Ca. 40°C to complete the dissolution. The ligand (0.17 mrnol) was introduced 

either by syringe through a sealed septum cap for L = P(OPh),, P(O-i-Pr)3, PPhEtz and 

P ( ~ - B U ) ~  or through a powder funnel for L = PCy3 while the complex solution was purged 

with argon. The ketyl radical solution (0.1-0.3 mL) was added dropwise through a 

syringe which had been purged with argon. The extent of reaction was monitored by 

removing a small amount of solution by syringe and recording its IR spectmm. 

Completion of the reaction was indicated by the disappearance of the 2060 cm-l 

absorbance band corresponding to R u ~ ( C O ) ~ ~ .  The solvent was removed by vacuum and 



the remaining red (L = PCy3, P(~-Bu)~ ,  PPhEt2) or orange (L = P(OPh)3, P(0-i-Pr),) oily 

product was dissolved in hexanes. Filtration of the solution left a clear red or orange 

filtrate which showed IR absorbance bands (Table A l  in Appendbc A) expected From 

either identical or similar c o m p o ~ n d s . ~ ~ - ~ - ~ ~  

2.4.3 Purification of R U ~ ( C O ) ~ ~ L  

The cluster products were purified by column chromatography. A senes of tests 

for separation were canied out on Thin Layer Chromatography (TLC) plates using 

hexane, DCM and a number of hexane/DCM mixtures as solvents. The elutant was 

chosen which best separated the products present. The column was a 50 mL burette 

wrapped with aiuminurn foi1 and filled with eveniy compacted 60-1 00 mesh Florisil which 

was covered by a srnall amount of sea sand for better distribution of the product mixture 

on the column surface. 

The product mixture dissolved in the minimum amount of DCM was added to the 

column. A trace arnount of unreacted R U ~ ( C O ) ~ ~  was eluted first, as indicated by its IR 

spectnim, followed by the elution of R U ~ ( C O ) ~ ~ L  compounds and then any Ru3(CO)& 

compounds, leaving some mononuclear products on the column. The elutant was 

removed by vacuum leaving an orange-red oil. The yields ranged between 40% and 80% 

and were similar to the ones reported for the known clusters. 

2.4.4 Characterization of R U ~ ( C O ) ~ ~ L  

The pure R U ~ ( C O ) ~ ~ L  complexes were identified from the IR data of identical or 

very sirnilar clusters (Table A l  in Appendix A). No other peaks than expected were 

observed. 31P-NMR spectra of R U ~ ( C O ) ~ ~ L  (L = PCy3 and P(OPh)3) studied gave a single 

sharp peak, indicating that no fiee ligand or other unwanted compounds were present. 



2.5 Synthesis of RU,C(CO)~~L (L = PCy3 and P(OPh)3) 

2.5.1 Synthesis of R u ~ C ( C O ) ~ ~  

R L I ~ C ( C O ) ~ ~  was synthesized by pyrolysis of R U ~ ( C O ) ~ ~  following the method 

reported by Brown et al." R U ~ ( C O ) ~ ~  (0.40 g, 0.62 rnmol) and hexanes (80 mL) were 

charged into a 300 rnL Parr autoclave which was then purged and pressurized with 

ethylene to 50 atm. On stimng the pressure started dropping due to ethylene dissolution. 

The pressure dropped to ca. 38 atm after stirring for c a  10 minutes, and the ethylene was 

then slowly released to a final pressure of 20 atm. The autoclave was heated for 3 hours 

at ISO°C. The stirrer was then switched off and the autoclave removed fiom its heater- 

housing and allowed to cool to roorn temperature. The deep red crystalline product was 

separated by filtration From a brown supernatant solution and was washed with hexanes 

and collected (0.14 g, 0.13 rnmol). The yield was ca. 40% which was very close to the 

literature value (43%). The product was identified as R ~ g c ( C 0 ) ~ ~  by recording its IR 

spectrum and cornparhg it with that of the known compound (Table A l  in Appendix A). 

2.5.2 Synthesis of RU~C(CO),~ 

The literature method12 was employed to prepare the pentanuclear cluster 

RU~C(CO),~ by the carbonylation of hexaruthenium R U ~ C ( C O ) ~ ~ .  The compound 

RU&(CO)~~ (0.25 g, 0.23 rnmol) was placed in a 300 mL Parr autoclave with heptane (50 

mL). The autoclave was pressurized twice to 30 atm carbon monoxide, then vented to 

atmospheric pressure, repressurized to 80 atm carbon monoxide, and heated to 80°C for 3 

hours. The autoclave was then cooled, the pressure released, and the red solution 

evaporated to dryness in the open air. The red crystals of R U ~ C ( C O ) ~ ~  (0.19 g, yield = 

90%) were obtained by slow evaporation of the filtrate. Punfied products were obtained 

by recrystallization in hexanes and charactenzed by their IR spectra (Table A l  in 

Appendix A). 



2.5.3 Synthesis of R u ~ C ( C O ) ~ ~ L  (L = PCy3 and P(OPh)3) 

R U ~ C ( C O ) ~ ~  (0.20 g, 0.2 1 mmol) was dissolved in Ca. 20 mL DCM in a side-arm 

flask. An equivalent of L (0.060 g of PCy3, or 0.065 g of P(OP~I)~,  0.2 1 mrnol) was added 

to the solution and stirred under argon for Ca. 1 hour, givhg a puik-red solution. The IR 

spectrum of the solution showed the disappearance of the bands due to R u ~ C ( C O ) ~ ~ .  The 

solution was then evaporated under vacuum and the product was isolated by column 

chromatography. The column was evenly filled with 40-140 mesh silica gel (Baker 

Chernical Co.) and wrapped with alurninum foil. The purple band of R U ~ C ( C O ) ~ ~ L  was 

eluted by a mixture of hexanes and DCM with a volumetnc ratio of 1 : 1 and identified by 

comparing its CO stretching frequencies with those of similar RU&(CO)~~L (L = PPh3, 

P@-MeO@)3, etc.) clusters (Table A l  in Appendix A ) . ~ * ~ ~  

2.6 Kinetic Procedures 

2.6.1 Preparation of leaction Solutions 

Most kinetic studies were carried out using heptane as reaction solvent. Al1 

complex solutions were prepared by weighing an appropriate arnount of the cluster 

compound on an analytical balance, and dissolving it in the solvent in a volumetnc flask. 

The concentration of the solution used was dependent on the particular monitoring 

technique to be employed. Nucleophile solutions were prepared in several ways, 

depending on the nature of the particular nucleophile used. Appropnate amounts of stable 

nucleophiles were simply weighed on an analytical balance and dissolved in volumetric 

flasks. Air-sensitive solid nucleophiles such as PCy3 were weighed in a small pre-weighed 

via1 in a glove box, reweighed on an analytical balance, and dissolved with as little 

exposure to the open air as possible. When air-sensitive liquid nucleophiles such as P(ri- 



Bu)3 were used, the appropriate amount of nucleophile was withdrawn with a syrïnge 

fiom the nucleophile container while back-filling with argon and added to a volumetric 

flask filled with argon and fitted with a septum cap. The manipulations were conducted 

under argon wherever possible. 

The nucleophile and complex solutions with a volumetric ratio of at least 4 : 1 

were mixed to make the reactant solutions. An appropriate amount of nucleophile 

solution was pipetted into a Schlenk tube or a sample ceII and ailowed to warm to the 

chosen reaction temperature in the water bath or thermostated ce11 holder. M e r  thermal 

equilibration (ca. 10 minutes), a certain amount of complex solution was pipetted and 

added to the nucleophile solution, and mixed by shaking. The total volumes of reactant 

solutions were kept at 3 mL in a UVNis ce11 and 10 mL in a Schlenk tube for the WNis- 

monitored and IR-monitored reactions, respectively. When W N i s  monitoring techniques 

were employed, the nucleophile solution~complex solution ratios in volume were at least 8 

: 1 for reactions at temperatures above 30.0°C to ensure rapid temperature equilibration 

with the ce11 holder. Both nucleophile solution and complex solution were thermostated 

to the reaction temperature before rnixing for the IR-monitored reactions. When an inert 

atmosphere was required, al1 volumetric flasks and cells were fined with septum caps and 

the solutions were transferred with syringe. 

The initial concentrations of the reacting complex in the mixed solutions were 

generally between 2 x IO-' M and 2 x 104 M. The initial concentration of a nucleophile in 

a reactant solution was usually in at lest  20-fold excess of that of the complex to achieve 

the expected pseudo-first-order kinetics. 

2.6.2 Preparation of Loaded NaS6Y 

About 20 mg of size-sieved zeolite crystals was pressed into a self-supporting 

wafer having a diarneter of 16 mm by applying a pressure of 3 tons/cm2 for 20 S. The disk 

was removed, secured in a pre-weighed staidess-steel holder, and then weighed together 



with the holder. The wafer in the holder was placed in the quartz part (C) of the specially 

designed IR ce11 (see Fig 2.1) and thermally dehydrated under dynamic vacuum by using 

an Omega Series CN-2010 programmable temperature controller according to a preset 

prograrn: 25-100 OC over 3h, 100 OC for 2i-4 100-450 OC over 5h, and 450 OC for at least 

2 h  Dehydration was followed by calcination in a static atmosphere of 250-300 Torr of Oz 

at 450 OC for Ih. The ce11 was then pumped at the same temperature for 1 h, and ailowed 

to cool slowly in the air to room temperature. The degree of dehydration was judged by 

the flatness of the baseline in the IR VOH stretching and QH deformation regions, 3400- 

3 700 and 1600- 1650 cm-', respectively. 

A sufficiently dehydrated sample wafer, as indicated by the flatness of the IR v o ~  

stretching and bH deformation bands, was moved into position above the entrance to the 

sublimation chamber (F or G) and loaded with Mo(CO)~ in the IR ceIl to amounts 

controlled by opening the appropriate valve for a fixed time and measured by the 

absorbance of the bands at 1976 and 2 123 cm-'. The maximum amount of chemisorbed 

tnmethyl phosphine was loaded by warming an excess of the (PMe3*AgI),, adduct in the 

sublimation chamber (F or G) using a heat gun and introducing the vapor of PMe3 into the 

zeolite wafer, followed by pumping at room temperature until the absorbance of the band 

of intrazeolite PMe3 at 1437 cm-' remained constant. Contents of molybdenum in the 

wafers, as indicated by the intensity of corresponding absorbance bands, were determined 

fiom the correlations between the IR absorbance bands at 1976 and 2123 cm-' due to 

Mo(C0)flaY and the results corn neutron activation analyses. Neutron activation 

analyses of molybdenum contents in the wafers were measured by Pastore.13 The loading 

in chemisorbed and physisorbed PMe3 was controlled by using pre-weighed amount of 

(PMe3*AgI)+ The addition of controlled pressure of gaseous I2CO into the ce11 foilowed 

the occlusion of organometallic compounds for some of the kinetic runs. 



2.6.3 FTIR Monitoring Techniques 

Most homogeneous kinetic nins were carried out in heptane solutions prepared in 

Schlenk tubes that were equipped with rubber-septum caps to allow convenient sample 

removal by a syringe with a stainless steel needle. Nucleophile solutions were purged with 

argon or nitrogen (Canox) for ca. 5 minutes before immersing the Schlenk tube into a 

thermostated water bath and continuing the bubbling for another 10 minutes. Solutions 

were thermostated to * 0. 1°C by a Lauda Constant Temperature Bath RCS-6. To keep 

out as much light as possible, the water bath cover was placed on the opening such as to 

allow just enough room for the Schienk tube(s). Imrnediately after adding the complex 

solution and mixing the solutions by shaking, a sample was withdrawn fiom the Schlenk 

tube at accurately timed intervals, transferred into an IR ceIl for measurement or into a 

small vial sitting in a liquid nitrogen bath where the reaction was quenched and fiozen for 

later measurement. The IR spectrum of each sample was measured between 2200 and 

1800 cm-' in the absorbante mode in a cell with 1.0 mm path-length and CaF2 or NaCl 

windows. 

For monitoring intrazeolite reactions, the reactants-loaded zeolite wafer inside the 

specially designed IR ce11 was moved to the quartz end of the ce11 (C in Fig 2 4 ,  the ce11 

held horizontally, and the reactor heated to the reaction temperature for 1 h for 

stabilization of the reactor temperature. The wafer was then placed between the NaCl 

windows (B) of the ce11 for kinetic measurements. At each temperature studied, several 

minutes were allowed for the wafer to reach the reaction temperature before starting 

kinetic measurements. The ce11 temperature was thermostated by an Omega CN2010 

Series controller and the pellet temperature (* 0.2 OC) was measured and calibrated using 

a thermocouple connected to an Omega HH23 Microprocessor themorneter (* 0.1 OC). 

A pellet was specially made for the calibration in such a way that the tip of the 

thermocouple was in the center of the pellet. IR spectra of the samples were autornatically 

collected at specified time periods by a Nicolet 205 FTIR spectrometer using a series of 



prograrns written by this writer using the macro commands available for the machine. A 

typical program named "MOPM303" is attached to Appendix B (Prograrn BI) for 

reference. Other programs such as "MOPM3SUBW and "MOPMSPEAK" (see Programs 

B2 and B3, respectively, in Appendix B) were used to andyze the spectra and collect 

intensity data of the IR absorbance bands. Al1 reactions were followed for at least three 

half-lives and ifinity readings were taken d e r  leaving enough time at the reaction 

temperatures for completion of the reactions. 

2.6.4 WNis Monitoring Techniques 

Both the Varian Cary 2200 and the Hewlett Packard 8452 W N i s  

spectrophotometers used for homogeneous kinetic expenrnents were equipped with a 

thermostated ce11 holder. An iron-constant an thermocouple comected to an Omega 

HH23 Microprocessor thermometer (i 0.1 OC) was used to monitor the solution 

temperature. Altematively, the temperature was rneasured by a conventional thermorneter 

with an accuracy of * 0.01OC. The thermometer was inserted through a cover matched 

with the cornpartment and into another ce11 filled with water in the sarne ce11 holder. 

Quartz or silica cells with a 10.0 mm path-length were employed throughout and the total 

volumes of solutions in the cells were kept constant at 3.0 mL. A known volume of 

nucleophile solution was added to a cell, sealed tightly with a teflon stopper and allowed 

to stand for ca. 10 minutes for thermal equilibration before mixing with the required 

amount of cornplex solution. Solutions were transferred and themostated under inert gas 

atmosphere for air-sensitive nucleophiles. 

Reactions were followed by monitoring either the absorbance changes at the wave 

length(s) chosen (time drive mode) or scanning the spectrum in a wavelength region 

(wave-length drive mode) periodically. For slow reactions (tin > 20 minutes), up to four 

reactions were monitored at the same time when the Varian Cary 2200 W N i s  

spectrophotometer was used. Reactions were followed for at least 3 haif-lives and intinity 



readings were taken &er leaving enough time at the reaction temperatures for completion 

of the reactions. 

2.7 Data Analysis 

2.7.1 Observed Rate Constants (kOb) 

Observed rate constants (kh) fiom kinetic mns were calculated using a modified 

KORE program on a personal computer. The KORE program was onginally from a 

published program14 written in FORTRAN, translated to BASIC and made more user- 

fiiendly by Lezhan Chen who worked in this group, and then modified by Bob Burrow 

who was a graduate student in this department so that it c m  run sets of data with more 

than 100 points, directly retrieve data fiom outputs by software of Hewlett Packard 8452 

WNis spectrophotometers and operate under Windows. The program works with the 

infinite and initial readings (absorbances) unknown, as is the kinetic methods developed by 

G~ggenheim,'~ Espenson,I6 and this writer.17 It takes in absorbance vs. time data that 

follow the first order kinetic law, does nonlinear least-squares regression analysis, and 

provides calculated values in kOk, Aa and A, together with their standard deviations as well 

as the correlation coefficient and percent uncertainty. The absorbance band that showed 

the maximum absorbance change and a good A, reading was used for kinetic calculations. 

In most cases the reactions were fast and the subsequent reactions were slow enough for 

there to be well-defined values of A,. Values of A, from calculations were compatible 

with those measured directly &er 5 or more half-lives of the reaction. Plots of ln 1 A,-A, 1 
vs. time showed very good linearity over the time periods studied. 

2.7.2 Dissociative and Associative Rate Constants 

As mentioned earlier, conditions for pseudo-first-order kinetics were achieved by 



using usually at least 20-fold excess arnount of nucleophile over that of complex for 

homogeneous kinetic studies. The observed rate constants, kok, generally have a linear 

dependence on the nucleophile concentration IL] according to 

The k* vs. F] data were fitted to this equation using a linear regression program which is 

available in this group and called "Kinefit". The values of kok were weighted with the 

assumption of constant percentage errors. kl and k2 are defined as the dissociative and 

associative rate constants, respectively, when they are statisticaily meaningful. However, 

if the value of k, was statistically close to zero, it was simply taken as a constant, a, with 

no physical meaning. In cases when the second term k 2 F ]  was statistically unimportant, 

the reaction was believed to be zero order in [LI and the first-order dissociative rate 

constant for the reaction was obtained by taking the average of the individually measured 

values of kk. 

For the intrazeolite CO-substitution reactions of PMe3 with Mo(CO)~, a similar 

equation written as 

applies, where kd is the CO-dissociative reaction rate constant at the particular applied CO 

pressure, ka(Pc) and k,(P,,) are the associative reaction rate constants with chemisorbed 

and physisorbed phosphine, respectively. 

2.7.3 Electronic and Steric Kinetic Parameters 

A program written in BASIC and named "Stericnew" is a modified18 version of a 

similar program origindly writtenlg in FORTRAN and was employed to analyze the 



multivariable dependence of log k2 on pKa' and 0 (the electronic and stenc parameters, 

respectively) according to eqn 1.4. 

The meanings of the pararneters in eqn 1.4 will be explained in the appropriate chapter. 

The corresponding output included parameters a, j?, and y together with their 

uncertainties, the multivariable linear correlation coefficient (R), and the root mean square 

deviation (RMSD) of the regression. RMSD was minimized by varying and choosing the 

best & value in the range of 8 used. 

2.7.4 Activation Parameters 

The Eyring equation, eqn 2.3, was used to analyze the temperature dependence of 

k, the dissociative or associative rate constants. 

In cases when each of the rate constants was from a linear least-squares regression of a 

senes of kobs values, the pooled variance was calculated fiom the probable errors in rate 

constants at different temperatures and used to calculate the standard deviation of the 

appropriate rate constant corrected for the number of degrees of f reed~rn .~-~"  

The standard deviation in k at a given temperature was used to calculate the 

standard deviation in ln (klT) so that each value of ln (WT) could be weighted properly in 

the linear least-squares analysis using the computer program "Kinefit" and eqn 2.3. There 

are two ways to weight each value of ln (km) in the regression, one is to use absolute 

weights, the other is to employ relative weights. When the former method is used, the 

uncertainties in ln (kn) lead directly to the uncertainties in the activation pararneters. In 



the other case, however, the uncertainties in the activation parameters are fkom the 

residuals between the calculated and experimental values of In (MT). Both methods were 

tried in each regression analysis and the one that lead to greater uncertainties in the 

activation parameters was employed. The reason for doing this is that the uncertainties in 

the parameters can be determined by the standard deviations in each individual point 

measured and the deviations of these points fiom the line defined by the estimated 

parameters. 

In cases when uncertainties in kobs values were unavailable fiom a least-squares 

analysis, unweighted linear least-squares analyses of ln (MT) vs. 1/T were made in 

obtaining the activation parameters. This is equivalent to assuming a constant percentage 

uncertainty in k because this l ads  to a constant absolute uncertainty in ln (klT). 
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Chapter 3 Kinetics of Reactions of Ru,(CO),,L 
(L = P(OPh),, PCy3, P(0-&Pr), and PPhEt,) with 

1 Some P- and As-donor Nucleo~hiies 1 

3.1 Introduction 

The cluster R U ~ ( C O ) ~ ~  is an interesting one since it was the first one s h o ~ n ' ~ ~  to 

undergo associative reactions with P-donor nucleophiles in addition to reacting via a CO- 

dissociative path It was also found to be significantly more susceptible to nucleophilic 

attack than mononuclear ~arbonyls.~ The explanation for this high susceptibility to 

nucleophilic attack is that the metal framework in Ru~(CO),~ can rearrange to fom 

relatively low energy intermediates upon attack by nucleophiles, e.g. 

It is postulated that the energy needed to break the Ru-Ru bond is largely compensated for 

by Ru-L bond making. Subsequent loss of CO and reformation of the Ru-Ru bond leads 

to overall substitution without any of the Ru atoms having to exceed the 18-electron count 

at any stage of the process. This is analogous to the changes in bonding that accompany 

the substitution of nitrosyl and cyclopentadienyl  complexe^.^^ The substitution kinetics of 

the substituted clusters RU~(CO) ,~L (L = P(OEt)3,6 PPh3' and P ( ~ - B U ) ~ ) ~  with P-donor 



nucleophiles were studied recently and were aiso found to react via associative paths, in 

addition to dissociative paths. For convenience we shail distinguish the substituent 

ligmldr as L and the substituting Meophiles as LI. The rate data for these Ru3 clusten 

were fitted to eqn 1.4 and interesting electronic and steric parameters were obtained! In 

log k2 = a + &Ka' + 4) + HO- &)A (1-4) 

order to systematically extend the study of these substituent effects, we have studied more 

exarnples of substituted Ru3 clusters R u ~ ( C O ) ~ ~ L  with L = P(OPh)3, P(O-i-Pr)3, PCy3 and 

PPhEt*. These clusters are also found to react via both associative and dissociative 

pathways with nucleophiles over a reasonably wide range of pKa' and 0 values and the 

results are presented below. The temperature dependence of the dissociative rate 

constants were of particular interest because there had been an indication that an isokinetic 

relationship might h ~ l d . ~  

The general experimental procedures and the synthesis, purification and 

characterization of RU~(CO)~  ,L (L = P(OPh)3, P(O-i-Pr)3, PCy3, P(r143u)~ and PPhEt2) 

are descnbed in detail in Chapter 2. Reactions of RU,(CO)~~L with P-donor or As-donor 

nucleophiles in Schienk tubes were usually studied using FTIR monitoring techniques but 

occasionally reactions were rnonitored using W N i s  techniques. Most runs were carried 

out in heptane solutions at mild temperatures (25 - 50°C) unless otherwise indicated. 

Disubstituted products RU~(CO)~&L' were identified by their FTIR spectra measured 

after mixing and reacting equivalent amounts of complexes and nucleophiles in solution. 

Ali kinetic runs of R u ~ ( C O ) ~ ~ L  with a nucleophile were carried out under pseudo-first- 



order conditions and IR bands in the v, region due to R U ~ ( C O ) ~ ~ L  and RU~(CO)~&L' 

were weU separated and allowed accurate kinetic monitoring of the disappearance of the 

reactants. The initial concentrations used were [RU~(CO)~~L] = 2 - 4 x 104 M, and p'] = 

0.001 - 0.4 M in most of the kinetic runs. A set of FTIR spectra recorded during a typical 

kinetic run is s h o w  in Figure 3.1 and the quite sharp isosbestic points over the early part 

of the reaction are a good indication of the cleanness of the reaction. 

3.3 Results 

3.3.1 Pseudo-First-Order Rate Constants 

Al1 the reactions of Ru3 complexes with L' obey first-order rate law behaviour 

under pseudo-first-order conditions and the observed rate constants calculated using the 

modified KORE program are listed in Table A2 in Appendix A. Usually at least two 

absorbance bands were followed for each kinetic run. The results calcuiated fiom 

observed changes at different wave lengths are generally in good agreement. An exarnple 

is for the reaction of R U ~ ( C O ) , ~ P C ~ ~  with P(OEt), (0.1962 M) conducted in a heptane 

solution at 27.J0C and followed by IR monitoring techniques. Values of observed rate 

constants (4.10 t 0.06) x 1 O*3 s-l and (3.77 t 0.10) x 1 O-3 s-l were obtained when data 

from the decreasing band at 2044.7 cme1 and the increasing band at 2069.7 cm-l were 

used, respectively. However, only the bands that showed maximum absorbance changes 

and clean infinity reading %. are listed in Table A2. The reactions of R u ~ ( C O ) ~ ~ P C ~ ~  

with L' = etpb, P(OEt)3, P(OPh),, P(0-i-Prh, P(n-Bu)3, PPhEt2, PPh2Et, PPh3, and P@- 

MeOQ), (a = C a )  were studied using IR techniques and the results calculated from the 

decreasing band at 2044.7 cm-' in the v, region that showed maximum absorbance 

change and better A, are shown. A few reactions with AsPh3 were monitored using 

W N i s  techniques and the results from the increasing bands at 420 nm and 424 nrn in 
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Figure 3.1 A set of KR spectra for the reaction of R U ~ ( C O ) ~ ~ P C ~ ~  with P(OEt)3 in 

heptane at 27.3 OC. The bands at 2096.9, 2044.6, 2027.5 and 20 14.8 cm*' decrease in 

intensity, that at 2069.7 cm-' grows, and those at s 1998.0 cm-' grow over the first part of 

the reaction and then decrease. 



heptane and hexanes respectively are also Iisted in Table A2. Al1 other reactions of 

RU~(CO)~ IL (L = P(OPh)3, P(O-i-Pr)3), P(~-Bu)~,  and PPhEt,) were studied employing IR 

monitoring of the decreasing bands as listed in Table A2. 

3.3.2 Dissociative and Associative Rate Constants 

The observed rate constants listed in Table A2 obey the linear relationship (as 

illustrated in Figure 3.2 for some typical reactions). 

Linear regression analyses (assuming percentage uncertainty in k,,., i.e. weights = 

(I/kh)2) showed statisticaily meaningful kl and k2 values for most of the sets of data, and 

the values of kl and k2 together with their uncertanties are show in Table 3.1. In cases 

when the nucleophiles are L' = AsPh3, PPh3 and temperature 2 40°C for al1 the complexes, 

and when L' = P(OPQ3 and temperature 2 50°C for the complex R U ~ ( C O ) ~ ~ P ( O P ~ ) ~  the 

observed rate constants were independent of the nucleophile concentration, CL 1, and the 

mean value of kob, was taken as kl. 

3.3.3 Activation Parameters 

Activation parameters for the dissociative reactions were caiculated by a weighted 

linear least-squares anaiysis of the dependence of ln(klR) on 1/T according to eqn 2.3 (see 

Table 3.2). Since specific standard deviations were available for each value of kl the 

pooled variance~,~-l~ as mentioned in Section 2.7.4 of Chapter 2, was calculated and then 

used to calculate the standard deviations of each value of In(kl/T) so that each value could 

be weighted in the least-squares andysis according to the inverse of its variance. 



etpb 

Figure 3.2 Plot of k* vs. IL'] for the reaction of Rua(CO), iPCy3 

with L' in heptane at 27.3 O C .  



3.4 Discussion 

The kinetic data listed in Table A2 are of very good precision. The signtficant 

values of kl and k2 obtained show that both dissociative and associative paths are 

important for reactions of al1 the P-donor substituted Ru3 clusters shidied here, and this is 

in agreement with the reactions of their parent Ru3 cluste? and other mono-substituted 

Ru3 c l u ~ t e r s ~ - ~ * ~  reported. 

3.4.1 Associative Reactions 

It has been shown11-12 that rate constants for associative reactions can be 

successfuUy fitted to eqn 1.4. The electronic profiles, i.e. plots of log k2 vs. pKa' for 

reactions of R U ~ ( C O ) ~ ~ P C ~ ~  (Fig 3.3, data in Table 3.3) and R U ~ ( C O ) ~ ~ P ( O P ~ ) ~  (Fig 3.4, 

data in Table 3.4) with a senes of nucleophiles, show significant scatters of data points 

around the straight lines defined by the almost isosteric nucleophiles (P(OPh)3, 9 = 128O; 

P(O-Z-P~)~, 8 = 1 3 0" and P(~I-BU)~, 8 = 1 3 2 O ) ,  suggesting quite pronounced stenc effects. 

The data for nucleophiles with O< 130° lie above the lines and those for nucleophiles with 

8 > 130" lie below the lines. The gradients of the straight lines in these plots show, as 

expected, positive values of P, which indicates13 the positive assistance of P-donor 

nucleophiles in reactions with Ru3 clusters and supports an associative reaction 

mechanism. The isosterk nucleophiles (P = PPh3 and P@-MeOa),, 0 = 145O) in Figure 

3.3 also define a line which is almost parallel to the line defined by the three almost 

isosteric nucleophiles and therefore suggest identical P value. This suggests that the 

degree of bond making in the transition state does not depend on the size of the P-donor 

nucleophile. 

As will be shown beiow, the values of log k2 for the P-donor substituted Ru3 

clusters R u ~ ( C O ) ~ , P C ~ ~  and RU~(CO)~ IP(OPh)3 can be described very successfully by eqn 

1.4. 



pKa' 

Figure 3.3 Dependence of log k2 (27.3 OC) for reactions of R U ~ ( C O ) ~ ~ P C ~ ~  on the a- 

basicity @Ka') of the nucleophiles. The nucleophiles are, fiom lefi to ri& P(OPh)3, etpb, 

P(OEth, l'Ph3, P(O-i-Pr)3, PPh2Et, P@~-Meoa)~,  PPhEtt and P(n-Bu),. The Iine was 

drawn through the tme and hypotheticai nucleophiles with the same cone angle of 130 O 

such that P(OPh), ( O  = 128 O) lies above and P(n-Bu), (O=  132 O) lies below the line. 
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Figure 3.4 Dependence of log k2 (27.3 OC) for reactions of R U ~ ( C O ) ~  IP(OPh), on the 

a-basicity (pKa') o f  the nucleophiles. The nucleophiles are, from lefl to right, P(OPh)3, 

etpb, P(0-i-Pr),, PPh2Et, PPhEtz and P ( ~ - B u ) ~ .  The line was drawn through the tme and 

hypothetical nucleophiles with the same cone angle of 130 O such that P(OPh), ( B =  128 O) 

lies above a n d . P ( n - B ~ ) ~  (8 = 132 O) lies below the line. 



For the reactions of R U ~ ( C O ) , ~ P C ~ ~ ,  the value of & that leads to a minimum 

RMSD (0.23) is 124". The RMSD value increases significantly to 0.43 and 0.3 1 as 

changes fiorn 124O to 101' and 140" respectively. The much higher value of RMSD = 

0.43 at & a 101°, which is equivalent to the RMSD when assumùig there is no steric 

threshold within or beyond the range of nucleophiles in terms of 8," suggests the 

existence of a sharp steric threshold at 124". The change in RMSD value, however, is not 

very significant near 124"(RMSD value is 0.26 at 120° and 0.27 at 128O respectively). 

When &, = 124O is used the analysis provides values as listed in Table 3.5. These values 

can be used to draw the steric profile, i.e. the dependence of log kZ0 = log kt - KpKa' + 4) 

on O, as shown in Figure 3.5 using data in Tables 3.3 and 3.5. A similar steric profile for 

the reactions of RU~(CO)~ 1P(OPh)3 can be drawn (Figure 3.6) using the data in Table 3.4 

and the output values fiom a multilinear regression analysis shown in Table 3.5. The 

RMSD deviations of 0.23 and 0.14 for the reactions of R U ~ ( C O ) ~ ~ P C ~ ~  and 

RLI~(CO)~~P(OP~)~ ,  respectively, are very good in the light of the k2 dependence on large 

ranges of pKa' (pKa' = -2.79 to 8.67) and 0 ( O =  10 1 to 140 or 145"). 

The kinetic results can also be analyzed in an exactly analogous manner but by 

using 8 ' instead of B. 8' represents a "cone angle equivalent"." This is denved fiom ER, 

the force constant in Brown's16 molecular mechanical caIculations of the mode1 cornpound 

Cr(CO)5L, by taking into account the excellent correlation between Band ER values for a 

large number of ph os phi ne^^^^'^ and by n o m a h g  the results so that 0 ' = 6 = 14S0 for 

the isosteric ligands P@I-X@)~ where @ = C A .  The relative values of 8' reflect exactly 

the relative values of ER but with a scale change introduced. The resultant values of a. P, 

and y (Table 3.5) From multilinear regression analysis by using 0 ' are very close to those 

values found above by using û (Table 3.5), as would be expected fiom the general 

closeness of related values of 0 and 0 '  (Tables 3.3 and 3.4) for these particular sets of 

nucleophiles. The goodness of fit indicated by the RMSD and RZ values are, however, 

significantly less good than when t3 values were used and this is illustrated in Figures 3.7 



Figure 3.5 Steric profile for reactions of R U ~ ( C O ) ~ ~ P C ~ ~  with L' in heptane at 27.3 O C .  

The nucleophiles are. fiom lefl to right, etpb, P(OEt)3, P(OPh),, P(0-i-Pr)% P ( ~ - B u ) ~ ,  

PPhEt2, PPh2Et, PPh3, and P@-MeO@)3(the lower one). 



Bl deg 

Figure 3.6 Steric profile for reactions of R U ~ ( C O ) ~ ~ P ( O P ~ ) ~  with L' in heptane at 27.3 

OC. The nucleophiles are, from left to right, etpb, P(OPh)3, P(O-i-Pr)3, P ( ~ - B u ) ~ ,  PPhEt* 

and PPh2Et. A steric threshold (1 18 O) exists though there is only one data point below it 

since othenvise the value of RMSD from the analysis will be 0.24 instead of 0.14 if no 

steric threshotd is assumed. 



O' ,  deg 

Figure 3.7 Steric profile for reactions of Ru3(CO),,PCy3 with L' in heptane at 27.3 O C .  

The nucleophiles are, from lefl to right, etpb, PPiiEtz, P(OEth, P ( ~ - B u ) ~ ,  P(OPhh, 

PPh2Et (the lower one), P(O-i-Pr)3, PPh3 (the lower one), and P@-MeO@)3. The stenc 

parameter used is "cone angle equivalent " 8 ' instead of Tolman's cone angle 8. 



plots with 8 ' show more scatter than those involving 0. 

and three times as big as the RMSD value f?om analysis 

and 3.8 where the stenc profile 

The RMSD value is over twice 4 

using B for Ru3(CO) IPCy3 and Ru3(CO) lP(OPh)3, respectively. 

Another indicator of the goodnesssf-fit of the model to the data is, as described in 

a recent paper by Poë et al.," the mean deviation, AB or Aû ', of values of B or 8 ' fiorn 

those that would lead to a perfect fit. By this it means to ascnbe al1 the failure of the 

model to the steric parameters of the nucleophiles and sorne calculated values are included 

in Tables 3.6 and 3.7. The average values of AB for the clusters R U ~ ( C O ) ~ ~ P C ~ ~  and 

R U ~ ( C O ) ~ ~ P ( O P ~ ) ~  are equal to and below (= + ca. 1 . 3 O )  the variations in the cone angles 

(f ca. 2.0°), l4 respectively. The A 0 '  values, however, are above f ca. 2.0° and is as large 

as t ca. 7.4' for R u ~ ( C O ) ~ ~ P ( O P ~ ) ~ ,  indicating that 0 is a more suitable steric parameter 

to use for these particular reactions. 

The electronic and steric parameters shown in Table 3.5 enable one to examine the 

effect of a series of substituents on the associative reactions of these clusters. The clearest 

substituent effect that is evident is the inverse correlation (Figure 3.9) shown between the 

standard reactivity and /? for the Ru3(CO), ,L clusters. This reflects the fact that, the more 

intrinsicaily susceptible a cluster may be towards nucleophilic attack, the less it will need 

assistance from metal-nucleophile bond making dunng its associative reactions and the 

less discriminating it will be towards diEerent nucleophiles. The correlation is shown to 

be linear for L = P(>I-Bu)~,* PMe3,18 P ( O E ~ ) ~ ~  and P(OPh)3, but the data for L = 

PCy3 show that this cluster has a higher value of standard reactivity than would be inferred 

fiom its p value. Least-squares analysis shows that the linear relationship is governed by 

the equation SR = -(1.8 f 0.3) - (9.9 f 1.7)P with a correlation coefficient of 0.96 (R2 = 

0.92). This has the interesting implication that there is an isokinetic relation of a novel 

End, as s h o w  by eqn 3.1 which is derived fiom eqn 1.4 and the above linear relationship 

between SR and P. 
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Figure 3.8 Steric profile for reactions of RU~(CO)~~P(OP~)~ with L' in heptane at 27.3 

OC. The nucleophiles are, fiom left to right, etpb, PPhEt2, P(n-Bu)3, P(OPhI3 (the lower 

one) PPh2Et and P(0-i-PrI3. The steric parameter used is "cone angle equivalent" 8 ' 

instead of Tolman's cone angle B. 



Figure 3.9 The correlation of standard reactivity SR for the clusters Ru3(CO), ,L with 

the corresponding value of p. The line is the least-squares line drawn through the data for 

al1 the ligands L except for L = PCy3. The uncertainties of each point represent the 

covariant uncertainties of SR and P (Table 3.5). 



According to eqn 3.1 a nucleophile with a pKa' of 5.9 (so that P(pKal -5.9) = O) will react 

with al1 these clusters at the same sterically corrected rate, a fact that is illustrated in 

Figure 3.10. This figure also shows that the standard reactivity (and the intnnsic 

reactivity) of these clusters varies as L = P(n-Bu13 > PMe3 > CO > P(OEt13 = P(OPhl3. 

The significant deviation of L = PCy3 fiom the straight line defined by the inverse 

correlation plot of SR vs. f l  (Figure 3.9) suggests the exceptional importance of steric 

effects because of the large size of PCy3 (6 = 170 O). Eqn 3.2 is a multivariant linear 

relationship equation which reflects the importance of ligand size contribution to SR in 

addition to the inverse correlation of SR vs. P. A multivariant least-squares analysis of dl 

the clusters including L = PCy3 according to eqn 3.2 gives an excellent multilinear 

relationship 

with RMSD = 0.098 and R2 = 0.973, indicating that the larger the ligand in the clusters, 

the more intrinsically susceptible the cluster is towards nucleo p hilic attack. This suggests 

that the ligand stenc effect is important in favoring the metal-metal bond breaking 

according to the mechanism involving possible intermediates shown in II and m. The 

cluster R U ~ ( C O ) ~ ~ L  is a possible mode1 for the TSI (see Figure 1.1 and Section 1.5.3 of 

Chapter 1) and is believed to involve additional bonding delocali~ed~~ over the three metal 

atoms by formation of a 3-center, Celectron nsystern (II) which can, upon nucleophilic 



pKa' 

Figure 3.10 Electronic profiles of log kZ0 VS. pKa' for the clusten RU~(CO)~  IL drawn to 

illustrate the isokinetic relationship with an isokinetic pKa' value of 5.9 at which al1 

c h e r s  react with the same sterically corrected rate log kZ0. The values actually used for 

SR (Le. log k2* at pKa' = -4) and P (the dopes of the lines) are those that fit the SR vs. f l  

correlation (from reference 13). 



attack, convert to III in which al1 the metals have 18 electrons. The contributions to SR 

corn the incoming nucIeophiles in terms of and the ligand size effects are 56% and 44% 

percent, respectively, for these particular Ru3 clusters. A corresponding steric profile of 

[SR + (9.10 t 0.95)A vs. Ois shown in Figure 3.1 1. 

III 

There is aiso a reasonably good inverse correlation between the values of & and P 

as illustrated in Figure 3.12. An earlier onset of steric effects might be expected as the 

degree of bond making becomes more pronounced. It is interesting that it has been shown 

possible to separate out the stenc effects involved in breaking a Ru-Ru bond and foming 

a Ru-L bond during the process of forming the TSIs, and to quant@ the relative 

contributions. 

3.4.2 Dissociative Reactions 

The reaction governed by kl is normally assumed to proceed by a simple CO 

dissociative rnechani~m*~ alt hough other mechanisms are possible. 7*20 The kinetic 

parameters obtained for R U ~ ( C O ) ~ ~ L  ( L = P(OPh),, P(O-i-Pr)3, PCy3 and PPhEt2) 

together with those reported elsewhere for L = CO,' etpb, PMe3,18 P(OEt)36, PPh3' and 

P(~-Bu)~') (Tables 3.2 and 3.8) enable one to study the effect of a series of substituents 

on the dissociative reactions. 



Figure 3.11 Steric profile of [SR + 9.1 On vs. 0 for the reaction of clusters R U ~ ( C O ) ~  IL 

with L' where L is, f?om left to right, CO,* P(OEt)$, P M ~ ~ , ' ~  P(OPh)3, P ( ~ - B u ) ~ , *  and 

PCy3. 



Figure 3.12 Linear correlation of & vs. P for the reaction of clusters RU~(CO)~~L with 

L' where L is, fiom lefi to right, P(~-Bu),,* PMe3,18 CO(the lower one),2 p(OEth6, K y 3 ,  

and P(OPh),. The line is the lean-squares line drawn through the data for al1 the ligands L. 



The values of kl at 25 O C  (Table 3.8) fit quite well with eqn 1.5 

where p and y represent the dependence of the rates on the electronic parameters, 6 

and on the cone angle 8. respectively, which are characteristic of the individual 

substituents, L. For these reactions which are dependent on the nature of substituents it is 

necessary to take into account the fact that, unlike associative reactions in which the a 

acidity of the nucleophile does not appear to be important, it must be expected that the n 

acidity of substituents probably is i r n p ~ r t a n t . * ~ ~ * ~ ~  For this reason the electronic parameter 

used in eqn 1.5 is 6(13CO), the chemicai shifl in parts per million (pprn) of 13C0 in 

Ni(COl3L relative to that in Ni(CO),. Analyses on data at 25 OC as well as at 40 OC were 

done (see Table 3.9) in order to compare the results with those reported17 for a similar set 

of reactions done in this group. The results of analysis give & 5 9S0, a = -5.016 f 0.1 19, 

/3 = (0.234 + 0.04 1) p p d ,  y = 0.0197 k 0.0036 deg-', RMSD = 0.137 and R2 = 0.971 at 

40 O C .  The value of f l  is now in units of ppm-l. The value of 6L, < 95" indicates that there 

is no steric threshold within or beyond the range of ligands in terms of O. These results of 

,û and y are in good agreement with those of ,û = (0.16 k 0.06) ppm-1 and y = 0.028 t 

0.004 deg-1 at 40 O C  reported l7 for a smaller set of monosubstituted clusters. The 

positive value of f l  shows that increased electron donicity of the substituents stabilizes the 

transition states relative to the ground states, presumably by compensating for any 

electron density lost by the cluster during CO dissociation. The positive value of y, as are 

those for mononuclear cornple~es,~~ would be expected from a release of stenc strain as 

the CO leaves. 

The values of = (0.247 k 0.056) ppm-', y =  0.0222 i 0.0050 de& with RMSD = 

0.188 and R2 = 0.954 at 25 OC are closely similar to those of p = (0.16 f 0.05) ppm-l and 

y = 0.025 t 0.001 deg-l at the same temperature reported17 for studies of a series of 



bissubstituted clusters. Similar concl~s ion~~ has been obtained when the results for 

monosubstituted clusten at 40 O C  were compared with those for bissubstituted clusters at 

25 OC. This suggests that the second substituent evidently affects the transition states to 

the m e  extent as the ground states. The complication in accounting for these effects has 

been discussed17 in tems of stmctural changes due to different substituents 

The kinetic results at 25 OC and 40 OC were aiso analyzed in an exactly analogous 

manner but by using 8 ' in eqn 1.5 instead of 8 and the results of analyses are listed in 

Table 3.9. Stereoelectronic pararneters are sirnilar to those when 8 was used but the 

fittings are less good as indicated by the higher RMSD values (0.302 and 0.250 at 25 OC 

and 40 OC respectively) and lower R2 values ( 0.882 and 0.903 at 25 OC and 40 OC 

respectively). 

The measured activation pararneters listed in Table 3.2 make it possible to 

examine the trends in the activation parameters apart from the aforementioned trends in 

the rate constants as a fùnction of the nature of the substituent. A trend is that the 

activation pararneters fa11 on a good plotz4 (R = 0.94) of Mli vs. AS,' (Figure 3.13), 

suggesting a possible isokinetic relationship or compensation effea. The gradient of the 

plot leads to a possible isokinetic temperature of Ca. 11 1°C approaching which the rate 

constants will become less dependent of the nature of the substituent, L. These activation 

pararneters can be roughly divided into two groups, one group with P(n-Bu),, P(OPh)3, 

PPhEt2, PPh3, and PCy3, and the other one including etpb, P(OEth, P(0-z-Pr),, CO and 

PMe3. Each group contains an almost constant value of AHI* but varying values of A&*. 

The implication of this is not clear. A more detailed isokinetic relationship analysis on 

these reactions will be presented in Chapter 7. 

The lower values of A&* are not typical of those found for simple CO dissociative 

reactions, especially of mononuclear carb~nyls.'~ However, low values of this sort have 

been obtained several times for dissociative reactions of metal carbonyl cl us ter^.*^*^^ An 

excellent explanation6vZJ is that the residual clusters can undergo rearrangements during 





the loss of the CO ligands such that the 1 8 electron nature of the cluster is maintained by 

the formation of bridguig carbonyls and metal-metal double bonds. The intermediates are 

envisaged as being of types varying fhm IV (high Mlf), V (intermediate A&*), and VI 

(low As,*). 

These correspond to increasingly tight bonding fiom IV to VI, decreasing values of MI*, 

and correspondingly decreasing values of ASI* that result From increased strength of the 

bonding within the cluster (Le. higher vibrationai fiequencies) and increasingly precise 

atomic movements to form the intermediate clusters. The bridging and Ru-Ru double 

bond nature of V and VI would be expected to be encouraged by a more electron 

donating L. 

Stenc effects might be expected to operate in a more complex marner. Initial 

dissociation of CO and formation of V might be expected to be favoured by larger ligands 

but formation of VI would be disfavoured because of the presumed smailer size of the Ru3 

cluster and the corresponding closer packing of the ligands around it. The operation of 

the stenc effect will be further complicated by the fact that the Ru-P bond lengths in 

Ru3(CO) IL increase linearly with increasing cone angle.27 



3.5 Summary 

1) The kinetics of substitution reactions of the clusters R U ~ ( C O ) ~ ~ L  ( L = P(OPh)3, 

P(O-i-Pr)3, PCy3 and PPhEt*) have been studied and found to react via both associative 

and dissociative pathways with nucleophiles over a reasonably wide range of pKa' and û 

values. 

2) Rate data for associative reactions fit to eqn 1.4 well, giving meaningful 

stereoelectronic parameters and enabling one to study the substituent effects on 

associative reactions of a series of Ru3 clusters. 

3) An inverse linear correlation between SR and P for the associative reactions of 

these clusters suggests that the more intrinsically susceptible a cluster is, the less it will 

need assistance frorn metal-nucleophile bond making during the reaction. An isokinetic 

pKa' value of 5.9 has been derived fiom the correlation between SR and P. 

4) A more detailed analysis found that a large ligand favors the metal-metal bond 

breaking of the cluster in forming the TSI. 

5) Rate data for dissociative reactions together with those reported for other similar 

Ru3 clusters fit to eqn 1.5 well. The derived parameters P and y fiom data at 25 O C  are 

closely sirnilar both to those fiom data at 40 OC for the sarne set of reactions of 

monosubstituted Ru3 clusters and to those reported for a series of bissubstituted Ru3 

clusters (at 25 OC), suggesting that temperature effect is not very important and that the 

second substituent affects the transition states to the same extent as the ground states. 

6) The activation parameters AHl+ and ASi' from temperature dependence study of 

the dissociative rate constants show a linear correlation, suggesting a possible isokinetic 

relationship. These parameters also show roughly two groups of isoenthalpic reactions. 

The meaning of this is not clear. 
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Table 3.1 Rate Constants for the Reactioos a of R U ~ ( C O ) ~ ~ L  + L' 

([Cornplex] = 2 - 4 x IO-' M) 

PCy3 

etpb 

P(OE03 

P(OW3 

P(O-i-Pr)3 

P(n-Bu), 

PPhEt, 

PPhzEt 

PPh3 

P@-Me04))3 

P(OW3 

etpb 4 27.3 0.016-0.062 O. 158*0.014 7.52 =t 0.44 3.2 

P(OPh)3 4 27.3 0.014-0.3 17 0.278*0.005 0.126*0.026 2.0 

4 40.0 0.018-0.288 1.339I0.017 0.686M.098 1.4 

4 50.0 0.020-0.288 5.304*0.137 2.6 

P(0-i-Pr), 4 27.3 0.027-0.314 0.267k0.033 4.26k0.32 7.1 



Table 3.1 (continued) 

3 35.0 0.012-0.105 8.56 * O. 13 1.5 

a In heptane unless otherwise indicated. 

Number of individuai determinations of kobs. 
Probable error of  an individual determinations of kob,. 

The high uncertainty is due to the relatively small contribution from the associative 
path. 

In hexanes. 



Table 3.2 Activation Parameters for Dissociative Reactions of Ru3(CO),,L 

cob 
etpb 

P(OEt), 

PMe, 

P(OW3 

P(O-i-Pr)3 

P ( ~ - B u ) ~  

PPhEt, 

PPh3 f 

PCY 3 

a Probable error in kh estimated from the scatter of ln (k , /T)  values around the Eyring 

plot. 
Activation parameters frorn reference 2. 

Activation parameters from reference 1 8. 

Activation parameters from reference 6. 

Activation parameters from reference 8. 

f Activation parameters from reference 7. 



Table 3.3 Stereoelectronic and Kinetic Data for the Associative Reactions a of 

R U ~ ( C O ) ~ ~ P C ~ ~  with Nueleophiles, L', at 27.3 OC 

etpb 

W E 0 3  

P(OPh), 

P(0-i-Pr), 

P(ri-Bu) 

PPhEtz 

PPh2Et 

PPh3 

P@-MeOa), 

a In heptane and monitored by FTIR techniques. 



Table 3.4 Stereoetectronic and Kinetic Data for the Associative Reactions a of 

R U ~ ( C O ) ~ ~ P ( O P ~ ) ~  with Nucleophiles, L', at 27.3 O C  

1 etpb 101 118 -0.30 7.52 -3.124 

2 P(OPh)3 128 140 -2.79 O. 126 -4.900 

3 P(0-i-P h), 130 145 3.38 4.26 -3 -371 

4 P ( ~ - B U ) ~  132 139 8.67 26.7 -2.574 

5 PPhEtz 136 135 5.94 5.25 -3.280 

6 PPh2Et 140 140 4.6 0.42 -4.377 

a In heptane and monitored by FTIR monitoring techniques. 



Table 3.5 Electronic and Steric Parameters for Associative Reactions of 

Some Metal Carbonyl Clusters with P-donor Nucleophiles 



Table 3.5 (Continued) 

a The data analysis was canied out as descnbed in Chapter 2. Where the results are 

different from published data, the values here are fiom later analysis in reference 12. The 

standard reactivities have been adjusted13 to 25 OC using the activation parameters 

available for small nucleophiles but the other parameters are appropnate to the 

temperature of measurement, usually between 20 and 50 OC. Values of P are not 

appreciably sensitive to temperature (see Chapter 7). 

Number of nucleopiles (LI) used. 
8 and pKat are used unless indicated otherwise. 
In chlorobenzene with 8 1 140". Data from reference 12. 

In chlorobenzene with O= 145". Data fiom reference 12. 

f Data from reference 6. 
g Data fiom reference 1 8. 

II O' and pKa' are used. 

Data tiom reference 8a. 

J Data fiom reference 13. 



Table 3.6 Stereoelectronic and Kinetic Data for the Reaction a of 

R U ~ ( C O ) ~ ~ P C ~ ~  with Nudeophiles (L') at 27.3 OC 

log k," 

etpb 

P(OW3 

P(OPh)3 

P(0-i-Pr), 

P ( ~ - B u ) ~  

PPhEt, 

PPh2Et 

PPh3 

Pb-MeOO), 

Average of Numencal Values 

a Reactions in heptane and by FTIR monitoring techniques. 

log k20 = log k2 - KpKat + 4); Values of pare as Iisted in Table 3.5. 

Mean deviation of values from those that would lead to a perfect fit as descnbed in 

Section 3.4.1 and reference 17. 



Table 3.7 Stereoelectronic and Knetic Data for the Reaction " of 

R U ~ ( C O ) ~ ~ P ( O P ~ ) ~  with Nueleophiles (L') at 27.3 OC 

log k2" A 8  (O) C AûyO)' 

-- 

1 etpb -4.042 -3.738 - -3.5 

2 P(OPh), -5.200 -5.101 0.8 2.3 

3 P(O-i-Pr)3 -5.201 -4.596 -1.2 -13.0 

4 P(n-Bub -5.716 -4.677 1.6 -5 -4 

5 PPhEt* -5.745 -4.930 -2.2 3.8 

6 PPh2Et -6.5 10 -5.805 1 .O 16.7 

Average of Numerical Values 1.3 7.4 

a Reactions in heptane and by FTIR monitoring techniques. 
log kZO = log kz - ApKal + 4); Values of P are as listed in Table 3.5. 

Mean deviation of values from those that would lead to a perfect fit as described in 

Section 3.4.1 and reference 17. 



Table 3.8 Dependence of log k ,  for R U ~ ( C O ) ~ ~ L  on 

Electronic and Steric Parameters of L 

CO 

etpb 

P(OEt), 

PMe3 

P(QPh)3 

P(0-&Pr), 

P(ti- BU)^ 

PPhEt, 

P P ~ /  

PCy3 

a See text for definitions and sources of data. 

Data fiom reference 2. 

Data fiom reference 1 8. 

Data fiom reference 6. 

Data From reference 8. 

f Data fkom reference 7. 



Table 3.9 Eiectronic and Steric Parameters for CO Dissociative Reactions of 

Some RU~(CO)~~- ,L,  Carbonyl Clusters a 

a The data andysis was canied out as described in Chapter 2. 6(l3c0) and 0 are used 
unless indicated otherwise. Selection of substituent ligands, L, as in Table 3.2. 

Root Mean Square Deviations of log kl(calcd.) from log kl(expt.). 

6(l3c0) and 8' are used. 

Data from reference 17. A srnaller selection of substituent ligands, L, was used. 

6( l3c0)  and ER are used. 

f In units of mol kcal-l. 
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4.1 Introduction 

Chapter 4 Kinetics of Associative Substitution 
Reactions of Ru,C(CO),,L (L = P(OPh), and PCy,) 

Transition metal carbido carbonyl clusters are important in providing specific 

models of possible intermediates in those Fischer-Tropsch syntheses for which the initial 

step is C-O bond scission.l Pentanuclear high nuclearïty carbonyl clusten (HNCCs) are 

particularly interesting due to their extremely rich chernistry and wide range of flexibility 

of skeletal rearrangements that are in contrast with the limited range of low nuclearity 

clusters and with the relatively rigid geometries for & c l ~ s t e r s . ~ ~  R U ~ C ( C O ) ~ ~  was the 

first pentanuclearity HNCC to receive systematic kinetic study? It can easily be obtained 

fiom R u & ( C ~ ) ~ ~  and has a square-based pyramidal arrangement of Ru atoms with the C 

atom lying just below the basal plane but being within bonding distance of al1 the Ru 

atorns6- ' Its CO-substitution kinetics with a wide vanety of P-donor nucleophiles showed 

two types of associative pathways? Nucleophiles with cone angles of 133" or less react 

rapidly with a rate that is first-order in IL] to form an adduct which shows stmcture 

similar to R u ~ C ( C O ) , ~ N C M ~ . ~  This is followed by CO-dissociation to form RU~C(CO)~& 

at rates that are kinetically independent of [LI. Nucleophiles with cone angles of 136' or 

greater react via a slower concerted single step substitution to form Ru~C(CO)~L.  Since 

both steric and electronic effects of substituents in such HNCCs are Iikely to be important 

we are extending these studies to include examples of RU~C(CO)~&. Further more, 

HNCCs with L = P(OPhl3 and PCy, are particularly interesting not only because of the 

great difference in the substituents' electronic properties (S(13CO) = 1.69 and 6.32 for L = 



P(OPh)3 and PCy3 respectively) but also because of the large difference in the substituents' 

sizes as quantified by the Tolrnan's cone angles (8=  128' and 170" for L = P(OPh), and 

PCy3 respectively). Stenc and electronic profües and some activation parameters for the 

associative substitution reactions of RU~C(CO)~& (L = P(OPhI3 and PCy3 ) with P-donor 

nucleophiles will be reported and discussed in this chapter. 

The general expenmental procedures and the synthesis, purification and 

charactenzation of RU~C(CO)~JL (L = P(OPh), and PCy3) are described in detail in 

Chapter 2. Single crystais of good quality were obtained for R u ~ C ( C O ) ~ $ C ~ ~  by growing 

them in a 50% hexane-dicldoromethane solution via slow evaporation. The single crystal 

X-ray structure analyses have been doneg and the ORTEP molecular structure is shown in 

Figure 4.1. Selected structural data are listed in Table 4.1, together with those6 '*J' for 

R U ~ C ( C O ) ~ ~ ,  Ru5C(CO)& (L = PPhi, P@-MeOQ3, and P(F>-F@),) and 

R U ~ C ( C O ) ~ ~ ( P P ~ ~ ) ~ .  Kinetic runs of reactions of Ru5C(CO),L with P-donor nucleophiles 

were either studied using FTIR monitoring techniques ir, Schlenk tubes or studied using 

W N i s  monitoring techniques in UVNis cells as described earlier in Chapter 2. Al1 runs 

were camed out in heptane solutions at rnild temperatures (10 - 75 OC) unless otherwise 

indicated. Disubstituted products RU~C(CO)~~LL' were identified by their FTIR spectra 

measured after mixing and reacting equivalent amounts of complexes RU~C(CO)~& and 

nucleophiles, L', in solution. The FTIR CO-stretching fiequencies for the disubstituted 

products Ru~C(CO)~~LL'  were in agreement with of similar clusters that were 

well characterized and structurally studied using X-ray diffraction analyses. Ail kinetic 

runs of Ru~C(CO)~& with a nucleophile were carried out under pseudo-first-order 

conditions and IR absorbance bands in the CO stretching fiequency (v,) region due to 



Figure 4.1 Molecular structure of R U ~ C ( C O ) ~ . + P C ~ ~  



Ru~C(CO)~& and Ru~C(CO)~~LLI were weli separated and dowed accurate kinetic 

monitoring of the disappearance of the reactants. The initial concentrations used were 

FU~C(CO),~L]  = 2 - 10 x 105 M and [L'] = 0.0002 - 0.3 M in most of the kinetic runs. 

Sets of W N i s  and FTIR spectra recorded during typical kinetic runs are shown in 

Figures 4.2 and 4.3. The fiequent presence of sharp isosbestic points illustrate the 

spectroscopicai clemess of the reactions. 

4.3 Results 

4.3.1 Pseudo-First-Order Rate Constan 

Al1 the reactions of Ru~C(CO)~& with a nucleophile L' studied obey the first-order 

rate law behavior under pseudo-first-order conditions employed and the observed rate 

constants calculated using the modified KORE program are listed in Tables A3 and A4 in 

Appendix A. At least two absorbance bands were followed in a kinetic run for al1 

reactions studied using FTIR monitoring techniques and for some of the reactions studied 

ernploying WNis monitoring techniques when there were two monitorable bands 

available. The results calculated from observed changes at different bands in a run are in 

agreement. However, only those bands that showed maximum absorbance changes and 

clean infinity readings (&,) in absorbance are listed in Tables A3 and A4 and employed in 

the calcuiations. 

Al1 of the reactions of Ru~C(CO),~P(OP~)~ with L' were studied using WNis 

monitoring techniques except those with L' = etpb that were instead studied using FTIR 

monitoring techniques. The observed rate constants calculated using the changing 

absorbance bands rnonitored are listed in Table A3. 

In contrast, most of the reactions of R U ~ C ( C O ) ~ ~ P C ~ ~  with L' were studied using 

FTIR monitoring techniques. The decreasing bands at 2054.3 cm-' for L' = etpb, 



Sample Nane : 
Solvent  Name : 
Spectral Range 42a t o  220  
Std  O e v t r t i c n  : OFF 

i?un T l m e  = 22 seconds 
Cycle Time = Z seconds 
Star t  T l n r  = 0 seconds  
Intgr Time = 8.5  second^ 

Çpect rum r 1 + 1 . m  

Figure 4.2 A set of UVNis spectra for the reaction of R u ~ C ( C O ) ~ ~ P ( O P ~ ) ~  

with P(OPhl3 in heptane at 25.0 O C .  



Figure 4.3 A set of IR spectra for the reaction of R U ~ C ( C O ) ~ J ? C ~ ~  

with P(OEt)3 in heptane at 25.0 O C .  



P(OMeh, P(OEt)3, and PPh(OMe)2 and at 2052.5 cm-' for L' = P(OPh)3 and P(n-Bu), 

that showed maximum changes and clean A, values were used for kinetic calculations. 

Other reactions of RU~C(CO)~&'C~~ with L' (L' = PPhMez and PPh2Me) were studied 

using W N i s  monitoring techniques following the increasing bands at 378 nrn and 348 nm 

for L' = PPhMel and PPh2Me respectively. 

4.3.2 Associative Rate Constants 

Most of the obsenred rate constants listed in Tables A3 and A4 obey the Iinear 

relationship (as illustrated in Figures 4.4 and 4.5 for some typical reactions) 

where a and k2 are, as defined in Chapter 2, a statistically meaningless constant and 

associative rate constants, respectively. Linear relationship regression analyses (weights = 

(l/kOb)*) of the sets of kok vs. F'] data showed that values of a were small, sometimes 

negative ( and therefore definitely meaningless), and show no obvious pattern. The values 

of k2 were statistically meaningful and assignable to associative rate constants. Values of 

a and k2 together with their uncertainties for most of the reactions are listed in Tables 4.2 

and 4.3. 

The kob. vs. CL'] data for the reaction of RU~C(CO),~P(OP~)~ with P(OMe)3 

showed unusual behavior when they were applied to eqn 4.1. The values of kh increase 

linearly with (L'] at low values of IL'] but rise to a lirnit at higher values of (L'], as s h o w  

in Figure 4.6. Linear relationships were found between the inversed data when values of 

llkob were plotted against values of l/[L1], as show in Figure 4.7. This type of kinetic 

behavior implies a possible faster pre-equilibrium step followed by a slower reaction by the 

intermediate from the first step. 



kobs, (l/s) (IE-4) 

Figure 4.4 Plots of kob, vs. [L'] for reactions O~RU~C(CO),~PC~~ with P(OPh), 

at various temperatures. Results fiom IR monitoring techniques. 



kobs, ( l / d  

Figure 4.5 Plots of vs. CL'] for reactions of R U ~ C ( C O ) ~ J ? C ~ ~  with PPhMe, in 

heptane at various temperatures. Results from WNis and IR monitoring techniques. 



Figure 4.6 Plots of kh vs. [L'] for reactions o f  R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  with P(OMeI3 

at various temperatures. Results fiom UVNis monitoring techniques. 



Figure 4.7 Plots of I/kObS vs. l/p'] for reactions of R u ~ C ( C O ) , ~ P ( O P ~ ) ~  with 

P(OMe)3 at various temperatures. Results fiom WNis  monitoring techniques. 



4.3.3 Activation Parameters 

Activation parameters for the associative reactions were calculated by a weighted 

iiiear least-squares analysis of the dependence of ln(k21T) on 1/T according to eqn 2.3 (see 

Tables 4.4 and 4.5). 

Since specific standard deviations were available for each value of k2 these 

deviations were used to calculate the pooled variance in rate constants at different 

temperahires. These pooled variances were then used to calculate the standard deviations 

of each value of 1n(k2/T) so that each value could be weighted in the least-squares analysis 

according to the inverse of its variance. Both ways of weighting, i.e. relative weights 

supplied from standard deviations and absolute weights supplied fiom standard deviations, 

were tried in each regression analysis and the one that lead to greater uncertainties in the 

activation pararneters was employed. 

4.4 Discussion 

The kinetic data and pararneters, as listed in Tables 4.2 and 4.3, are usually of very 

good precision. The significant values of k2 obtained and statistically unimportant term of 

a show that only the associative path is important for reactions of the P-donor 

nucleophile-substituted Ru5 HNCCs studied here, which is typical of nucleophilic 

substitution reactions of HNCCs with P-donor nucleophiles and is in agreement with the 

reactions of their parent Rus HNCC.4*S 



4.4.1 Electronic and Steric Profiles 

The electronic profiles, i.e. a plot of log k2 vs. pKa' as defined in Chapter 1, for 

reactions of RU~C(CO)~,J?(OP~)~ (Figure 4.8, data in Table 4.6) and Ru5C(C0)#Cy3 

(Figure 4.9, data in Table 4.7) with a series of nucleophiles show significant scatters of 

data points off the straight lines defined by the isosteric nucleophiles of 145O (L' = PPh,, 

P@-MeOQ)3, and P@-F@)3) or true and hypothetical nearly isosteric nucleophiles of 130° 

(LI = P(OPhh, 8 = 128 O; L' = P(0-i-Prl3, 8 = 130 O; and L' = P(~-Bu)~,  8 = 132 O) in 

terms of Tolman's cone angle, suggesting quite pronounced steric effects as illustrated by 

eqn 1.4. The gradients of the straight lines in these plots show, as expected, positive 

values of ,&?, which demostrates12 the positive assistance of P-donor nucleophiles in 

reactions with Ru5 HNCCs and supports an associative reaction mechanism. 

As will be s h o w  below, the values of log k2 listed in Table 4.6 and Table 4.7 for 

the phosphorus-substituted Ru5 HNCCs R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  and R U ~ C ( C O ) ~ $ C ~ ~  can 

be descnbed very successfully by eqn 1.4 4. l3  

where & is a measure of a stenc threshold below which R = O and there are no stenc 

effects. Above the stenc threshold A = 1 and the parameter y is a quantitative measure of 

the stenc effect in terms of Tolman's cone angle,* 8. The values of P quanti@ the 

sensitivity of the log k2 values to the o donicity as measured by pKa' of the nucleophiles, 

while a is the value of log kt for a standard, weakly basic (pKat = -4), and small (8 < &) 

hypothetical nucleophile and provides a measure of the SR of the carbonyl. 

For the reactions of both R U ~ C ( C O ) ~ ~ ( O P ~ ) ~  and R U ~ C ( C O ) ~ ~ C ~ ~  , no values of 

tli, larger than 8 = 10 Io, the smallest nucleophile used for study, were obtained that lead to 

a minimum RMSD using "Stericnew". When 6L, < 10 1 O is used the analysis for reactions 

of R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  provides values of a - SR 2 0.504 f 0.238, Q = 0.112 f 0.041, 



log k2  
1.5 { 

Figure 4.8 Dependence of log k2 for reactions of RU~C(CO)#(OP~)~ on the a- 

basicity (pKa') of the nucleophiles. The numbers are Tolman's cone angles (') for 

nucleophiles as listed in Table 4.6. The line was drawn through nucleophiles with the 

same cone angle of 145 O. 



log k2 
0.0 1 

Figure 4.9 Dependence of log k2 for reactions of R U ~ C ( C O ) ~ ~ P C ~ ~  on the a-basicity 

(pKa') of the nucleophiles. The numben are Tolman's cone angles (O) for nucleophiles as 

listed in Table 4.7. The line was drawn through the hypothetical nucleophiles with the 

same cone angle of 130 O. 



and y =  -0.0497 f 0.0069 deg-1 with RMSD = 0.255 and R~ = 0.92 as listed in Table 4.8. 

These values can be used to draw the steric profile, Le. the dependence of log kZ0 = log 

- P(pKat + 4) on 8, as shown in Figure 4.10 and Tables 4.6 and 4.9. A similar stenc 

profile for the reactions of R U ~ C ( C O ) ~ ~ P C ~ ~  c m  be drawn (Figure 4.11 and Tables 4.7 

and 4.10) using the following output values from a multilinear regression analysis: &, < 

10 la, a E SR 2 -1 -9 19 t 0.404, p= 0.105 t 0.060, and y = -0.0524 + 0.0168 deg" with 

RMSD = 0.392 and R2 = 0.66 (Table 4.8). The RMSD deviations of 0.255 and 0.392 for 

the reactions of R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  and RU~C(CO)~J'C~~, respectively, are considerably 

acceptable in the light of the k2 dependence on large ranges of pKa' (pKat = -2.79 to 8.67 

or 11-26) and @ ( O =  101" to 136 or 170°). 

These analyses were also conducted by using 6 ('"0) @prn)14 as a measure of the 

donicity of the P-donor nucleophiles instead of pKat values. The goodness of fit, in terms 

of RMSD values, changes in the order pKa' (0.255) < 6 (13CO) (0.321) for 

RU~C(CO),$(OP~)~ and pKa' (0.392) < 6 ("CO) (0.40 1) for R U ~ C ( C O ) ~ ~ P C ~ ~  

respectively, indicating that pKat values are indeed a slightly better measure of the donicity 

of P-donor nucleophiles in their transition States for these reactions which is in agreement 

with the discussion in Chapter 1. 

The kinetic results can also be analyzed in an exactly analogous manner by using 

8 ' instead of 6. O ' represents a "cone angle equivalent" that was derived Is from ER l6 as 

mentioned in Section 3.4.1 in Chapter 3. The resultant values of a, f i  and y (Table 4.8) 

fiom multivariant regression analysis by using 6 '  are close to those values found above by 

using 8 and applying the rnultivariant least squares analysis program to eqn 1.4 (Table 

4.8), as would be expected from the general closeness of related values of 8 and 8 ' 

(Tables 4.6 and 4.7). The goodness of fit as indicated by the RMSD and R2 values for the 

HNCC R U ~ C ( C O ) ~ J ? C ~ ~  is significantly better than when 8 values were used and this is 

illustrated in Figure 4.12 where the steric profile plot with 8 '  shows less scatter than that 

involving 8. The RMSD value is only Ca. 60% of that from analysis using 8 for 
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Figure 4.10 Steric profile for reactions of R U ~ C ( C O ) ~ ~ ( O P ~ ) ~  with L' in heptane at 

25.0 O C .  The nucleophiles are, from lefi to right, etpb, P(OMe),, P(OEt)3, PPh(OMeh, 

P(OPh)3, PPh2(OEt), PPh3 (the lower one), P@-MeO@)a, P(J~-F@)~ (the higher one), 

PPhzCy and PCy3. 
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Figure 4.1 1 Stet-ic profile for reactions of RusC(CO) I$Cy3 

with L' in heptane at 25.0 OC. 
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Figure 4.12 Stenc profile for reactions of Ru5C(CO),~Cy3 with L' in heptane at 

25.0 O C .  The steric parameter used is "cone angle equivalent" 8' 

instead of Tolman's cone angle 8. 



R U ~ C ( C O ) ~ $ C ~ ~  (R2 = 0.86 vs. 0.66; A $ '  = 2.7 vs. A 8  = 7.3, see Table 4.11). The 

goodness of fit as indicated by the RMSD and R2 values for the HNCCs 

RU&(CO)~~P(OP~)~  are, however, significantly less good than when B values were used 

and this is illustrated in Figure 4.13 where the steric profile plot with 8 ' shows more 

scatter than that involving 8. The RMSD value is over twice as big as the RMSD from 

analysis using 8 for Ru5C(C0),$(0Ph), (R2 = 0.59 vs. 0.92; A 8  ' = 4.8 vs. A$ = 3.3, see 

Table 4.10). The case of R U & ( C O ) ~ ~ P C ~ ~  is unsual because it is rare to get better 

fittings by using 0 ' instead of 8. 

Listed in Table 4.8 are the electronic and steric parameters from the analysis of the 

parent and mono-substituted Rus HNCCs together with those from some other clusters. 

This enables one to compare the substituent effects on the associative reactions of these 

clusters. Although parameters for the reactions of R U ~ C ( C O ) ~ ~  are listed for both the 

adduct formation and the concerted pathways, it is more reasonable to compare the 

parameters for the mono-substituted Ru5 HNCCs with those for the adduct formation 

reactions of the parent HNCCs RU~C(CO)~~,  since reactions of Ru~C(CO)~& by the 

concerted path would require large amounts of bond-making, as indicated by the high 

values of p. high degrees of cluster opening, as shown by the large steric thresholds of &, 

and would be sterically more difficult, as measured by the more negative y values. When 

compared with the adduct formation reactions of RU~C(CO),~ both R U ~ C ( C O ) ~ S  clusters 

show smaller steric threshold (& < 101" for both substituted HNCCs vs. 6L, = 1 17" for 

the parent HNNC) and much lower standard reactivity. The standard reactivity decreases 

in the order: CO > P(OPh)3 > PCy3 and the largest difference in magnitude is as high as 

nearly five orders for L = PCy3 and L = CO. These values in SR reflect the rate values in 

terms of logarithrn rate constants for a typical small nucleophile such as etpb. The 

decrease in rates due to substituents may not necessarily be a steric effect because pKa' 

and 6 increase in the sarne order: CO < P(OPhl3 < PCy3. The electronic effect is small (P 

= 0.1 instead of 0.2 1 + 0.04 for RU~C(CO)~~)  and therefore there is a smaller amount of 



Cone angle equivalent (deg) 

Figure 4.13 Steric profiles for reactions of RU~C(CO)~J?(OP~)~ with L' in heptane at 

25.0 OC. The nucleophiles are, fiom left to right, etpb, P(OMe)3, P(OEt)3, PPh2(OEt), 

P(OPhh, PPh(OMe)*, PPh3 (the lower one), Pb-Fa),,  P@-MeOO)3, PPhtCy (the lower 

one) and PCy3. The steric parameter used is "cone angle equivalent" 0 ' instead of 

Tolman's cone angle û. 



bond making. The substituents show "flexible" transition states as shown by their slightly 

negative y values (y = -0.05 vs. -0.07 deg-'). 

4.4.2 The Intimate Mechanism 

The small positive values of MHzf and negative (or close to zero) values of AS2* 

are in line with an associative reaction mechanism involving attack by the nucleophile at a 

metal in the cl us ter^.^^ The MY2* values show changes as the basicity of the nucleophiles 

varies. The general trend for the R U ~ C ( C O ) ~ ~ ( O P ~ ) ~  systern is that as the pKa' value 

increases from -0.3 for etpb to 3.28 for PPh,, the activation enthalpy decreases from Ca. 

19 to 4 kcal mol-[, suggesting a possibility that the strength of the Ru-P-donor bond in 

the transition state increases with increasing basicity of the nucleophile, as is observed and 

concluded by Poë et al. for the associative reactions of R u ~ C ( C ~ ) ~ ~ .  This decrease in 

AH2* is opposed and overcome by an increasingly unfavorable value of AS2+. The changes 

in AS2* for the R U ~ C ( C O ) ~ ~ ( O P ~ ) ~  system are better correlated with the changes in the 

Tolman's cone angle, 8, of ail the nucleophiles as shown in Figure 4.14. The AS? value 

decreases from 9 for etpb to -52 cal mol-' K-' for PPh3 as B increases from 101 to 145 O, 

suggesting that the formation of the Ru-P-donor bond in the transition state is less 

favored for larger nucleophiles compared with that for smaller ones in terms of entropy 

changes. The better correlation between A&* and 0 than that of AH2* vs. pKa' irnplies 

that the reactions are entropy dorninated, Le. the contribution from the A&* term is more 

important than that from the AH; term when reactions with different nucleophiles are 

compared. This conclusion is supported by the results of isokinetic relationship analysis 

which will be discussed in Chapter 7. For the R u ~ C ( C O ) ~ ~ ~  system, the strong dependence 

of MHzi on pKa' values of the nucleophiles indicates that relative hi& degree of 

stabilization of transition states can be achieved via Ma-P-donor bond making, which is 

quantitatively show by the high P d u e  of 0.41. Unfortunately, no comparable activation 

parameters are available for reactions of R U ~ C ( C O ) ~ ~ . ~  The low Pvalues of 0.1 1 and 0.10 
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Figure 4.14 Plot of AS2* VS. 0 for reactions of R U ~ C ( C O ) ~ $ ( O P ~ ) ~  

with P-donor nucleophiles. 



for the KNCCs of RU~C(CO)~~L,  however, suggest smailer amounts of M---P-donor bond 

making in the transition States. The P values for R U ~ C ( C O ) ~ ~ ( O P ~ ) ~  are, as calculated 

and as will be discussed in Chapter 7, temperature independent which is in agreement with 

those reactions of Ru&(CO)~# and Ir4(CO)lz.18 The activation parameter data fd on 

good plots of AH2* vs. AS2* (Figures 4.15 and 4.16), suggesting possible isokinetic 

relationships. The gradient of such a plot leads to a possible isokinetic temperature of ca. 

-27OC and -90°C, for Ru~C(CO)~$'(OP~)~ and R U ~ C ( C O ) ~ ~ P C ~ ~  respectively, 

approaching which the rate constants will become less dependent of the nature of the 

nucleophile, L'. 

As suggested almost concurrently by Gieringlg and Poe,18 the steric profile for a 

given complex conveys important information about the flexibility of the complex in the 

transition state of associative reactions. The onset of steric effects has been shown4* l3 to 

be quite sudden and characterizable by a fairly precise value of 6L, which implies that & is 

a good measure of the steric congestion in the transition state. For the adduct formation 

reaction of RU~C(CO)~~,  there is no steric effect at al1 for al1 approaching small 

nucleophiles (fiom 10 1 to 1 1 7 O )  until the nucleophile becomes large enough ( O  > 1 1 P ) .  It 

is believed4 that there is an isomerization process of the cluster fiom form I to form II, 

as illustrated below, so that in fonn [Z a well defined space has been created and 

related to and smaller than & 

1 II 

(ground state cluster) (Transition State Isomer, TSI) 
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Figure 4.15 lsokinetic plot of AH2* vs. A&# for reactions of RU~C(CO)~S(OP~) ,  

with P-donor nucleophiles. The isokinetic temperature is, as given by 

the gradient of the Iine, -27 OC. 
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Figure 4.16 Isokinetic plot of AH; vs. AS$ for reactions of R U ~ C ( C O ) ~ J ' C ~ ~  with 

P-donor nucleophiles. The isokinetic temperature is, as given by the 

gradient of the Iine, -90 OC. 



nucleophiles with 8 a 6L, will have no energetic difficulty in approaching the somewhat 

exposed metal center. It is reasonable here to assume that a similar isomerization process 

occurs to the cluster Ru~C(CO)~~L. For the P-donor ligand-substituted cluster 

RU~C(CO),~L, however, the open space of the TSI is expected to be small because of the 

more crowded environment surrounding the RU& metal cluster due to the larger size of a 

P-donor compared with that of a CO. The open space in the TSI is so small that even 

etpb, the smallest P-donor nucleophile used in the study, experiences detectable repulsion 

forces fiom the CO ligands. Since the M--P-donor distance does not change with the 

nature of the nucleophiles in nucleophile-dependent reactions," the attack of the 

nucleophiles will require the isorneric fom to open more and more for larger and larger 

nucleophiles in order to form the same M-P-donor bond in the transition state. Even 

though the energy released by M--OP-donor bond formation will compensate for some of 

the energies needed for the cluster to open more and for the nucleophile to get close 

enough, still the outcome of such an energy-demanding process is a slow down of the 

rates of reaction. The effect on the rates is defined by y and a smaller value in the 

magnitude of yreflects a more flexible TSI and vice versa. 

There are no major structural changes in the Ru5 f h n e  work upon substitution of 

CO by P-donor ligand(s), as illustrated in Figures 4.1, 4.17 and Table 4.1; there are only 

slight  variation^.^^ Io* l 1  The average of Ru(apica1)-Rii(basa1) bonds shortens slightly upon 

substitution and the Ru(apicai)-Ru(basa1) bond trans to the Ru(basai)-P bond tends to be 

slightly shorter for ligands with a smaller cone angle and longer for ligands with a larger 

cone angle such as PCy3. The average of Ru(basal)-Ru@asal) bonds lengthens upon 

substitution and the Ru(basa1)-Ru(basal) bonds cis to the Ru(basa1)-P bond were noted to 

be longer than the other Ru(basal)-Ru(basal) bonds in RU~C(CO)~& clusters and the bond 

tended to lengthen with cone angle of the substituted phosphorus ligand. This effect is 

probably due to the ligand-ligand repulsions that consequently increase the Ru-Ru 

distances. 



Figure 4.17 Molecular structure of RU~C(CO)~~(PP~~)~ 



The fact that RU~C(CO)~JL acts as an electron-pair acceptor can be argued as 

follows. RU&(CO)~&, Iike its parent carbonyl cluster RU~C(CO),~, may be considered to 

be electron-deficient in the sense that it is a 74-electron species and may be descnbed as a 

)lido octahedron. Also the metal framework may easily undergo rearrangements upon 

nucleophilic attack by P-donor and other nucleophiles. The site of nucleophilic attack is 

expected to be the basal Ru atom tram to the basal Ru atom with the phosphoms ligand 

since the apical Ru with a higher connectivity of five is less likely to be attacked. The 

structures of al1 structuraily solved disubstituted clusters support the above argument in 

that both phosphoms ligands are axial and co~ec t ed  to the two basal Ru atoms that are 

diagonal to each other in the basal plane?- l1 The nucleophilic attack may be more difficult 

for the mono-substituted penta-mthenium carbonyl cluster than for the unsubstituted one 

because of electronic and steric effects. Replacement of a CO by a phosphorus ligand 

makes the system less electron-deficient and a larger ligand increases the ligand-ligand 

repulsion and consequently the degree of congestion surrounding the Ru atom which is 

subject to nucleophilic attack. This explains the decreasing order of standard reactivity for 

the Ru5 HNCCs: CO > P(OPhh > PCy3, and the smaller stenc threshold (& 5 10 1°) for 

the substituted clusters. 

The rate saturation behaviour as observed for the reactions of R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  

with P(OMe), is quite unsual. Another case of rate saturation was reported I o  for the 

reactions of RU~C(CO)~~  with P@-F@)3. The reason for this kind of reaction behaviour is 

unclear. 

4.4.3 Cornparison with Other Metal Carbonyl Clusters 

Values of AHz* and ASZ' for RU~C(CO)~~L are generally lower and more negative, 

respectively when compared with those known for low nuclearity carbonyl clusters 

(LNCCs) in anaiogous reactions. These low AH2* and more negative LIS? values for 

RU~C(CO)~~L are in line with those for other HNCCs such as RU&(CO)~~.~ This 



conclusion is fûrther confinned by the values of the other kinetic parameters derived by 

fitting data to eqn 1.4. Thus, Table 4.8 lists parameters so derived13 for reactions of 

unsubstituted and substituted metal carbonyl complexes. 

These parameters and others reported 4* 18* elsewhere show some general trends. 

As the nuclearity of the binary carbonyl complexes increases fiom mononuclear carbonyls 

to LNCCs and HNCCs the SR increases dramatically fiom ca. -8 to -3.4, 2-3 -4 and 1.5- 

2.9, coupled with an increase in the degree of bond making in the transition state (P = 

0.1 1, 0.16, 0.31 and 0.21-0.41 for MO(CO)~, R U ~ ( C O ) ~ ~ ,  Ir4(C0)12 and Rus and R b  

HNCCs respectively) and a decrease in the flexibility of the transition state (y = -0.035, 

-0.059, -0.091 and -0.07--0.20 deg-l for Mo(CO)~, R u ~ ( C O ) ~ ~ ,  Ir4(CO)IZ and Ru5 and 

Ry HNCCs respectively). These parameters establish the fact that the higher the 

nuclearity of the unsubstituted carbonyl complexes (mononuclear carbonyls < LNCCs < 

HNCCs), the more readily they undergo associative reactions. The associative reactivity 

of tri- and tetra-nuclear clusters has been accounted for mainly by two models. The first 

one ascnbes3* 18- 22* 23 the associative reactivity to a readiness of the cluster to create a 

vacant coordination site on one metal atom by breaking one metal-metal bond. The 

energy required for this was thought to be provided, in part, by bond making by the 

nucleophile at the vacant coordination site and reactions would be more rapid the weaker 

the metai-metal bonding in the cluster. This approach would imply a rather graduai onset 

of stenc effects and could be used to account for the geat reactivity (compared with those 

of LNCCs) of RU~C(CO)~L where the extent of expansion and rearrangement of the 

ligand polytope would be relatively less pronounced. 

The other approach takes into account the fact that the bonding in clusters is best 

described by a delocalized bonding scheme, PSEPT (polyhedral skeletal electron pair 

t h e ~ r y ) . ~ ~  Cluster opening by breaking one metal-metal bond may or may not be 

accompanied by a need for an additional pair of electrons for cluster bonding. The 

electron-deficient 46-electron cluster (p-H)20s3(CO)lo gives an example in which two Os 



atoms maintain their 18-electron count by formation of a localized Os=Os double bond 

between the Os atoms bridged by the hydride ligands.25 In a binary cluster such as 

Ru~(CO),~, however, this type of additional bonding could be delocafized' over the three 

metai atoms by formation of a 3-center, 4-electron n system Cm) which can, upon 

nucleophilic attack, convert to CV in which al1 the metals have 18 electrons. This two- 

RWO), 
oc- /' / \ \, 

1% 

-CO 
, 

\, ./ ' /i 
"L \, ...J 

(OC)@ Ru(CO)~L 

stage process would correspond to a system where P is essentially zero and this accounts 

for the lower p vaiues d e r  substitution and rather high intrinsic reactivity of 

RU~C(CO)~& because the double bonding can be delocalized over a larger number of 

metal atoms and will therefore be even more effective than in LNCCs. 

One of the major structural differences between Ru~C(CO)~QL HNCCs and 

LNCCS is the existence of a carbido atom in these HNCCs. The role of this C atom in the 

cluster is not well understood  et,^ but its effect on the associative reactions of these 

HNCCs is not expected2 to be more than providing the electrons necessary to fil1 al1 the 

cluster-bonding orbitals in the Ru~C(CO)~QL moiety and in doing so it maintains the 

overall integrity of the cluster? 



1) The kinetics of the substitution reactions of the RU~C(CO)~& (L = P(OPh), and 

PCy3) HNCCs show that they undergo reactions with P-donor nucleophiles solely by an 

associative path. 

2) The rate data for both HNCCs give excellent fits to eqn 1.4 which is generally 

applicable to al1 associative reactions of metal carbonyls. Kinetic parameters derived fiom 

eqn 1.4 show clear substituent effects. 

3) The standard reactivity (SR) and logarithm rate for reactions with etpb, a typical 

small nucleophile, decrease in the following order: L = CO (2.9) P(OPhh (0.5) > PCy3 

(-2.0). 

4) The substituted HNCCs show smaller arnount of bond making (P = 0.1 instead of 

0.21 t 0.04) in the transition state, a little more "flexible" (y = -0.05 vs. -0.07 deg-') 

transition state and earlier onset of steric effects (& I 10 l0  vs. & = 1 17O) than those of 

the unsubstituted HNCCs. 

5) Activation parameters A&* and AS2* show excellent linear correlation and suggest 

entropy dominated reactions and possible isokinetic relationship. 
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Table 4.1 Some Selected Bond Lengths (A) for Some 

RU~C(CO),~L and R u ~ C ( C O ) ~ ~ ~  HNCCs 

Ru( 1 )-Ru(2) 

Ru(1)-Ru(3) 

Ru( 1)-Ru(4) 

Ru( 1)-Ru(5) 

Average 

Ru(2)-Ru(3) 

Ru(2)-Ru(5) 

Ru(3)-RU($) 

Ru(4)-Ru(5) 

Average 

Ru(1)-C(l) 

Ru(2)-C( 1) 

Ru(3)-C(l) 

Ru(4)-C ( 1 ) 

Ru(5)-C(l) 

Average 

Ru(2)-P( 1) 

Ru(4)-P (2) 

a Data fiom ref. 6 .  There are two molecules in one unit ce11 and only data for one are listed here. 

The averaged bond lengths are essentially the same for both molecules. Data fiom ref. 6. 

Data fiom ref. 10. Data fiom ref. 9 and 1 1 .  There are three molecules in one unit ce11 and 

only data for one are listed here. The averaged bond lengths are essentially the same for al1 the 

three molecules. 



Table 4.2 Rate Constants for the Reactions of Ru5C(C0),,P(OPh), + L' 

in Heptane ([Cornplex] = 2- 10 x 1 O-' M) a 

etpb 12 25.0 

17.5 

10.0 



Table 4.2 (Continued) 

a Reactions monitored by LJVNis techniques unless uidicated othenvise. 

Number of individual determinations of kh. 

Probable error of an individual determination of k, obtained by pooling al1 data for a given 

nucleophile at ail temperatures and then adjusted accordhg to the number of degrees of f i d o m  

(Chapter 2). 

Reactions monitored by FIlR techniqua. 

Rates obtained fiom values of k, at low nucleophile concentrations, IL']. 
f Data from report by Ophyr Mourad. 

g Data partly from report by Ophyr Mourad. 

Probable error of an individuai detemination of k,. 



Table 4.3 Rate Constants for the Reactions of R U ~ C ( C O ) ~ ~ P C ~ ~  + L' 

in Heptane ([Cornplex] = 2- 1 0 x 1 o - ~  M) a 

etpb 5 25.0 6.6-55.6 -25.4 * 6.0 107.9 * 5.6 7.5 

W M d 3  6 25.0 60-302 6.03 4.06 6.933 * 0.428 7.1 

4.5 

8.3 



Table 4.3 (Continued) 

a Reactions monitored by FïIR techniques unless indicated othenvise. 

Number of Uidividual determinations of k&. 

Probable error of an individual determination of k, obtained by poolhg al1 data for a given 

nucleophile at al1 temperatures and then adjusted according to the number of degrees of fieedom 

(Chapter 2). 

Probable error of an individual deterrnination of k,. 

Reactions monitored by UVNis techniques. 



Table 4.4 Activation Parameters for the Associative Reactions of 

RU~C(CO)~~P(OP~) ,  + L' in Heptane a 

-- - 

etpb 101 -0.30 12 19.36t1.26 9.19 + 4.35 1 .O 

P(OMe)3 107 0.83 13 19.50k1.22 11.70 + 4.17 0.9 

P(OEt)3 109 1.64 10 17.84 f 0.18 4.18 4 0.60 O. 5 

P P ~ ( o M ~ ) /  120 1.48 22 12.94 t 0.71 -14.05 + 2.42 6.0 

P(OPh)3 128 -2.79 1 1  11.98f0.77 -21.78 + 2.50 0.8 

P P ~ , ( o E ~ ) ~  133 2.35 21 7.20 + 0.94 -34.14 f 3.16 0.3 

PPh3 145 3.28 10 3.75 i 0.66 -52.16 + 2.07 1.1 

a Reactions monitored by W N i s  techniques d e s s  indicated othemise. 

Number of individual determinations of k,. 

Probable error in kobs estimate. fiom the scatter of i.n(k2/T) values around the E M g  plot. 

Reactions monitored by FIlR techniques. 

Data fiom report by Ophyr Mourad. 

f Data partly from report by Ophyr Mourad. 



Table 4.5 Activation P arameters for the Associative Reactions of 

Ru~C(CO)~ JPCy3 + L' in Heptane 

a N reprents the number of individual determinations of kh values. 

Probable enor in kobs estimated from the scatter of l.n(k2m) vaiues around the E*g plot. 

Reactions monitored by W i s  techniques. 

Reactions monitored by FTlR techniques. 



TabIe 4.6 Stereoelectronic and Kinetic Data for the Reaction of 

R U & ( C O ) ~ ~ P ( O P ~ ) ~  with Nudeophiles, L', in Heptane at 25 OC a 

" Reactions monitored by UVNis techniques unless indicated othenvise. 

Reactions monitored by FTIR techniques. 

Data origuially fiom report by Ophyr Mourad. 



Table 4.7 Stereoelectronic and Kinetic Data for the Reaction of 

R U ~ C ( C O ) ~ ~ P C ~ ~  with Nucleophiles, L', in Heptane at 25 OC ' 

a Reactions rnonitored by FiïR techniques unless indicated othenvise. 

Reactions rnonitored by WNis techniques. 



Table 4.8 Etectronic and Steric Parameters for the Associative Reactions 

of Some EINCCs with L' in Heptane at 25.0°C 

Clusters Na 8&b SR P Y RMSDC R 

(de@ (de& ) 

a Number of nucleophila (LI) used. 0 and pKa' are used unless indicated othewise. 
Root-Mean-Square Deviation. Data from reference 4. Data fiom reference 5. f 9 ' 

and pKa' are used. 0 and 6 are used. In units of ~~rn - ' .  ' 0 ' and 6 are used. J In 

chlorobenzene with 0 5 140°. Data h m  reference 12 and references therein. ' In 

chlorobenzene with 0 = 145'. Data fiom reference 12 and references therein. 



Table 4.9 Stereoelectronic and Kinetic Data for the Reaction of 

R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  with Nueleophiles, L', in Heptane at 25 O C  a 

a Reactions rnonitored by W N i s  techniques uniess indicated othenvise. 

log = log k, - KpKa' + 4); Values of ,8 are obtained from the analyses and are as 

listed in Table 4.8. 

Reactions monitored by FTIR techniques. 

Data onginally fkom report by Ophyr Mourad. 



Table 4.10 Stereo Electronic and Kinetic Data for the Reaction of 

Ru,C(CO)~~P(OPL)~ with Nueleophiles, L', in Heptane at 25 OC a 

1 etpb 

2 P(OMe), 

3 P(OEt)/ 

4 PPh(OMe)2 

5 P(OPh), 

6 PPh2(OEt) 

7 PPh3 

8 Pb-MeOa), 

9 P@-F@), 

10 pph2cyn 

11 pcyJd 

Average of Nunierical Values 

3 -3 4.8 6.1 9.3 

Reactions monitored by W N i s  techniques unless indicated otherwîse. 

Mean deviation of values from those that would lead to a perfect fit as described in 

reference 26. 

Reactions monitored by FTIR techniques. 

Data onginally from report by Ophyr Mourad. 



Table 4.11 Stereoeiectronic and Kinetic Data for the Reaction of 

RuSC(CO),,PCy3 with Nucleophiles, L', in Heptane at 25 OC ' 

log k,O A6r) A 6 '(O) c 

1 etpb 

2 P(OMe)3 

3 P(OEt), 

4 PPh(OMe)2 

5 PPhM%d 

6 P(OPh), 

7 P ( ~ - B u ) ~  

8 p p h 2 ~ e d  

Average of Numencal Values 

a Reactions monitored by FTIR techniques uniess indicated otherwise. 

log k20 = log k2 - RpKa' + 4); Values of P are obtained £Yom the anaiyses and are as 
listed in Table 4.8. 

Mean deviation of values from those that would lead to a perfect fit as described in 

reference 26. 

Reactions monitored by W N i s  techniques. 



1 Chapter 5 The Aryl Effect in Disubstituted 1 
1 Dimaneanese and Dico balt Carbonvls 11 

5.1 Introduction 

Quantification of physicochemical response of compounds to the nature of the 

Ligands present as substituents or as attacking nucleophiles using electronic and steric 

parameters for P-donor and similar ligands is necessary for rationally predicting reactivity 

and selectivity of stoichiornetric and cataiytic reactions probing reaction mechanism, and 

giving insight into the nature of metal-ligand bonding and structure.' The first application 

of an electronic parameter to the correlation of physicochemical properties in 

organometailic chemistry appears to have been made by Bas010 et aL2 They used Ahnp, 

the half neutralization potentiai obtained when titrating the P-donors with perchionc acid 

in nitr~methane,~A to establish the existence of Linear Free Energy Relationships 

(LFERs). The varied values of log k2 for some second order substitution reactions varied 

linearly with the Ahnp values of the P-donor nucleophiles used but a very large 

nucieophile, PCy, (Cy = C6Hll), showed deviations fiom the LFERs defined by the 

smailer nucleophiles used and these deviations from that expected from the correlations 

are named steric effects. The early kinetic studies of metal carbonyls with P-donors 

showed that both electronic and steric effects are important to the reactions. 

~olman'  later collected data for the A, C-O stretching fiequencies, v, in a large 

number of Ni(CO)3L complexes. These provide relative measures of the net electron 

donicity (NED) of the ligands L that result from the competing effects of O donicity and ~s 

acidity on the C-O stretching frequencies in these compounds. In conjunction with this 

electronic parameter Tolman presented values of cone angles, 8, as a masure of the sizes 



of P-donor and other ligands1*' and showed how a wide range of physicochemical 

parameters, 2, might be representable by eqn 5.1. 

Another electronic parameter, 413cO), was provided by the I3c chernical shifts in 

a large number of Ni(COl3L compounds relative to that in N~(co)+* These too depend 

on the net effect of a basicity and n acidity, but the relative contributions of the two 

effects might be expected not to be the same as those shown by values of v. However, 

values of v and &13c0) correlate quite well with each other.* More precise values of v in 

Ni(CO)3L were subsequently obtained by Bartik et al.' and these provide good values of 

x = I L )  - @-t-Bu3), while Brown's ER values have recently provided a quite different 

measure of steric efTects. l0  

The electronic parameters p~,(converted~ from Ahnp), x (and its closely related 

parameter p~,'"), and $"CO) have been used widely in conjunction with Tolrnan's cone 

angles in successfully analyzing physicochernical data in terms of separate electronic and 

steric effects due to P-donor ligands.'*-l3 Use of ER in place of cone angles is 

still in the "developmental stage" though the pnnciple difference lies in the greater 

effective s t e k  effects of most phosphites compared with phosphines. 

More recently a new electronic parameter, E, that depends on the number of 

phenyl groups attached to the phosphorus atom has been discovered.I4 The values of E, 

are 0, 1, 2, and 2.7 for P-donors containing, respectively, 0, 1, 2, and 3 aryl groups 

attached to the central phosphorus atom and the effect has been named the aryl effect. It 

does not seem to be dependent on the nature of any substituent present in the phenyl rings. 

The effect sornetimes contributes very significantly to the physicochernicai parameter, e.g. 

the rate constants for nucleophiiic displacement of 1- From Et1 by P-donors would increase 

by 1 o3 as E, changes fiom O to 2. 714a if other effects remained constant. 



In view of this development an extension of a previous study13 of the electronic 

and steric effects of axialiy disposed P-donor ligands in the metahetal bonded carbonyls 

Mn,(CO),L, and Co2(CO)& was undertaken by Dr. T. A. Stromnova dunng her visit to 

Toronto. This showed semi-quantitatively that the energies of the cwcP transitions in 

these compounds appeared to depend on the O donicity, ~s acidity, and size of the 

substituents. These transitions involve the bonding and anti-bonding moiecular orbitals 

located dong the metal-metai bond axests and lead to strong and characteristic bands in 

the near-W spectra. The new data for phosphine substituents appeared to allow the 

energies to be analyzed quantitatively in a way that is only successfÙ1 if a strong aryl effect 

is allowed for but there was a cruciai problem with the decision whether a steric threshold 

exists or not. The regression anaiysis for data with M ~ I ~ ( C O ) ~ ~  showed equally good 

results when no steric threshold or a steric threshold at 149 O was chosen and al1 of the 

ligands in the middle region of the steric profile near 149 O were phenyl-group-containing 

P-donors, so a difference in the decision on the steric threshold would make a big 

difference in defining the aryl effect. In view of this problem we extended the study to 

include more data with alkyl P-donors. The ligands PEt,, P(~-Bu)~, and P(i-Pr)3) were 

chosen for reasons that will become clear later. The contributions from the aryl effect and 

eEects of a donicity and ligand size are quantitatively analyzed and compared. 

5.2 Experimental and Results 

Mn2(CO)lo and C O ~ ( C O ) ~  (Strem) were used as received. The ligands L were 

obtained and punfied as described in Chapter 2 and elsewhere.lt The complexes 

Mn2(CO)8L, were prepared by p h ~ t o l ~ s i s * ~  of Mn2(CO)lo in toiuene with a medium- 

pressure Hg lamp and a small excess of the ligand (L = PEt3, P(~-Bu)~, and P(i-Pr)3). 

Completion of reaction was verified by the absence of reactant bands in the IR spectra. 



The products were characterized by their FTIR spectra which showed only one strong 

band in the C-O stretching region (Table 5.1). The IR frequencies listed in Table 5.1 

showed a good correlation with Bartik's xvaluesg (vco = (1937.2 5 1.51) + (1.20 2 0.12) 

~crn*'; R M S D ~ ~  = 1.9 cm*', R~ = 0.926) provided ody data based on a common solvent 

are used. 

Both photolysis'6 and thermal reactionl* rnethods were tried to make the 

complexes C O ~ ( C O ) ~ ~  (L = P(i-Bu), and P(i-Pr)3) but without success, il1 defined 

insoluble products being formed. 

The FTIR spectra were measured with a Nicolet lODX spectrophotometer, and 

the W N i s  spectra of the products were measured in CH2CI2 with a Hewlet-Packard 

8452A diode array spectrophotometer. As e ~ ~ e c t e d , ~ ~  al1 the products showed a 

characteristic strong band in the near W with a weaker high-energy shoulder and the 

wavelengths and energies of the strong band are s h o w  in Table 5.1. 

5.3 Discussion 

5.3.1 Dependence of h i o + a * )  on the Electronic and Steric Propet-ties of 

Phosphine Ligands 

In those cases where the W i s  spectra of the compounds had been measured 

previously13 closely sirnilar results were obtained. As will be shown below, the values of 

h i o - t e )  (or hv  for brevity) in Table 5.1 for the phosphine substituted Mn2 and Co2 

compounds cm be described very successfblly by eqn 5.2 which is equivalent to that used 

by Giering et ai. 148 6& is a rneasure of a steric threshold below 



which = O and there are no steric effects. Above the steric threshold h = 1 and the 

parameter y is a quantitative measure of the steric effect in terms of Tolman's cone angle, 

8. The parameters $ and quanti@ the sensitivity of the h v  values to the O donicity (as 

measured by p ~ , ' I  1) and the aryl effect, respectively, while a is the value of hu when pK,' 

and tS are zero, but its value depends on whether there is a detectable stenc threshold or 

not. 

Considering first the data for the complexes we can obtain a value of fiom 

the dependence of h v  on pK,' for the senes of ligands P@-XC6H4), which al1 have the 

same value of 8 (1450)' and Eu (2.7), 14a but whose pK,' values cover quite a wide range. 

The graph in Figure 5.1 shows that hu incrûases linearly with pK,' with the exception of 

the value for X = F which deviates fiorn the trend set by the others. A linear least squares 

analysis of the data for the latter five substituents gives P = 0.62 5 0.16 kJ mol-l with 

RMSD = 0.685 kl mol-' and R~ = 0.828. The low value of R~ is simply a reflection of the 

relatively low value of $ (An R~ value of zero would have been obtained if P = O but the 

scatter of the data around the linear plot, i.e. the precision of the data as measured by the 

RMSD value, could have been the same). The deviation of the data for the P@-FC6H& 

ligand from the correlation is +3.3 kl mol-', or nearly 5 times the value of the RMSD, so 

the deviation is quite significant. 

Using the value of P obtained in this way a plot of the values of h v - 0.62pK,' vs. 8 

can be made (Figure 5.2) and this immediately shows the indisputable need to include the 

aryl effea in the data analysis. If there were no aryl effect then al1 the data woula be 

expected to fa11 on a typical steric profile,11*12 i.e. the values of h v  - $pK,' should 

decrease linearly with 0 (if 6& < 132') or they should be constant up io a steric threshold 

d e r  which they should decrease linearly. The data for PEt3, P(H-Bu)~, P(i-Pr),, P(I-Bu),, 

and PCy3 treated separately show that hv - 0.62pK; decreases linearly with increasing 8 

(Le. % < 132O) and a value of y = -0.3 15 2 0.010 kJ mol-' deg*' (RMSD = 0.25 kJ mol-'; 

lt2 = 0.997) can be obtained since E, is constant at zero for al1 these ligands. The lines 





Figure 5.2 Dependence of hv - BpK,' on 8 for bh2(CO)8L2 ( P = 0.62 Id rno~'). The 

open circle represents the average value for the @-XC6&)3P substituents. 



joining the pairs of data for PEt2Ph and PCy2Ph, and PEtPb and PCyPh2 have similar 

gradients (both -0.25 kJ mol-' deg-') but are progressively displaced below the first Iine to 

an efient dependent on the number of aryl groups in the ligands. The average value of h v  

- 0.62pK; for the ligands P@-XC6H4)3 lies even Iower in accordance with the presence of 

three aryl groups. A plot of hv  - 0.62pK,' + 0.3 158 vs. E, is shown in Figure 5.3 and 

the gradient leads to a value of = -3.98 + 0.19 kJ mol-' (RMSD = 0.53 kJ mol-'; R~ = 

0.982). 

This stepwise graphical analysis of the data shows that they cm be well described 

by the model represented by eqn 5.2 (with t&, < 132O and h = 1 for al1 substituents) and 

the data can therefore be analyzed by a multivariant least squares ~ r o ~ r a r n l ~  with the 

results indicated in Table 5.2. The adequacy of the model used to fit the data c m  be 

expressed, for example, by the steric profile shown in Figure 5.4. 

The new data points, especially the two with L = P(~-Bu)~ (5) and P(i-Pr)3 (13), 

are vitai in distinguishing the two possible values of % and, therefore, in quantifjing the 

contributions from the aryl, steric and electronic effects. Without ligands 5 and 13 Figure 

5.2 cmfd have been something like what is s h o w  in Figure 5.5. Results of multivariant 

least square analyses on data without 5 and 13 according to equation 5.2 are almost 

equally good: RMSD = 0.530 and 0.432 W mol*', R~ = 0.993 and 0.995 at steric 

threshold values eh < 132" and 9~ = 149" respectively (see Figure 5.6). The aryl, steric 

and o-basicity effects from the analyses are, however, quite different: a= -2.48 + 2.42 vs. 

-5.23 + 1.36 kl mol-', y = -0.344 + 0.089 and -0.575 + 0.1 16 W mol-l deg-', and P = 1 . î 8  

+ 1-09 and 0.76 1 0.752 kJ mol-' at 4 < 132" and = 14g0 respectively. The results - 

of analysis at % = 149' when the ligands 5 and 13 are included are significantly less good 

(RMSD = 1.04 kJ mol-l and R~ = 0.969) compared with that at 6& < 132" (RMSD = 0.50 

kJ mol-' and R~ = 0.992 as listed in Table 5.2). 

The results cm also be analyzed in an exactly analogous manner but by using 8' 
* 

instead of 8. B' represents a "cone angle equivalentW.' lCy This is derived fiom ER by 



Figure 5.3 Dependence of h v - BpK,' - y@ on E, for -(CO)& ( P = 0.62 kJ mol''; y 

= -0.3 15 W mol-' deg-'). The open circle at E, = 2.7 is the average value for the 

@-XC6H4),P substituents. 



0 o r  B ', deg 

Figure 5.4 Dependence of hv - PpK,' - aE, on O(@) or 6' (.) for Mn2(CO)& (Values 

of and G5 taken from Table 5.2.). The open circle and square are the average values for 

the @-XC6H4)3P substituents. 



8, deg 

Figure 5.5 Dependence of h v  - PpK,' on 0 for bh2(CO)gL2 ( P = 0.62 kJ mot1). The 

open circle represents the average value for the @-XC6H4),P substituents. The figure 

shows what Figure 5.2 and Figure 5.4 (the lower plot only) coirld be like without ligands 

5 and 13. 



Figure 5.6 Dependence of h v - PpK: - oE, on 0 for MII~(CO)&~ without ligands 5 and 

13. The plots and results of analyses with % < 132' (a) and 6& = 149' (.) are almost 

equdly good (RMSD = 0.530 and 0.432 kJ mol-', R~ = 0.993 and 0.995 respectively). 

Values of and are as described in the text. 



taking into account the excellent correlation between 9 and ER values for a large number 

of phosphineslO*~'C~l ld and by nonnalizing the results so that 8' = 0 = 145O for the ügands 

P ( ~ I - X C ~ H ~ ) ~ .  The relative values of 8' refiect exactly the relative values of ER but with a 

scale change introduced. A plot of h v  - 0.62pK; vs. 8' for the M% compounds is shown 

in Figure 5.7 to be qualitatively the same as that involving 8, as would be expected from 

the closeness of related values of O and 9' (Table S I ) ,  and values of y = -0.385 5 0.03 1 

kl mol'' deg-' (RMSD = 0.67 kl mol-'; R~ = 0.981) and a= -5.12 5 0.45 kl mol-' 

(RMSD = 1.3 kJ mol-!; R~ = 0.94 1) are obtained by following the same procedures as 

before. These values are very close to the values of y and found above, as are the 

results obtained by applying the muhivariant least squares analysis program to eqn 5.2 

(Table 5.2). The goodness of fit indicated by the RMSD and R~ values is, however, 

significantly less good than when @values were used and this is illustrated in Figure 5.4 

where the plot vs. 8' shows more scatter than that involving B. 

The RMSD value (Table 5.2) is almost twice as big and the value of 1 0 0 ( 1 - ~ ~ )  is 

3.0% as compared with 0.8%, the 1 0 0 ( 1 - ~ ~ )  values representing the extent to which the 

mode1 represented by eqn 5.2 and its denved parameters fails to account for the trends in 

the data.20 The relatively poor fit is due largely to the fact that the values of 0 ' for 

PPh2Et, PPhEt,, and PPh2Cy do not interpolate proportionately between the PPh3 and 

PEt3 or PCy3 ligands whereas the cone angles and the values of hv  do. Two related 

questions anse out of this. Firstly, if the P-donor ligands are rotating around the M-P 

bond axes in the complexes at room temperature then is it not more likely that interpolated 

cone angles will be more realistic and, secondly, if there is free rotation of this sort then 

should the calculated values of ER not take into account the average conformations of 

these ligands rather than the one leading to the minimum energy? 

The same procedures can be carried out with the data for the Co2 compounds. A 

value of p = 0.01 5 0.28 kJ mol'' is found fiom the data for those P@-XC6H& 

complexes that were soluble enough for reliable UVNis spectra to be obtained. A plot of 
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Figure 5.7 Dependence of hv - PpK,' on 8' for bh2(C0)8L2 ( B = 0.62 kJ mol-'). 



h v - 0.0 l pK,' vs. B is shown in Figure 5.8 to have exactly the sarne fom as those in 

Figures 5.2 and 5.7 and the existence of the aryl effect in these Co2 complexes is equally 

clear. The parameters obtained by fitting the data to eqn 5.2 are given in Table 5.2. 

Again the effect of using 8' in place of Ois insignificant. For these complexes the use of 

6' leads to a marginaiiy better fit although neither Bnor 8' leads to as good a fit as 9 does 

for the Mn2 complexes. 

5.3.2 The Contributions of o Donicity, Ligand Size, and the Aryl Effect to h v 

Since the parameters p, y, and in Table 5.2 do not al1 have the same units the 

ratios of their numerical values are not meaningtùl in describing the relative contributions 

of the various factors to the resultant values of hv. However, the maximum effects caused 

by the variation of pK,', 8, and E, for the particular selection of ligands used cm be 

estimated and these are given in Table 5.3. 

The contributions do not depend sigruficantly on whether 0 or 8 ' (or ER) is used 

as the stenc parameter. For the Mn2 complexes the aryl effect contributes approximately 

as much as the steric effect to a decrease in hu whiie the effect of increasing O donicity is 

in the opposite direction but perceptibly smailer. For the Co2 complexes the aryl effect is 

clearly larger than the steric effect and the adonicis, effect is much smaller, though there 

is a reasonable probability that it is as much as half that shown by the Mn, complexes. 

The original explanation offeredI3 for the O donicity effect was that the electron 

promoted to the & orbital spent more of its time close to the P-donor substituent than it 

did when in the O orbital. It would therefore be more destabilized by stronger O donors 

which would therefore increase the vdue of hv. The maximum extent of the eEect in the 

Mn2 complexes is only Ca. 2.5% of the average value of h v  so it represents quite a small 

perturbation of the overall transition energy. The trend in the vco values shows that the o 

donicity of the ligands is also applied effectively in increasing the x back bonding to the 

CO ligands so the effect on the a-td transitions must be buffered to a considerable 



Figure 5.8 Dependence of h v - PpK,' on 8for CO~(CO)&~ (P = 0.01 kJ moi-'). 



extent. The value $ = 0.62 kl mol-l can be converted to a dimensionless quantity of ca. 

0.1 by dividing by 2.303RT = 5.7 kJ mol-! This shows that the sensitivity of the energy 

of the ma'@ transitions to the O donicity of the P-donor ligands is only Ca. 10% of the 

reference sensitivity to protonation. The reason why the sensitivity of the Co2 complexes 

to the odonicity of the substituents is so much smaller, even if not entirely negligible, is 

possibly linked to the buffering effect mentioned above. The values of vco are rnuch more 

sensitive to the a basicity of the substituents than is the case for the Mn2 complexes and 

this may indicate that the CO ligands in the Co2 complexes absorb the increasing basicity 

more eRectiveIy and less is lefi over to affect the a+dt transition. However, the reason 

for this behavior is not understood. 

The origin of the steric effects probably lies in small increases in the M-M andor 

M-P bond lengths with increasing ligand size. The latter would act by preventing the 

ligand from exerting its full a donicity and the former would act by decreasing o orbital 

overlap. Again the effect is only a few percent of the total energy of the transitions and it 

c m  be put in dimensionless terms by converting back fiom 8' to ER so that the value of y 

becomes ca. 0.2, i.e. the sensitivity of h v  to ligand size is ca. 20% of the reference 

sensitivity of the interligand repulsion energies in Cr(CO)5L to ligand size. Structures are 

known for the phosphine complexes Mn2(CO)& (L = PEt3 and P(NMe2)3; 0 = 132O and 

157", respectively) .21 The Mn-P distance is 15 pm longer when the substituent is larger 

and the Mn-Mn distance is 43 prn longer. Several unsuccessfÙ1 attempts were made to 

obtain crystals of the cornpiex bhV(C0)8(PC~3)2, containhg the even larger PCy3 

substituent. 

The origin of the aryl effect in genera114a remains obscure. It seems likely that the 

magnitude of the effect will be found sometimes to depend on the nature of substituents in 

the aryl ring, so the deviation of the data for the para fluoro complex in Figure 5.1 may 

be an example of things to corne. As it is the effect is ernpirically a substantial contributor 

to a number of very diverse physicochernical measurements. Converting to cornmon units 



it brings about (i) a decrease of 4-6 kl r n 0 1 - ~ / ~ ,  in the energies of the a+@ transitioris 

studied here, (ü) a decrease of 44 W mol-'lE, in the vertical ionization potentials of 

phosphines, and (iii) a decrease of Ca. 6 kJ r n ~ l - ~ l ~ ,  in the activation fiee energy for 

nucleophilic attack by phosphines on EtI. 14a Clearly, such a wide-ranging effect needs 

fùrther attention fiom both an experimentai and a theoreticai point of Mew. 
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Table 5.1 Ligand and Spectroscopie Parameters for the bis-axial Complexes Mn2(CO)& and CO~(CO)&~ 

a Tolman cone angle. Cone angle quivalent (directly related to Brown's ER values; sec tcxt). ndonicity parameter. Froin rcf. 9. Gicring's aryl 
parameter. f Numbers in parentheses arc from ref, 13 and those in itolic wcre by Dr. Stromnova. g Values in parentheses wcrc rneasured in hydrocarbon 
solvents. Othen were measured in CH& Values in parentheses were measured in hydrocarbon solvcnts. ûthers wcre measured with compounds in 
suspension in parallin oil. ' Bartik et al. provided no values of x for these ligands and these values are interpolaicd bctwecn x values for PPh, and PCy,. 



Table 5.2 Parameters from the Multivariant 

Least Squares Analysis of Equation 5.2 

B, kl mol-' y,kJ rn01-~de~-l Zi5,k.J mol-' RMSD, R~ 

M mol-' 



Table 5.3 Maximum Contributions (W mol-') of the Ligand Effects to h v(o+@) ' 

O basicity size effects aryl effects 

" Initially listed values were obtained by using Band values in parentheses by using 8'. 



! NaYNo(CO)@Me3 System* 

Chapter 6 Zeolite Activation of Organometallics: 
Temperature Dependence Studies of the 

6.1 Introduction 

1 

The activating power of the intemal cavities in zeolite and other matrices has been 

put to much use in important catalytic reactions.1 In spite of this, very little is known 

about the intimate details of the activation processes, and virtually no quantitative studies 

have been camed out on simple stoichiometric reactions that occur within a zeolite cavity. 

However, earlier studies in these and other Iaboratories on the behavior of the metal 

carbonyls M(CO)6 (M = Cr, Mo, and W)2a-f and 29 showed that well defined 

reactions proceed cleanly to fom well characterized products in the a-cages of the alkali 

metal-Y zeolites. The probable suitability of some of these reactions for kinetic 

investigations led to a detailed study of simple substitution reactions of MO(CO)~ in the a- 

cages of Na5$ and, to a lesser extent, M-Y (M = Li, K, Rb, and Cs)3b zeolites. 

Displacement of 12CO by 13 CO or PMej proceeds very cleanly as indicated by 

sharp isosbestic points observed when the reactions were monitored by FTIR 

spectros~opy.~~ The reactions with I3CO are governed by first order rate constants that 

are 3 orders of magnitude greater than those observed for dissociative reactions of 

Mo(CO)~ in the gas phase or in homogeneous s~lu t ion .~  This is the result of a very large 

(72 kJ mol-l) decrease in the value of AH? offset to a considerable extent by a less 

favorable and surprizingly negative value of hSt (-139 J K-l degl). The values of AG* 

" Most of the esperimcntal work was done in coIlaboration with Professor Eduardo J. S. Vichi when he 
w a s  on leave from the Universidade Estadual de Campinas in Brazil. 



increase linearly with increasing applied pressure of i3C0. suggesting that unfavorable 

environmental effeas can occur. These activation parameters led to the suggestion that 

the process of CO dissociation fiom the Mo(CO), was assisted by increased "anchoring" 

of the oxygen atoms of two tmns CO ligands to two of the Na+ ions in the a-cage in 

which the reaction was occumng (the nanoreactor, nr), and by incipient bond making 

between the Mo atom and one or more @- ions in the wall of the nanoreactor. It is 

through perturbation of these activating processes that the smaller deactivating effect of 

higher pressures of 13C0 was thought to occur. 

Reactions with PMe, also occurred, in part, by the same assisted dissociative 

process as the '2CO - "CO exchange reaction. This is indicated by the retardation of the 

rates with increasing applied pressure of 12CO and by the fact that the rates of this CO- 

inhibited process increase with decreasing Ioading of PMe3, the values of AG' 

approaching the same value at zero loading as that found for the CO exchange reaction 

when the pressure of "CO is extrapolated to zero. The effect of PMe3 Ioading on the 

rates shows again that easily detectable environrnental effects occur in these reactions as 

well. 

The reactions with PMe3 differ fiom those with 13CO in that there is a residual 

reaction that still occurs even when the applied pressure of CO has fully quenched the 

dissociative reaction. The rate constants observed under these conditions showed a 

stnking dependence on the number and nature of the P M q  molecules contained, together 

with the Mo(CO)~. in the nr. Thus they increased as the number of PMe3 molecules 

chemisorbed to the two available Na+ ions in the nr was increased. When both of these 

Na+ ions were occupied by chemisorbed PMe3 molecules (Pc) the rate constants remained 

constant as the number of PMe3 molecules in the neighboring "empty" cages (Le. those 

not occupied by a Mo(CO)~ molecule) was increased from 2 to 4, the maximum possible. 

These results showed that Pc rnolecuies could undergo a type of associative, SN2, reaction 



with the Mo(CO)~, but only if they were present in the nr, Pc molecules in neighboring a- 

cages not being able to participate. They also showed that this associative reaction was 

not significantly af1Fected by any environmental effects due to increasing the occupancy by 

the Pc molecules in neighboring cages, even though the dissociative reactions were. 

When dl the NaC ions in the zeolite cage were occupied by Pc molecules more 

PMe, could be sublimed into the system but these were only weakly bound, or 

physisorbed, as s h o w  by their facile removal under an applied vacuum. These 

physisorbed Pp molecules were believed to occupy positions in or near the 12-ring 

windows of the a-cages. As the nurnber of these Pp molecules was increased up to 5-6 

moleculednr the observed rate constants increased proportionately, suggesting another 

associative process but, under these circumstances, one involving physisorbed PMe, 

molecules. The linearity of the dependence of kh on PpJ (in units of rnolecules/nr) also 

implied that the presence of physisorbed PMe, molecules in the nr or elsewhere did not 

significantly affect either of the two associative processes. 

An attempt was made to derive activation parameters for the two associative 

processes from some data obtained over a range of temperatures. However, this did not 

provide satisfactory values because the PMe, loadings, and the relative amounts of Pc and 

Pp molecules, were not the same at each temperature and some gross assumptions had to 

be made in deriving the parameters for each process separately. Because these associative 

processes were totaily novel for reactions in a zeolite cage, and because the two types of 

PMe3 molecules involved were differently bound and would be expected to show different 

activation parameters that reflected the difference in their binding, we decided, in 

collaboration with Professor Eduardo J. S. Vichi at the Universidade Estaduai de 

Campinas in Brazil, to study their temperature dependence under precisely defined loading 

conditions so that the activation parameters for reactions with both Pc and Pp molecules 

could be clearly distinguished. Activation parameters for the dissociative path would be 



obtainable as well Xreactions were also studied in the absence of an applied pressure of 

CO. The results obtained were gratifjmgly precise but were rather unexpected, the value 

of for reaction with the more weakly bonded Pp inolecules actually being 

considerably higher than that for reaction with the more strongly bonded Pc molecules. 

The details of these studies are presented here. 

6.2 Experimental 

The general procedures followed in making the kinetic measurements were very 

sirnilar to those used previ~usly~~ and descnbed in detail in Chapter 2. A typical set of IR 

spectra automatically collected at predetermined times for a typical kinetic run using the 

FTIR monitoring techniques is shown in Figure 6.1. 

6.3 Results 

6.3.1 Kinetics of Reactions with Pc, Chemisorbed PMe3 

The loading of the Mo(CO), was generally held constant at considerably less than 

1 molecule per a cage and reactions with chemisorbed PMe3 (pc ]  = 2 molecules/nr and 4 

molecules/ ernpty a-cage) were easily studied because the loading could be precisely 

defined by providing more PMe3 than could be chemisorbed and subsequently removing 

the excess of physisorbed, Pp, molecules by pumping. The reactions occurring in pellets 

loaded in this way could be monitored at various temperatures either under vacuum or 



Spectroscopic changes 

Figure 6.1 Typical mid-IR spectral changes observed for the CO substitution in 

M o ( C O ) ~ - N ~ ~ ~ Y  by PMe3 (P,, = 110 Torr, T = 65.8 O C ,  fiom ref 3a). 



under a pressure of CO of 650 Torr that was sufficient to completely suppress the 

dissociative path.3~ Excellent pseudo-first-order rate behavior was observed as indicated 

by the very good fits to a non linear least squares analysis of the absorbante changes? 

The resulting rate constants are shown in Tables 6.1 and 6.2 and the Eyring plot for 

reactions under 650 Torr CO is shown in Figure 6.2. The activation parameters are given 

in Table 6.3. Estimates of the entropies of activation were made for a standard state of 1 

mol L-1 by taking into account the volume of each nanoreactor which is 10-z4 L. This will 

underestimate the effective concentration in mole L-1 to the extent that some space in the 

cavity is occupied by the Mo(CO)~ molecule and, to some extent, by the Naf ions, but the 

effect of this on the entropy values is generally quite small compared to the experimental 

~ncertainties.~ 

The temperature dependence of the CO dissociative path can be obtained by 

subtracting the rate constants for reactions with Pc molecules under CO fiom those 

obtained under vacuum, the former being calculated from the activation parameters 

(Table 6.3). The Eyring plot is shown in Figure 6.3 and the activation parameters are 

given in Table 6.3. 

6.3.2 Kinetics of Reactions with Pp, Physisorbed PMe3 

Reactions with Pp molecules could only be studied, of course, in the presence of 

Pc molecules as well but the combined reactions were monitored at loadings of [Pp] = Ca. 

3 and 5 molecuIes/nr under 650 Torr CO. The rate constants (Table 6.4) at various 

temperatures are plotted against p p ]  (including data at p p ]  = O, i.e. p c ]  = 2 

molecuIes/nr) in Figure 6.4 and can be seen to be linear with gradients that decrease 

strongly with decreasing temperature in such a way that they become indeterminate at 5 

56.1 OC. The values of the dopes were obtained by a weighted least squares analysis with 



Figure 6.2 Eyring plot for reactions with chemisorbed PMe3 (P, = 650 Torr). PMe3 

loading is 2 molecules/nanoreactor and 4 molecuIes/empty cage (i.e., a-cage with no 

Mo(CO)~ molecuie). 
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Figure 6.4 bs VS. p p ]  at various temperatures. Error bars represent a standard error of 

8.3 % in each measurement of kh (see Table 6.4) and the lines drawn are based on a 

weighted linear least squares analysis. 



the assumption of constant percentage errors and are (1 -90 & 0.14) x IO-', (0.66 2 0.07) x 

104, and (0.19 2 0.04) x (molecules of Pp/nr)-1 s-l at 83.9, 74.8, and 66.1 OC, 

respectively. An appropriately weighted least squares analysis of the fit of these data to 

the Eyring equation (Figure 6.5) provides the activation pararneters for reaction with the 

Pp molecules (Table 6.3). The agreement o f  al1 the new rate data at 66 OC with those 

obtained pre~iously~~ is reasonably good, as shown in Tables 6.1 and 6.5. 

6.4 Discussion 

6.4.1 The CO Dissociative Reactions 

The rate constants and the activation pararneters for the dissociative path 

obtained from the reaction with PMe3 are very similar to, though not identical with, those 

obtained for the 12C0/13CO exchange reactions measured at 100 Torr I3CO (Tables 6.1 

and 6.3).3~ They would not be expected to be identical because of the known dependence 

of the rates on the details of the environment3~ and no further comment is necessary. 

6.4.2 Associative Reaction: General 

No separate temperature variation studies have been carried out previously for 

reactions with Pc and 4 molecules at precisely defined loadings and the data reported 

here provide the first such information on these processes. The precision of the data is 

excellent, both in terms of the absence of any dependence of k,,, on the wavelength of the 

CO stretching bands used in monitoring and, more particularly, in terms of the good fits to 

the Eyîing plots (Table 6.3). The linearity of the plots of kOb, vs. p p ]  is a confirmation to 

the conclusion reached earlietC that the loading of Pp molecules has no effect on k,(Pp) or 





k f l c ) .  Thus if either one were affected the effect would have to be exady compensating 

in order to maintain linearity; if k p c )  were decreased then k,(Pp) would have to decrease 

to an extent proportional to [Pp], and exactly so, so as to maintain the lmearity. This 

coincidental behavior seems unlikely. 

6.4.3 Associative Reactions with Pc Molecules 

This process is characterized by an unexpectedly low value of M(l?c)* with an 

offsettingly large negative value of AS(Pc)*. However, these results can be accounted for 

in a straightforward manner as follows. The overall process cm be formulated in three 

steps represented by equations 6.1 - 6.3, Le. 

the initial process is the dissociation of a chernisorbed, Pc, molecule from its anchoring 

Na+ ion. The PMe3 molecule can then either become reattached to the original Na+ ion or 

it can rotate so as to present its P atom to the Mo(CO)~ substrate, following which it can 

attack the Mo(CO)~ to form product(s). Since k2 and k-2 represent the rate of rotation of 



the essentiaily free PMe3 molecule it can be assumed that k2 = k,, i.e. the PMe, molecule 

can be regarded as having its P atom pointed towards the Na+ ion or the Mo(CO), 

molecule with equal probability. The overall rate equation cm therefore be written as in 

equation 6.4. Since k-' is expected to be >> k3 equation 6.4 wiil simplify to equation 6.5. 

The fiee energy profile for the reaction can be drawn as in Figure 6.6a. The maximum 

height of the fiee energy barrier is 110 kJ mol-' at 66 OC and the first barrier, and the 

subsequent minimum, is related to the formation of free PMe3 molecules as in equation 

6.1. Under these circumstances the low value of kJPc) will be determined by the high 

value of k-, compared with k3 because of the high probability of reattachrnent of the fiee 

PMe3 molecule to the NaC ion compared with associative attack at the Mo(CO)~ 

molecule. This wili show up in the entropy of activation, AS(Pc)* = ASl # - A S l #  + AS3* 

where AS.,# will be quite large and much less negative relative to AS3* which will be more 

negative because of the more restricted approach path of the PMe3 when it attacks the 

Mo(CO)~ molecule and forms a partial Mo-P bond. 

The value of AH,(Pc)# will be equal to AHl # - AHel * + M3* and, since AH-, will 

be very small, AH,(Pc)* will be very close to AH1# + AH3# so its value of 45 kl mol-' has 

to be apportioned between these two terms. It could easily, in fact, be assigned almost 

entirely to AH, * as indicated in Figure 6.6b. The strength* of a single Na+- OH2 bond is 



AG0 for desorption of 
chemisorbed PMe3 fiom Naf 

AG0 for displacement of 
chernisorbed PMe, by CO 

AH' for desorption of 
chemisorbed PMe, £tom Na' 

Mo for displacement of 
chemisorbed PMe3 by CO 

Figure 6.6 Free energy (at 66 OC) and enthalpy profiles for reactions with Pc molecules 



ca. 40 kJ mol-' and, although the dipole moment of PMe3 (1.19 debyes) is less than that of 

H20 (1.85 debyes) its polarizability is much greaterl* so that the heat of attraction of a 

PMe3 molecule to an exposed Na+ ion could well be quite close to 45 kJ mol-'. This 

implies that AH3# is very low indeed so the low rate of the overall reaction would be 

ascribable simply to very unfavorable entropic factors conditioned by the much higher 

probability of reattachment of the PMe3 molecule to the NaC ion compared with the 

probability of reaction with Mo(CO)~. 

This scheme has not taken account of the possibility that the CO present may 

become attached to the Na+ ion in place of the lost PMe3 molecule. If this replacement 

reaction is dissociative then attachent of the CO will be a kineticdly irrelevant side 

reaction and the kinetics will not be affected. However, if the interchange reaction is 

associative then equation 6.1 will have to be replaced by equation 6.1'. It is still highiy 

probable that kJk3 will be >>1, but to a lesser extent than k-'/k3 was, and the rate 

equation will be kobs = kl 'k3P(CO)/k-l '. AHi '* will be < A H l  because of the stabilization 

of the product by complete Na'-CO bond formation and because of the stabilization of the 

transition state by partial N~+-CO bond formation and incomplete Na+-PMe3 bond 

breaking. The fiee energy profile cm be represented by Figure 6 . 6 ~  where the highest 

barrier is still the sarne but the first barrier, and the following minimum, are both lower 

than the corresponding ones in Figure 6.6a. 



The enthalpy profile can be represented as in Figure 6.6d where the higher barrier 

is ni11 45 W mol-i in total, as in Figure 6.6b, but the first barrier is lower than that in 6.6b. 

M3# cm now be higher than in the assurned absence of the associative PMe,/CO 

interchange but not by very much because the heat of attachment of the CO to the Na+ ion 

will be considerably less (25 kl mol-') l than the heat of attachment of PMe3. The value of 

AH3* will be exactly 45 kJ mol-' minus the heat of replacement of chemisorbed PMe, by 

CO, or less than it was estimated to be in the absence of the associative displacement of 

PMe3 by CO by an arnount exactly equal to the heat of absorbance of the CO ont0 the 

Na+ in Na-Y. However, although the temperature dependence for reactions with Pc has 

not been studied over a range of applied CO pressures the rates are not dependent on 

P(C0) above ca. 400 Torr.3c This suggests that associative displacernent from the Na+ 

ion of Pc by CO is not operative since that should lower the overall free energy barrier and 

increase the rates. 

In either case the value of AH3* will be very small indeed compared with the value 

found4-12 for the reaction of Mo(CO)~ with the closely similar nucleophile P(n-Bu), in 

homogeneous solution, and this shows clearly that the Mo(CO)~ has been very strongly 

activated towards nucleophilic substitution by its a-cage environrnent. Thus, the 

observation that the values of k,(Pc) at 66 O C  are very close to value of the bimolecular 

rate constant in homogeneous solution3c did not, after ail, indicate that there was no effect 

of the zeolite environment on the rates but it was an accidental result of the balance 

between different and large environmental effects on the values of M(PC)' and W C ) # .  

At temperatures above 66 OC the rates are less than in homogeneous solution and below 

that they are faster, and the intimate mechanism is certainiy affected profoundly by the 

zeoIite environrnent. 

The enthalpy effects can be accounted for by the fact that, as the PMe, molecule 

approaches the Mo atom, and a partial Mo-P bond is fomed, there will be a substantiai 



buildup of electron density on the Mo atom and a corresponding increase in backbonding 

to the two CO ligands trams to each other and anchored to two Na+ ions in a 

Na+. . .OcMoCo.. .Naf moiety.3 The stabilization brought about by the increased 

attraction of the Na+ ions for the more negative O atoms in the CO ligands is evidently 

greater than that provided by the backbonding effect on CO dissociation coupled with 

nucleophilic attack by the O atoms in the cavity walls, a process believed to cause the 

enhanced rate of the dissociation process when it is in the nan~reactor .~~ This is probably 

due to the much greater nucleophlicity of the soft P atom compared with the harder, and 

more rigidly held, 02- ions in the cavity wail. 

6.4.4 Associative Reactions with Pp Molecules 

As revealed by their activation parameters (Table 6.3) these reactions are quite 

different in nature fiom the reactions with Pc molecules and fiom reactions in 

homogeneous solution. The value of AH(Pp)* is higher, and that of AS(pp)* is less 

negative than those for reaction of P(n-Bu), with MO(CO)~ in homogeneous solution. 

Again, although the values of k,(Pp) at 66 OC are also close to the corresponding reactions 

in homogeneous solution3~ this does not indicate that the environment has no effect on the 

intimate mechanism of reaction with the Pp molecules. At temperatures above 66 O C  the 

rates in the zeolite are faster, and below that they are slower, than those in homogeneous 

solution. 

The entropy effect is easily accounted for in large part by the fact that the entropy 

of the Pp molecules physisorbed in the zeolite is much lower than that of the free p(t~--Bu)~ 

in homogeneous solution due to the absence of translational entropy. The higher value of 

AH(Pp)# compared with reaction in homogeneous solution rnust be comected with the 

fact that reactions with Pp molecules inevitably take place in the presence of a full loading 

of Pc molecules in the M. This means that the nr is rather congested, with little space for a 

Pp rnolecule to approach the Mo atom in a M o ( C ~ ) ~  substrate. For substantiai Mo-P 



bond making to occur the spatial congestion may be such as to cause considerable 

repulsion energies to develop between the entering Pp molecules and the Pc molecules 

anchored to the Na+ ions, repulsions that do not occur in homogeneous solution. 

Altematively these steric repulsions might prevent the PMe, nucleophile from approaching 

the Mo atom as closely as would be ideal and so full advantago cannot be taken of the 

high susceptibility of the encapsulated Mo(CO)~ molecule to nucleophilic attack that is 

indicated by the activation parameters for reactions with Pc molecules. This lower degree 

of bond making in the transition state would also help to account for the relatively small 

negative value of AS(Pp)#. 

We therefore arrive at a picture of these associative reactions that involves very 

high intrinsic susceptibility of the Mo(CO)~ in the a-cage environment to nucleophilic 

attack which the Pc molecules can take advantage of enthalpically, albeit at the cost of 

almost exactly compensating unfavorable entropic effects due to the very ready 

revenibility of the initial dissociation of a Pc molecule fiom its Na+ anchor. This intrinsic 

susceptibility of the encapsulated Mo(CO)~ rnolecule to nucleophiiic attack cannot be 

taken advantage of by reactions with Pp molecules because, in this case, simple limitations 

of space preclude sufficiently close approach of the nucleophile to the substrate because of 

the presence of the two Pc molecules in the nanoreactor. 
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Table 6.1 Kinetic Data for Reactions of Mo(CO), with Chemisorbed PMe, in Na,Ya 

[MO(CO)~I , P M ~ ,  , 

T, molecules/ molecules/ v, 1 04 kobs, 1 0, 1 o4 kUlJdiss.),e a&,,), 

O C  a-cage a-cage cmmi s-I s-1 s- l W 

Under 650 Torr CO 

83.9 0.26 3 -48 1978.8 4.646 4.756 1.3 

83.9 0.26 3.48 1975.6 4.700 4.756 0.7 

74.8 0.4 1 3.18 1978.8 3.315 3.122 2.2 

74.8 0.4 1 3.18 1975.6 3.016 3.122 3 -2 

66.1 0.25 3.50 1978.8 2.035 2.046 1.6 

66.1 0.25 3.50 1975.6 2.076 2.046 1.9 

56.1 O. 16 3.68 1978.8 1.23 1 1.226 O. 6 

56.1 O. 16 3.68 1975.6 1,276 1.226 O. 8 

48.1 0.20 3.60 1913.3 0.761 0.796 3.5 



No extemally applied pressure of CO 

* Number of chemisorbed PMe, moleculeslnr = 2; Number of chemisorbed PMe, molecules/empty a-cage (Le., a-cage not containing 

a Mo(CO), molecule) = 4. Average number of PMe, molecules/a-cage. Pairs of results at each temperature were obtained by 

monitoring the decreasing intensities at each of two frequencies for the same reaction. Values calculated from the Eyring analysis. 

These are the differences between kobs (O Torr CO) and kCal, (650 Torr CO) from the Eyring analysis. /standard error of an individual 

determination of kob, as obtained fiom the deviations fiom the least squares Eyring analysis. 
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Table 6.2 Kinetic Data for Reactions of Mo(CO), with Chemisorbed and Physisorbed PMe, 

([Pc] = 2 moleculeslnr and 4 rnoleculesl"empty" cage) 



a Average number of PMe, molecules/a-cage. b Number of  physisorbed PMe, molecules/nr. Standard error of an individual 

determination of kObs. 



Table 6.3 Activation Parameters for Reactions of Mo(CO), 

with PMe, or 13C0 in the a-Cages of Na,Y 

Reaction 

Dissociative - 61 t5 -139 I 13 6.1 i 0.7 15 

reaction with 13COc 

Dissociative 
reaction with PM% 

Associative 

reaction with Pc 

Associative 

reaction with Pp 

Dissociative 

reaction with P(n-Bu), 

Associative 91 t5 -62 I 24 10.0 t 0.7 - 
reaction with P(n-Bu), 

a A = pree.pnentia1 term in Arrhenius equation. Root mean square deviation of k from k,, ch~ressed 

as a percentage. p(I3CO) = 100 T o r  remit is from reference 3c. Based on a standard state of 1 mol/L 

(volume of n. r. = ca. 1 0 ~ ~  L). In homogeneous solution. remit is from referencc 12. 



Table 6.4 Rate Constants for Associative Reactions of Mo(CO), with 

Physisoroed PM% in Na,Y with Externaiiy Applied Pressure of CO (650 Torr) 

a Rate constant for associative reactions of Mo(CO), with physisorbed PM% obtained by 

taking the dope of a plot of kobs vs Pp]. Probable error of an individual determination 

of kbS obtained by pooling al1 data at al1 temperatures and then adjusting according to the 

number of degrees of &dom. 



Table 6.5 Cornparison of rate constants obtained here 

with those reported previously 3c 

Ref. 3c (at 65.8 OC) This work (at 66.1 OC) 

a In units of (molecules/nr)-' s-'. 

Observai rate constants for reactions with Ml loadings of Pc molecules and [4] = O followed in the 

absence of any applied pressure of CO. 



Chapter 7 IsoKinetic Relationships (IKR) for 
Some Organometallic Reactions 11 

7.1 Introduction 

It was found many years ago that plots of activation enthalpy vs. activation 

entropy or activation energy vs. the pre-exponential factor term for a series of closely 

related reactions show a linear relationship. Constable1 was the first who found this Iinear 

relationship for the dehydrogenation of alcohol using different copper oxide catalysts. 

Many other cataiytic studies involving this effect were reviewed by S c h ~ a b , ~  Cremer,3 

G a l ~ e y , ~  Ranganathan et al-' and Linert et al? The types of reactions vary ffom 

~aporization,~ solid state inter difIÙsi0n,~9 thermal dissociation, l0 chernical adsorption, l 

viscosity of liquids12 and electron difision in organic semiconductors'3 to electrode 

kinetics,14 homogeneous organic reactior~s'~-~~ and pharmaceutical and biochemical 

sy~ te rns .~ l -~~  A number of narnes6 have been given to correlation's of this type, and the 

two most often used are compensation e f f e ~ t , ~ ~ - ~ ~  and isokinetic relation~hip.~"~~ The 

latter is preferred in this text. 

The compensation effect can be defined, in differential form, as 

RSlnA SASz 1 
d --=- 

E O  S M *  TL14 



where 6 is Leffler'slg operator which refers to the variation of discrete values within the 

considered series of parameters, and Th is the isokinetic temperature which is given by 

the inversed slope of a linear plot of in Ai vs. Eai or A F  vs. A P  for the reaction series that 

obey an isokinetic relationship. 

An iKR is expressed6 as 

using a continuous parameter, 5, instead of the discrete i values. Similar expressions (eqns 

7.3b and 7.4b) are obtained in the same way for activation parameters fiom the Eyring 

equation. Eqns 7.3 and 7.4 means that a temperature exists where differences between In 

k or In kIT within the series show a ~ninirnurn.~~~~ 

In(kt I Tr ) = ln(km I Tm) - AH', (1 1 RTt - 1 1 RTm) (7.4b) 

However, the physical significance or reality of a simple linear relationship between In Ai 

and Eai or M and A F  has ofien been questioned16*19v282z47 and in many cases it may be 



an ariifact arising fkom the means of evaluation of these parameters ftom the kinetic data. 

Although good statisticai procedures for analyzing the existence of an K R  fkom given 

data have been s h o ~ n * ~ ~ - "  it is necessary in this work to illustrate and stress the 

importance of quantitatively testing the reality of IKR. Funhermore, few examples of IKR 

have been seen in inorganic or organometallic reactions. Based on the statistical method 

by ExneS8 and Linert," a computer program written in BASIC and named "IsoKinetics" 

is written and appiied to quantitative tests of the existence of MRs in examples of 

inorganic and organornetallic reactions. 

7.2 Statistical Test 

7.2.1 Methods of Statistical Test 

There are two main statisticai procedures for the analysis of the existence of an 

IKR from given data, namely that of based on a variation anaiysis of a AG# and 

AW relationship, and a procedure based on the work of E ~ n e 6 ~  and ~ i n e r t , ~ ~  showing 

that a common point of intersection exists in the Arrhenius or Eyring plot. 

7.2.1. L The Krug Method 

Kmg has s h o ~ n ~ ~ ~ '  and given rasons for believing that, when kinetic data are 

plotted for IKR in the usuai way, the tme functional dependence, if any, is usually masked 

by a dominant statistical compensation pattern that arises solely from experimental errors. 

That is, the observed distribution of data points dong straight lines in the enthalpy-entropy 

plane is more often due to the propagation of rneasurement errors than to chernical 

variations. Data taken over narrow temperature ranges and with large experimental errors 

compared to chernical variations have relatively uncertain enthalpy estirnates and enthalpy- 

entropy correlation coefficients approach unity (usually much Iarger than 0.95-he 



correlation coefficients between the estimates of enthaipy and entropy. 

The estimates may, according to h g ,  be uncorrelated by translating the intercept 

to the mean of the range of the independent variable, such that for the Arrhenius equation: 

where (l/ï) is the inversed harmonic mean, Thm. Th cm be, for the special case of two 

temperatures, the arithmetic mean, the quantity 2TJ2/(3 TI -T2), or is approximated by 

the geometnc mean of the expenmentai temperatures The slope -E/R and intercept (ln A 

- E'(lI7)IRJ estimates are independent and the intercept is a measure of the fiee energy A 

ehm at Th. 

Rewriting the compensation equation 7.5 in tems of the definitions of AW, AF, and AQ 

yields the statistical compensation equation: 

Thus variations in the AG#, - AW plane due to the experimental errors have a 

completely random distribution and any observed stmctured pattern must be the result of 

chernical factors alone. In other words, a good linau relationship between A G f ,  and 

AW indicates a good KR. 

The limitation of the Krug method is that same temperature values have to be used 

for ail reactions in the reaction senes of IKR analysis. 



7.2.1.2 The Exner-Linert Method 

ExneS8 realized that in testing the vdidity of the compensation effect in tems of 

the Arrhenius equation one encounters difficulties in that both the activation energy and 

the logarithm of the pre-exponential factor are derived tiom the sarne data set and are thus 

statistically not independent. He showed how this problem can be avoided by means of 

different variables. 

Exner inserted the linear relationship between Ea and In A: 

into the Arrhenius equation for the senes of reactions 

kt = ~ ~ e x ~ ( - & . , l  RT) 

and took the logarithm to obtain eqn 7.4a 

which gives in the ln k vs. IIT plane (it is also called the Arrhenius plane) a family of 

straight lines intersecting at an ordinate position of ln k, and an abscissa value of 1IT'. 

Since ln k and Tare statistically independent this single point of intersection of Iines in the 

Arrhenius plane was suggested by Exner to be used for statistical testing. 

Based on eqn 7.4a Linert4* has given a statistical test method which enables 

quantitative F test of iKR and the rnethod is descnbed below. For a given set of straight 

lines in the Arrhenius plane the common point of intersection is caiculated at an arbitrary 

position dong the abscissa (x = URI), giving a value of y = ln k. For this point of 

intersection the sum of squares of the deviations of the measurements Cy, = ln 4) fiom the 



corresponding straight line defined by points including this point of intersection is 

calculated (SJ. These straight lines are called the constrained lies. By varying the 

cornmon point of intersection dong the abscissa a series of S, values are calculated and the 

minimum value of S. is found and denoted by So. This value of So is then compared with 

Sm, the sum of deviations of the measurements Cv, = ln ki) f?om the straight Iine defined 

by points of measurement alone, to calculate Fd and then compared with a corresponding 

vaiue Fbb fiom a statistical table for the F test. The formuIae for these calculations are as 

follows: 



where Xij = l/RTj, yij = In kij, mi is the number of points for straight line i, f the nurnber of 

such straight lines, and f statisticd degrees of fieedorn withfi = I-1 and fi = Zimi - 21. 

The So value should be smaller than the residual sum S, 

This corresponds to the hypothesis of parallel Iines, to assure that the found comrnon point 

of intersection is not an artifact due to the existence of isoenthdpic reaction series. 

The Exner-Linert method is preferred in the following exarnples of andysis since it 

is not restricted to the values and the number of temperatures at which the members of the 

senes are measured in addition to its giving directly the exact position of the characteristic 

parameters of the IKR. 



7.2.2 An Example 

A hypothetical set of kinetic data, as Listed in Table 7.1, is treated using the 

traditionai enthalpy-entropy plot rnethod, the Krug method and the Exner-Linert method, 

respectively, to show the effectiveness of the Kmg and Exner-Linert methods and that the 

good linear relationship in the enthalpy-entropy plot can be an artifact, and that a point 

which fits the straight Iine very well could be a very bad one with large errors. 

Table 7.1 Rate and Activation Parameter Data for A Series 
of Hypothetical Reactions a-e and a' 

kl x lo4, s " k2 x 1 04, s -l M* AS* 

Reaction (T I  =300 K) (TZ=315K) kcal mol -' c d  mol -' K -' 

Activation parameters AH* and A F  in Table 7.1 are calculated, employing the 

Eyring equation: 



from the rate constant values of k, and k2 measured at temperatures Ti and Gr 

respectively, for the hypothetical series of reactions a, 6, c, d, and e. The enthaipy and 

entropy values are ploned according to the usual method and give an excellent linear 

relationship as s h o w  in Figure 7.1. If k, at Tl = 300 K is very inaccurate, Say 4.32 x IO4 

sec? which is over three times larger than the original value of 1.32 x IO4 sec.", the point 

denoted as d in the plot fits the straight line very well although the activation parameters 

for readions a' change dramatically cornpared with that of reactions a and the point in the 

plot jumps from one end to the other. The reason is as mentioned earlier that enthalpy and 

entropy values are derived from only one set of data so that they are statisticaiiy 

dependent, and statistical correlation effects overshadow that due to chemical variations. 

According to the h g  method, values of AGCI, are caiculated using eqn 7.7 and 

plotted against A F  as shown in Figure 7.2. The data points for reactions a, b, c, d and e 

still fit very well onto a straight line but the point a' shows significant deviation from the 

line. The good linear relationship defined by points H is due to chemical variations and 

the very large deviation of a' from the line tells very large errors in point a', since A P h  

and iUP obtained are statistically independent. 

When the Exner-Linert method, Le. a plot of In(kl7) vs. 1IT here, is applied to the 

hypothetical set of data in Table 7.1 al1 the lines in the plane cross at a single point at Tiso 

= 309.9 K except the line defined by reactions a' (Figure 7.3). Both the Knig and the 

Exner-Linert methods show power in the separation of chemical contribution fiom that of 

errors but the latter method is preferred in this work for reasons mentioned earlier in this 

chapter. 

7.2.3 Data Catculation and Protocol of Statistical Analysis 

According to eqn 7.4b, which is sirnilar to eqn 7.4% and the Exner-Linert method 

of IKR analysis a farnily of straight lines in the In (UT) vs. l /T plane (we may cal1 this the 

Eyring plane) should intersect at an ordinate position of ln (kJT) and an abscissa value of 
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Figure 7.1 Traditionai isokinetic plots of AH* VS. AF for the hypothetical senes of 

reactions a, b, c, 4 and e as listed in Table 7.1. r and p are the least squares and 

statistical correlation coefficients respectively, and values in parentheses are obtained 

when a' is included in the analysis. 
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Figure 7.2 Plots of A c f b  vs. A F  according to h g ' s  method for the hypothetical 

series of reactions a, b, c, d, and e as listed in Table 7.1. r and p are the least squares and 

statistical correlation coefficients respectively, and values in parentheses are obtained 

when a' is included in the analysis. 



Figure 7.3 IKR (Eyring) plots of In (WI) vs. l lT according to Exner-Linert's method 

for the hypothetical series of reactions a, b, c, d, and e as listed in Table 7.1. 



1/T,  for a series of reactions which obey the IKR. Since ln (MIT) and T are statistically 

independent the single point of intersection of lines in the E*ng plane may be statistically 

F-tested using the Exner-Linert method and equations 7.10-7.14 but with x = l / T  and y = 

ln (kl7). 

A computer program written in QBASIC and named "IsoKinetics" (see Program 

B4 in Appendix B) is used to carry out the caiculations for the statidcal F-test based on 

equations 7.10-7.14. The program requires basic data for the statistical calculations such 

as the number of straight lines, the number of data points on each straight Line, and the 

temperature and In ( k l n  values for each data point, then outputs values of S, So, Seo, S, 

Sy, and the best position of a hypothetical cornmon point of intersection UTI, and In 

(kJT') for al1 the given data of a reaction series. The parameter S, is the root mean 

square deviation (RMSD) and is given as: 

wheref, is: 

The program also prints out parameters fi, f2, and Fd which are used to consult a 

statistical F-test table. 

The values of Fa, and Fhb with the number of degrees of fî-eedom equal toft,andft 

are compared at a given significance level (1 - a). The absence of an IKR cannot be 

accepted when the hypothesis that there is a cornmon point of intersection cannot be 

rejected at a certain significance level, i.e. when Fd is smaller than FWb However, neither 

is it proved that there is an KR. On the other hand, the reversal hypothesis that there is 



no common point of intersection can be rejected by means of cornparison of a l/Fd value 

with a corresponding F* value withf2, andfi degrees of freedom. If l/Fd is greater, one 

has to accept the existence of this IKR at the given significance level. 

7.3 IKR Analysis of Some Organometallic Reactions 

Ten senes of inorganic and organometallic reactions either studied in this research 

group and mentioned in the previous chapters or found fiom the literature are anaiyzed for 

the existence of IKR based on the Exner-Linert method and using the program 

"IsoKinetics", and the results of statistical analysis are sumrnarized in Table 7.2. The 

reaction senes have been chosen since 1) they are al1 inorganic or organometaiiic reactions 

and no exarnples of IKR analysis has been seen on inorganic and organometallic reactions 

in the literature; 2) they are studied or reported quite recently and contain the large 

numbers of precise kinetic data that are necessary for IKR analysis. 

7.3.1 Dissociative CO-Substitution Reactions of R u ~ ( C O ) ~ ~ L  

One of the substituent effects mentioned in Chapter 3 for the CO-dissociative 

substitution reactions of RU~(CO),~L (L = P ( ~ I - B u ) ~ , ~ ~  P(OPh)3, PPhEtt, PPh3," PCy3, 

e t ~ b , ~ ~  P(OEt),,* P(O-i-Pr)3, CO4' and PM~,") with P- and As-donor nucleophiles L is a 

good linear relationship of LW,' vs. AS,+ (Figure 3.12) which suggests a possible IKR. 

The results of statistical analysis are show in Table 7.2 and Figure 7.4- The Fa, (f'fz) 

value is srnaller than the corresponding table value at a = 0.10 for the series with al1 ten 

substituents L and IKR cannot be rejected at a significance level of 90 %. However, when 

the ten complexes are divided into two groups and tested separately, the 1/FdV2fi) value 

(42) is greater than the corresponding table value (14) at a = 0.01 for the reaction series 

in Group 2 (L = etpb, P(OPh),, P(OEtl3, CO, and P(n-Buh) and an IKR has to be 



Eyring for Ru3(CO)IlL Dissociation 

In(kl/T) 

- PPhEt2  - etpb * ~ ( 0 i ~ r ) 3 *  P(OPh)3 

A ' P(OEt I3  CO - - PPh3 - PnBu3 

Figure 7.4 Eyring plots for CO-dissociative substitution reactions of R U ~ ( C O ) ~ ~ L  (8 L. 

L = PMe3 and PCy3 are not included in the plot) with P- and As- donor nucleophiles. The 

IKR with 10 L is not rejected (90%) at Ti, = 729 K (RMSD = 0.187). 



accepted at a sigruficance level of 99 % (ki, = 1.12 x 102, Ti, = 452 K, RMSD = 0.227; 

see Figure 7.5), while an IKR has to be rejected at a significance level of 99 % for the 

other five reaction senes in Group 1 because the Fd (f&) value (28) is greater than the 

correspondhg table value (4) at a = 0.01. 

7.3.2 Associative CO-Substitution Reactions of Some RuS and Ru6 HNCCs with 

Nudeophiles L 

7.3.2.1 RU,C(CO)~J'(OP~)~ 

The CO-associative substitution reactions of R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  with various 

nucleophiles L' ( L' = etpb, P(OMe)3, P(OEt)3, PPh(OMe)*, P(OPh)3, PPh20Et, and 

PPh3), as described in Chapter 4, provide a large number of kinetic data and precise 

activation parameters. K R  has to be accepted at a significance level of 96 % for the 

series of reactions with six L's (the parameters are, without L' = PPh20Et, kh = 6.02x1C3, 

T, = 245 K, RMSD = 0.159; see Figure 7.6) according to the results listed in Table 7.2 

and higher significance levels are achieved when L' = P(OPh), or PPh3 are excluded in the 

series. Including the PPhtOEt data, however, results in a less accurate IKR and more 

scattered Eyring plots but the IKR still cannot be rejected at a significant level(90 %). 

7.3.2.2 R U ~ C ( C O ) ~ ~ P C Y ~  

CO-associative substitution reactions of the other Ru5 HNCC studied in Chapter 4 

(which provide a set of precise activation parameters) are those of R U ~ C ( C O ) ~ ~ P C ~ ~  with 

various nucleophiles L' ( L' = P(OPh)3, PPh2Me, and PPhMe2). IKR is accepted at a 

significance level of 90 % with an isokinetic rate constant of ki, = 2.21 x IO*' at isokinetic 

temperate of T, = 193 K (RMSD = 0.063) as illustrated in Figure 7.7. 



Eyring for Ru3(CO)IlL Dissociation 
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Figure 7.5 Eyring plots for CO-dissociative substitution reactions of R U ~ ( C O ) ~ ~ L  (5 L 

in Group 2) with P- and As- donor nucleophiles. The MR can be accepted at a 

significance level of 2 99% at Ti, = 452 K (RMSD = 0.227). 



Eyring Plots for RuSP(OPh)3 

-it- PPh3  --f- P(OEt)3 ETPB =" PPh2(0E) t  
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. P ( o M ~ ) ~ *  P(OPh)3 7 PPh(OMe)2 

Figure 7.6 Eyring plots for associative CO-substitution reactions of 

R u ~ C ( C O ) ~ ~ ( O P ~ ) ~  with P-donor nucleophiles. The K R  with 6 L' (without PPqOEt) 

can be accepted at a significance level of 2 96% at Tg = 244.65 K (RMSD = 0.1 59). The 

data for L' = P(OPhl3 fit least well to the K R  but can be made to fit. 



Eyring Plots for Ru5PCy3 

Figure 7.7 Eyring plots for associative CO-substitution reactions of Ru~C(CO)~,J'C~~ 

with P-donor nucleophiles. The IKR with al1 3 L' has to be accepted at a significance level 

of 90% at Ti, = 193.55 K (RMSD = 0.063). 



7.3.2.3 R u ~ C ( C O ) ~ ~  and R u & ( C ~ ) ~ ~  

Similar senes of reactions of some other HNCCs RU~C(CO)~$~  and RU&(CO)~P 

studied by this research group and reported in the Iiterature are also statistically tested for 

existence of IKR. The reaction of RL&(CO)~~ with P-donor nucleophiles is a simple 

associative CO-substitution involving attack by the nucleophile at a metal atom in the 

cluster, while the reaction of R U ~ C ( C O ) ~ ~  with small P-donor nucleophiles (8 5 133 O) 

undergoes two steps: adduct formation followed by CO-dissociation. Ail the three 

reaction series are tested and IKR can neither be accepted nor rejected at highly signifiant 

confidence levels (as shown in Table 7.2). 

7.3.3 Substitution of X=pDiketone in RIi(X)(COD) by TFBA 

The substitution of X = Pdiketone in Rh(X)(COD) (where COD = 1.5- 

cyclooctadiene) by trifluorobenzoylacetone (TFBA) in petroleum ether has been 

reported5* to follow both TFBA concentration independent and TFBA concentration 

dependent paths. The ms-effect of various pdiketones benzoylacetone (BA), 

acetylacetone (acac), dibenzoylmethane (DBM), tnfluoroacetylacetone (TFAA), and 

hexafiuoroacetylacetone (tIFAA) on the second order rate constants 4 are reported. The 

existence of an IKR of this reaction series is tested and the results are shown in Table 7.2. 

The reactions with X = B k  acac, and DBM show a clear K R  (Figure 7.8) at a high 

significance level (95 %) at T, = 271 K with RMSD = 0.032. However, MR has to be 

rejected (99 %) when reactions with X = TFAA and H F M  are included in the series. 

7.3.4 Reactions of cis-(L)(+DTH,)W(CO)4 Complexes with Lewis Bases L 

Temperature dependence kinetic data are reported" for reactions of cis-(L)(q'- 

DTHp)W(CO)4 complexes with Lewis bases L in chlorobenzene where DTHp = 2,2,6,6- 

tetramethyl-3,s-dithiaheptane and L = etpb, P(OM&, and P(0-&Pr). The statistical F 

test results of this reaction senes show (Table 7.2 and Figure 7.9) that IKR has to be 



Eyring Plots for Rh(X)COD 

(BA)  
- (H FAA) 

Figure 7.8 Eyring plots for substitution reactions of X = pdiketone in Rh(X)(COD) 

by TFBA in petroleurn ether. The IKR with 3 X (without TFAA and HFAA) can be 

accepted at a significance level of 95% at Ti, = 271 K (RMSD = 0.032). 



Eyring Plots for C~S-(L)(~I-DTH p)W(C0)4 

-b- etpb - P(OMe)3 -fC P ( 0 - i - P r ) 3  

Figure 7.9 Eyring plots for reactions of ~Z.S-(L)(~~-DTH.&W(CO)~ complexes with 

Lewis bases L in chlorobenzene. The IKR with ail 3 L has to be accepted at a significance 

level of 98% at Ti, = 198 K (RMSD = 0.048). 



accepted at a high significance level of 98 %, giving an isokinetic temperature of T, = 

198 K (RMSD = 0.048). 

7.3.5 Reactions of CO-Displacement in C O A C O ) ~ ~  Derivatives 

Another interesting exarnple of reaction series chosen for K R  test is the reactions 

of CO-displacement in C O ~ ( C O ) ~ ~  derivatives5* carried out in various solvents (THF, 

DME and heptane). The complexes studied are Co4(CO) 27 Co4(CO) P(OMe)3, 

Co4(CO) I 1p(OEt)3, CO~(CO) to[P(OMe)312, Co4(CO)dtnpod), and 

C~~(CO)~(dppm)(tripod), where dppm = H2C(PFh2)2 and tripod = HC(PPh2)3. 

Intennolecular CO exchange in al1 these species has been c o n c l ~ d e d ~ ~  to occur via a 

simple CO dissociative common mechanistic path when reacted with L = I3CO, P(OMe)37 

and PPh3. 

The results of IKR analysis (Table 7.2) of the kinetic data support the conclusion 

of a common CO-dissociative reaction pathway. The straight lines in the Eyt-ing plots 

(Figure 7.10) for reactions of al1 the six complexes intersect at a common point of Th = 

193 K and In (kiJTw) = -39.333 (RMSD = 0.125) with a significance level of 90 %. 

7.3.6 Reactions of [CO(RNH~)~H~OI* (R= CHJ and 8) with Ligands L 

The reactions and kinetics of [Co(RNH2),H20I3' (R = CH3 and H) with some 

anions and neutral ligands, L (L = Br', Cl-, CF3COO-, H2P04-, H2P03-, &PO2 and 

H2P02- for R = H, and Br-, Cl-, CF3COO-, H3PO4, &PO4-, &PO3 and H2P03- for R = 

CH3), were studied in aqueous solution by Poon et al. 53 (1 = 1 .O M (LiClO,)) at 40 - 80 

C. The statistical F tests show that an K R  has to be accepted at confidence levels of 85% 

(Ti, = 1269.65 K, RMSD = 0.128; see Table 7.2 and Figure 7.11) and 95% (L = 



Eyring Plots for Co4(C0)12-nL' + L 

In(k/T) 

Figure 7.10 Eyring plots for reactions of CO-displacement in Co4(CO) denvatives. 

The K R  for reactions of al1 six derivatives can be accepted at a significance level of r 

90% at Ti, = 193 K (RMSD = 0.125). 



Eyring Plots for Reactions of 
[Co(CH3NH2)5H20]3+ + L 

- H3P04  -4- [ ~ 2 ~ 0 4 ) - +  H3P03 * fHSP03I- 

CI- 4- CF~COO-A Br- 

Figure 7.11 Eyring plots for reactions of [CO(RNH~)~H~O]~' (R = CH3) with some 

ligands L (L = Bro, Cl-, CF3COO-, &PO4, &Po4-, &Po3 and H2P033. The IKR with 

six ligands L (L t Br') could be accepted at a significance level of ca. 85% at Ti, = 1270 

K (RMSD = 0.128), but an isoenthalpic analysis is almost equally satisfactory (see page 

208 and Table 7.2). 



491.75 K, RMSD = 0.168; see Table 7.2 and Figure 7.12) for the reactions when R = 

CH3 and L # Br-, and when R = H and L t H2P02-, respectively. 

7.4 Discussion 

7.4.1 K R  

The results of analysis mentioned above show that the IKR statistical test method 

described in the text is powerful and applies to examples of inorganic and organometallic 

reactions as listed in Table 7.2. The method can quantitatively evaluate the existence or 

absence of a common point of intersection in an Arrhenius or Eyring plane, giving the 

exact values of isokinetic temperature and rate constant. The results also illustrate that 

IKRs are real and do exist not only in examples of organic and heterogeneous reactions, as 

concluded by Linert,6 but aiso in inorganic and organometallic reactions. In practice IKRs 

exist in most of the examples of inorganic and organornetallic reactions chosen for 

analy sis. 

7.4.2 Reaction Mechanism 

Results of IKR statistical anaiysis may be used to help to identiw variation in 

reaction mechanisms within a series of reactions chosen for IKR test. A change in the 

mechanism is, as suggested by LeffIer,l9 reflected by a change in the IKR. Among the 

exarnples testified above, the reactionss ' of C~S-(L)(+D'IF&)W(CO)~ with L = 

phosphorus nucleophiles to form c~s-(L)~W(CO)~ and that52 of CO-displacement in six 

C O ~ ( C O ) ~ ~  derivatives with L = 13C0, CO, P(OMe)3 and PPh3 are claimed by the 

researchers to proceed via single reaction pathways and are supponed by the results of 

K R  analysis that show the existence of IKRs with al1 the reactions within a series at high 

significance Ievels (98 % and 90 %, respectively). In addition, the existence of IKRs for 



Eyring Plots for Reactions of 
[Co(HNH2)5H20]3+ + L 
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Figure 7.12 Eyring plots for reactions of [CO(RMI~)~H~O]~+ (R = H) with some 

ligands L (L = Br-, CI: CF3COO-, H2P04-, H2P03-, H3P02 and H2P02-). The K R  with 

six ligands L (L + H2P02') c m  be accepted at a significance level of 95% at Ti, = 491 K 

(RMSD = 0.168). 



associative CO-substitution reactions of Ru~C(CO),~P(OP~)~ with six phosphonis 

nucleophiles (except L' = PPh,OEt) and that of RLJ&(CO),#CY~ with dl the three 

phosphorus nucleophiles used suggests common reaction mechanisms within each series of 

reactions and this is in line with the fact that aIl reactions are associative in nature and 

reactions involve attack by a nucleophile at a metal centre in the clusters, as descnbed in 

Chapter 4. The reason why the reaction of R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  with L' = PPhtOEt does 

not fit the Eyring plots well enough for IKR test remains to be discussed. 

On the other hand, K R  is rejected (99 %) for the reactions of Rh(X)COD with 

TFBA when X includes al1 the five Pdiketones acac, BA DBM, TFAA and HFAA, but 

accepted at high significance level (95 %) when X = TFAA and HFAA are not 

considered. This suggests a possible difference in the intimate reaction mechanism when 

X = TFAA and HFAA compared with when X are other pdiketones. This can be argued 

as follows. The Pdiketone with stronger electronegative groups such as CF3 has larger 

trans-effect on the substitution of carbonyi gmups fiom a N(pdiket~ne)(CO)~] 

cornplex, and therefore, stronger Rh-O bonds and slower rates of substitution. The 

cleavage of the Rh-O bond in a [Rh(ediketone)(COD)] complex is easier and needs less 

assistance from the incoming nucleophile TFBA when the Pdiketone contains less 

electronegative groups compared with that when a more electronegative group such as 

CF3 is present?' In other words, the formation of a new Rh-O bond between the 

incorning new Pdiketone TFBA and the Rh atom in the complex is more important in 

contribution to the overall rate of reaction, or is the rate determining step. This is further 

supported by the very negative activation entropies of reaction when X = TFAA and 

mu-. 50 

The reactions of [CO(RNH~)~H,O]~+ (R = CH3 and H) with some ligands L were 

concluded by the researchers " to proceed by an Id mechanism but this mechanism was 

queried by Poë that some of the reactions with ves, negative entropy changes rnight be 1, 

in nature. This query is supported by the results of K R  analyses (Table 7.2) that data for 



reactions with L (L = B r  for R = CH3, and H2P02- for R = H) that give very negative 

values of entropy change (AS# = -45 J 6' mol-' for R = CH3, and AS# = -93 J K-' mol-' 

for R = H) do not obey the IKRs defined by reactions with the other ligands that showed 

positive or close to zero entropy changes, suggesting different intimate mechanisms of 

reactions. These reactions involve a decrease in charge, and, therefore, solvation on 

forming the ion pair that is coupled with the increase in A F  and expeded for a 

dissociative reaction. Associative nature might be involved for reactions with H2P02- and 

Br- because these two anions are the ones of strongest Lewis basicity and therefore 

possibly better nucleophiles than the other anions or ligands used in these studies. 

The unusually high value of isokinetic temperature (7''- = 1270 K) for the 

reactions when R = CH3 together with the very close values of S, (0.182) and S, (0.179) 

(see Table 7.2) for these reactions suggests the possibility that the reactions with the six 

ligands are isoenthalpic. This prediction is in agreement with the fact that the measured 

values of enthalpy are pretty close to each other (W = 108 t: 15, 93 f 6,  100 f 3, 108 f 

12, 101 + 6 and 1 12 I 2 W mol-' for L = H3P04, H2P04-, H3P03, &Po3-? Cl- and 

CF3COO-, respectively)." 

IKRs are neither accepted nor rejected at high significance Ievels for dissociative 

CO-substitution reactions of RU~(CO)~ ,L, associative CO-substitution reactions of 

R U ~ C ( C O ) ~ ~  and RU&(CO)~~ with phosphorus nucleophiles, possibly because of the 

different electronic and steric effects of the nucleophiles at different temperatures on the 

rates and activation parameters. Variation in solvents of reaction may also affect the 

isokinetic behaviow6 

7.4.3 Physical Meaning of K R  

IKR statistical analysis by the method used in the text gives specific values of 

isokinetic temperature Ti, and isokinetic rate constant kh. At isokinetic temperature T, 

according to the definition given in the beginning of the chapter, the change in fiee energy 



of activation AGC along the series of reactions is minimized, or the change in A F  is 

completely compensated by the change in AS# along the series of reactions. 

In other words al1 reactions in the series proceed at the same rate or the difference in the 

rate constant term ln k or In klT is minimized at isokinetic temperature T,. Above the 

temperature T-, d l  rate constants are larger than kk and the contribution to 6AGL fiom 

the 6AF term in eqn 7.18 is greater than that fiom the S M  terrn, therefore the series of 

reactions are entropy controlled, and vice versa below TL, when the series of reactions are 

called enthalpy controlled. This is important fiom the chernical point of view because 

reaction series that obey IKR are highly predictive in rate values and this can lead to 

important conclusions, for example that a reaction which is most active in the series at one 

temperature range may be the least active in another temperature range, or that al1 

reactions in the series proceed at about the same rate at a temperature (T.,). 

Results for some of the reaction series listed in Table 7.2, such as the reactions of 

[CO(RNH~)~H~O]~ '  with L (R = CH3, H; L = anions) when L is an entenng anion, have So 

> S, values and these reactions are more likely to show parallel straight lines in the 

Arrhenius or Eyring plots and are suspect of isoenthalpic behaviour. 

There seems to exist no general or common accepted theosP2 that would provide 

a physical interpretation of the characteristic IKR parameters. According to Linert's 

theorb6 which is more recent and based on Kran~er '~ and ~ c C o y ' s ~ ~  work, reactant 

molecules are supposed to become activated through their collision with other molecules 

of the surrounding medium, which act as a constant temperature 'heat bath'. M e r  a 

random walk over discrete energy levels of the reactants they reach, at the highest point of 

the banier, a point of no return (Figure 7.13). A relation between T, and the vibrational 

fiequency predominantly exchanging energy with the reactants present in their molecular 



surroundings is found by solving quantum-mechanical equations at resonance condition of  

harmonic oscillators, 

where h = Plank's constant; Nt = Avogadro's number; v = the predominantly active 'heat 

bath' frequency; and o = the reaaant fkequency. Linen6 correlated T, values with IR 

absorption muencies of  the solvents or cataiysts acting as 'heat b a h '  (Figure 11 in ref 

energy exchange 

heat-bath 
sys tem 

reac tan t 
system 

Figure 7.13 Random walk of reactants distributed in a potentiai well with a point o f  no 

retum (i.e. a reaction barrier) coupled to a 'heat bath' storing energy in vibrational levels 

(fiom reference 6). 



6).  Values of Tu, obtained here for the reactions of ~~S-(L)(+DTI-$,)W(CO)~ (L = 

phosphorus nucleophiles), CO~(CO)~~ derivatives and [Co(RNH2)&OI3' (R = CH3 and 

H) when chlorobenzene, THF and HzO are used as solvents aiso fall on the plot . No IR 

spectrurn of heptane and petroleum ether containhg absorption bands in the far-IR region 

has been found yet to correlate the values of Tm for the reactions of Ru carbonyl clusters 

and Rh(X)COD. 

7.4.4 LFER and IKR 

As descnbed in Chapter 1, linear fiee energy relationships (LFERs) are produced 

when rate constants or equilibrium constants of a series of reactions are plotted against a 

characteristic quantity measured by rneans of another reaction se rie^.'^-^^^' ~ i n e r t ~ ~ ~ * ' ~  

concluded that in generd whenever an IKR is found a LFER with a single parameter exists 

and vice versa. When this LFER holds true for at least two different temperatures, these 

LFER lines show either a cornmon point of intersection or parallel lines. A definition of 

this similar to that of IKR 

and the relationship between IKR and LFER for a well behaved series of reactions is 

schematically illustrated in Figure 7.14. 



Figure 7.14 Schematic plot of rate constants (or equilibriurn constants) k of a senes of 

three dXerent reactions measured at three dflerent temperatures in the LFER (right-hand 

side) and the Arrhenius plane (left-hand side) (fiom reference 6). 



Equation 1.4 is a widely used49*5g LFER which allows quantitative 

log kt = a + RpKa' + 4) + HO- &)A (1-4) 

separation of stereoelectronic effects via a computerized multivariant linear regression as 

pointed out in Chapter 1. It is expected that LFER plots (according to eqn 1.4) at 

difYerent temperatures intersect at a common point for series of reactions that show good 

K R  and obey eqn 1.4 although eqn 1.4 is a multivariant linear equation which correlates 

rate constant data term with electronic and steric parameters. One of the examples that 

satisfy these conditions is the associative CO-substitution reaction of Ru~C(CO)~$(OP~)~ 

with nucleophiles L' (when L' = etpb, P(OMe)3, P(OEt),, PPh(OMe)2, P(OPh)3, and Wh3) 

which gives a reasonably large number of well measured accurate kinetic data. To test the 

LFER behaviour of this reaction series at ditferent temperatures rate constants at various 

temperatures are calculated for reactions with the six nucleophiles according to the 

activation parameters listed in Table 4.4. These rate constants are then analyzed using the 

"STERICNEW" program to fit to eqn 1.4 and values of SR, ,û, y, &,, RMSD, and R2 at 

different temperatures are obtained and listed in Table 7.3. 

A direct look at the values of SR, P, y, and & in Table 7.3 shows that SR y, and 

& are al1 temperature dependent while P is temperature independent. Quantitative 

temperature dependence curve fitting study of SR, y, and 6L, shows that the following 

equations represent these parameters very well within the temperature range between 

244.6 and 338.1 K: 



and 

To see the LFER plots and behaviour, values of log kzO = SR + f i6 - &)A 

calculated using data in Table 7.3 and based on eqn 1.4 are plotted against 6, the 

Tolman's cone angle, at various temperatures (see Figure 7.15). Both eqn 7.23 and 

Figure 7.15 show that y+ O as T + T., = 244.6 K or -28.5 OC and the stenc profile at T 

= T, = 244.6 K is basicaily a horizontal line in the plot which means that stenc effects 

vanish at the IKR temperature. In other words changing the sue of a nucleophile L' does 

not affect the rate of associative CO-substitution reaction of R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  with LI. 

This is expected from the results of IKR analysis of this reaction series and from the 

conclusion of the above calculation that B is independent of temperature. A more 

important conclusion that can be drawn from Figure 7.15 is that al1 the plots intersect at a 

common point (log kZoira = -2.70 at Ouo = 153 O, h m  results of cornputer statistical 

analysis) meaning that at this isokinetic Tolman's cone angle B, = 153 O changes in 

temperature within the range of 244.6 to 33 8.1 K do not affect the rate term log kt0. It 

couid be further concluded that al1 reactions in the reaction series would proceed at about 

the same electronic effect-corrected rate as long as the nucleophiles have the same 

Tolman's cone angle of 8, = 153 O no matter if temperature changes or not since P has 

been show to be temperature independent. This conclusion shows that the reaction senes 

of RU~C(CO)~.+P(OP~)~ with P-donor nucleophiles L', as the v e ~ f i r s t  example, obeys the 

definition of eqn 7.20 even though the LFER of eqn 1.4 to which many reactions fit weil is 

one with more than one independent variable. 



4 deg 

Figure 7.15 LFER plots of log k2* = SR + HO - &)A against Bfor associative CO- 

substitution reactions of RU~C(CO)~$(OP~)~ with P-donor nucleophiles L' at various 

temperatures; AU the lines intersect at an isokinetic Tolman's cone angle 61, = 153 O .  
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Table 7.2 (Continued) 

Reactions of [ C O ( H N H ~ ) ~ H ~ O ) ~ ~  with L (L = Anions and Neutral Ligands) in H20i  

with 7L 174.05 0.699(13) 0.272(7) 0.66 1 ( 14) 1.44(6,7) -50.594 unrejected(70%) 

with 6L (-H2P0f) 49 1.75 0.309(11) 0.264(6) 0.363(12) 0.203(5,6) - 1.322 accepted(95%) 

Here S is the sum of squares of the deviations of the measurcments from the corresponding strained, unstraincd or parralel straight lines for a 

given common point of intcrscction, and f is the corrcsponding number of degrecs of frcedom as describcd in thç text (Section 7.2.1.2). Calculatcd 

Fvalue togcther with the corresponding degrees of f rdomf i  andji for cornparison with a table value. Statistical confidcnce/significance levcl to 

accept or reject an IKR using F test. Data initially from ref. 48. ' Data initially from ref. 49. f ~ a t a  initially from ref. 50. g Data initially from 

rcf. 5 1 .  ' Data initially h m  ref. 52. ' Data initially from rcf. 53. 



Table 7.3 Electronic and Steric Parameters for the Associative Reactions of 

RU&(CO)~S(OP~)~  with P-donor Nueleophiles L' (L' = etpb, P(OMe)3, P(OEt)3, 
PPh(OMeh, P(OPh)3, and PP4)  in Heptane at T = 244.6-338.1 K 

a Associative rate constants are calculated fiom the measured activation parameters (Table 4.4) 

for the reactions with the six nucleophiles. 

Root mean square deviation. 



I Chapter 8 Conclusions 

The kinetics of substitution reactions andor stereoelectronic Linear Free Energy 

Relationships (LFERs) of sorne mono-, di-, tri- and penta-nuclearity transition metal 

carbonyl complexes have been studied and the results are sumrnarized as follows. 

The clusters R U ~ ( C O ) ~ ~ L  (L = P(OPh)3, P(0-i-Pr),, PCy3, P(r143u)~ and PPhEt2) 

have been found to undergo monosubstitution reactions with P- and As-donor 

nucleophiles via both associative and dissociative pathways. The rate data of associative 

reactions for Ru3(CO),,L (L = P(OP~I)~ and PCy3) fit well to equation 1.4, giving sets of 

electronic and steric parameters (Table 3.6). These parameters together with others 

obtained eariier in this research goup enable one to examine the effect of a senes of 

substituents on the associative reactions of these clusters. The clearest substituent effect 

that is evident is the inverse correlation shown between the standard reactivity and P with 

steric deviations for larger (8 2 128') ligands (L) for the RU~(CO)~  IL clusters, suggesting 

that 1) the more intrinsically susceptible a cluster may be towards nucleophilic attack, the 

less it will need assistance from metal-nucleophile bond making dunng its associative 

reactions and the less discriminating it will be towards different nucleophiles; 2) the larger 

the ligand in the clusters, the more intrinsically susceptible the cluster is towards 

nucleophilic attack, suggesting that the ligand steric effect is important in favoring the 

metal-metal bond breaking according to the intermediates showing in 1 and II. 



These parameters also show that the standard reactivity (and the intMsic reactivity) of 

these clusters varies as L = P ( ~ - B u ) ~  > PMe3 > CO > P(OEtl3 = P(OPhl3. The 

dissociative rate data for R U ~ ( C O ) ~ ~ L  ( L = P(OPh),, P(O-i-Pr)3, PCy3 and PPhEt2) 

together with those reported elsewhere for L = CO, etpb, PMe3, P(OEt)3t PPh3 and P(n- 

 BU)^) (Table 3.7) fit quite well with equation 1.5 

The kinetics of the substitution reactions of the RU~C(CO)~~L (L = P(OPh)3 and 

PCy3) HNCCs show that they undergo reactions with P-donor nucleophiles solely by an 

associative path. The rate data for both HNCCs give excellent fits to equation 1.4 which 

is generally applicable to al1 associative reactions of metal carbonyls. Kinetic parameters 

denved from equation 1.4 show clear substituent effects. The standard reactivity (SR) and 

logarithrn rate for reactions with etpb, a typical small nucleophile, decrease in the 

following order: L = CO (2.9) > P(OPh)3 (0.5) > PCy3 (-2.0). The substituted HNCCs 

show a srnaller amount of bond making (P = 0.1 instead of 0.2 1 f 0.04) in the transition 

state, a little more "flexible" (y= -0.05 vs -0.07) transition state and smailer steric effect 



(a < 1 O 1 O vs. && = 1 1 7 O )  than those of the unsubstituted HNCCs. Activation pararneters 

A&* and AS2* show excellent linear correlation and suggest entropy dorninated reactions 

and possible isokinetic relationships. 

The measured energies of the O+& transitions in a number of axially substituted 

Mn,(CO)& and CO~(CO)&~ complexes containing non-x-acid phosphine substituents 

show unambiguously that Giering and Prock's aryl effect (quantifiable by Eu values that 

are almost proportional to the number of aryl groups attached to the donor P atom) is 

required in addition to a basicity and ligand size effects to account for the data. The 

equation h <O+@) = a + BpKa' + y0 + aE, gives an excellent description of the data 

(100(1-R2) 5 2.6%). Increasing O-basicity increases h<o+&) and increasing ligand 

size and increasing numbers of aryl groups decrease it (Table 5.3). The original 

explanation offered for the O donicity effect was that the elearon promoted to the & 

orbital spent more of its time close to the P-donor substituent than it did when in the a 

orbital. It would therefore be more destabilized by stronger a donors which would 

therefore increase the value of hv. The o basicity effect on the O+& transitions is 

buffered due to A back bonding to the CO ligands as indicated by the trend in thevco 

values. The origin of the steric effects probably lies in small increases in the M-M andor 

M-P bond lengths with increasing ligand size. The latter would act by preventing the 

ligand fiom exerting its full a donicity and the former would act by decreasing a orbital 

overlap. The ongin of the aryl effect still remains obscure. 

The temperature dependence of the rates of reactions of Mo(CO)~ with 

chernisorbed (Pc) and physisorbed (Pp) PMe3 rnolecules encapsulated in the a-cages of 

Na56-Y zeoiite have been measured. Rates observed under 650 Torr CO allow activation 

pararneters to be determined for the associative reactions with Pc and Pp molecules 

( AH(Pc)* = 44.8 2 1 .O kJ mol-', AS(Pc)* = -194 5 3 J K-' mol-'; AH(Pp)* = 122.6 2 

3.5 kJ mol-', AS(Pp)+ = -29.9 9.8 J K-' mol-'). The main conclusions are that the 

encapsuiated Mo(CO)~ is very strongly activated, in enthalpic terms, towards associative 



substitution by Pc molecules but this effect is almost exactly cancelied out at Ca. 66 OC by 

. accompanying unfavorable entropic factors. Associative substitution by Pp molecules is 

believed to be sterically hindered by the unavoidable presence of Pc molecules in the 

nanoreactor (nr) to the extent that advantage cannot be taken of the high intrinsic 

susceptibility of the Mo(CO)~ to associative substitution. Activation parameters (A&* = 

72 + 3 kT mol-'; ASdi = -106 & 8 J K-l mol-') for the CO dissociative reaction in the 

presence of 2 Pc molecuIes/nr have also been determhed and are close to those for the 

dissociative displacement of 12c0 by ')CO. 

Isokinetic relationship analysis has been done on a number of inorganic and 

organometallic reaction systems from the Iiterature. The quantitative statistical tests have 

been c h e d  out using a cornputer prograrn written in BASIC following Linert's method. 

Most of the exarnples studied (Table 7.2) obey isokinetic relationship as indicated by the 

existence of a real common point of intersection in an Arrhenius or Eyring plane and 

variations in the relationship have been related to the changes in reaction mechanisms. For 

the associative CO-substitution reaction of R u ~ C ( C O ) ~ ~ ( ~ P ~ ) ~  with L in particular it has 

been discovered as the veryfirst example that an isokinetic Tolmanfs cone angle (8, = 

153 O) exists and that the electronic parameter P as in equation 1.4 is independent of 

temperature, meaning that changes in temperature within the range of 244.6 to 338.1 K do 

not affect the electronic effea-corrected rate as long as the nucleophiles have the sarne 

Tolmanfs cone angle of 0, = 1 53 O. 



APPENDIX A IR SPECTROSCOPIC DATA AND PSEUDO-FIRST-ORDER 

RATE CONSTANTS FOR SOME RU CARBONYL CLUSTERS 

Table A l  Infrared Spectroscopie Data for Some 

Ruthenium Carbonyl Clustersa 

Cluster Solvent vcdcm-' 

Hexane 

Hexanes 

Hexane 

Cyclo- 

hexane 

Heptane 

Hexane 

Decdin 

Heptane 

Dodecane 

Hexanes 

2O6Os,2O29m,îO 1 Ow 

2O6O.4s,2O3O.7m,2O 1 1.7~ 

ZO97w,ZO45s,SO28rn,îO 1 Svs, 1 9 9 6 ~ -  1983s, 

196ûw 

2099m,2082m,2047m,2026s,20 16vs, 1996s, 

1985s, 1970m, 1945m 

ZO97.Ow,2O44.7~,2O27. Sm,2O 14.9vs, 

1 999.Ow, 1983.Orn, 

1960 .0~  

2 IO4w,2U5 1vs,2037s,2020vs,2002m, 1989w 

2 102~,2049~,2033m,20 18s 

2 1 O3.6w,2O5O. 6vs,2O3 7 .Os,202O.Ovs, 

2001.2m, 1 9 8 8 . 8 ~  

2097w,2044s,2026m,20 14vs, 1999sh, 

1993 sh, 1983 w, IWOw 

2097~,2043~,2025m,20 12vs, 1983 w, 

197th 



Table A 1 (Continued) 

Decalin 

Heptane 

Decalin 

Decalin 

Heptane 

Heptane 

C yclo- 

hexane 

DCM 

DCM 

Heptane 

Hexane 

Hexanes 

Heptane 

Heptane 

Hexane 

DCM 



Table A l  (Continued) 

Cluster Solvent vm(cm9 

DCM 

Heptane 

DCM 

DCM 

DCM 

Hep t ane 

DCM 

Heptane 

DCM 

Heptane 

Heptane 

Heptane 

Heptane 

Heptane 

Hept ane 

Heptane 

Heptane 



Table A 1 (Continued) 

R U ~ C ( C O ) ~ ~ P C Y ~ P P ~ ~ M ~  Heptane 2053w,2045m,202ûvs, 1993 w 

Ru&(co)&3 DCM 2050111,202 1 s,2002vs, I980m 

(L = PMePh4 

a Measrements are by this work unless indicated otherwise. 

Brodie, N. M. J., Ph.D. Thesis, University of  Toronto, 1989. 

Bruce, M. 1.; Hambley, T. W.; Nicholson, B. K.; Snow, M. R. J. Organomet. C h .  

1982, 235, 83. 

Chen, L., Ph.D. Thesis, University of Toronto, 1 99 1. 

Zheng, Y ., Ph.D. Thesis, University of Toronto, 1993. 

f ~ohnson, B. F. G.; Lewis, J.; Williams, 1. G. J. Chem. Soc. (A) 1970,901. 

g Johnson, B. F. G.;  Lewis, J.; Nicholls, J. N.; Puga, I.; Raithby, P. R.; Rosales, M. I.; 

McPartlin, M.; Clegg, W. J. Chem. Soc.. Dalton Tram. 1983, 277. 



Table A2 Pseudo-First-Order Rate Constants for Reactions a 

of R L I ~ ( C O ) ~ ~ L  + L '([Complex] = 2 - 4 x 1 0 4  M) 

2044.7 cm-' 

2044.7 cm-1 

2044.7 cm-1 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-[ 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm- 



Table A2 (Continued) 

L L ' T pl 0 3 k ~ b ~  6 Peak 

( O c )  (M) (s-l) Monitored 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 

2044.7 cm-' 



Table A2 (Continued) 

P(OPh 13 etpb 0.0640 î 0.0012 2050.5 cm-' 

0.04579 =t: 0.00089 2050.5 cm-' 

0.03914 * 0.00049 2050.5 cm-' 
0.02830 * 0.00047 2050.5 cm-' 

O. 1525 * 0.0046 2050.5 cm-' 

O. 1500 * 0.0028 2050.5 cm-' 

O. 1397 0.0032 2050.5 cm-' 

O. 1353 * 0.0029 2050.5 cm-' 



Table A2 (Continued) 

L L ' T [El lO3kob, Peak 

(Oc) 0 (s-9 Monitored 

P(O-i-Pr)3 AsP h, 

2050.5 cm-' 

2050.5 cm-' 

2050.5 cm-' 

2050.5 cm-' 

2019.6 cm-' 

2019.6 cm-' 

2019.6 cm-' 

2019.6 cm-' 

2050.5 cm-! 

2050.5 cm-' 

2050.5 cm-' 

2050.5 cm-' 

2050.5 cm-' 

2050.5 cm-' 

2050.5 cm-' 

2050.5 cm-! 

2046.6 cm-' 

2046.6 cm-' 

2046.6 cm-' 

2046.6 cm-' 

2046.6 cm-' 

2046.6 cm-' 



Table A2 (Continued) 

L L' T [El 1 0 3 4 , ~  Peak 

( O c )  (M) 0-9 Monitored 

2042.9 cm-' 
2042.9 cm-' 
2042.9 cm-' 

2042.9 cm-' 

2044.6 cm-' 

2044.6 cm-' 

2044.6 cm-' 

a In heptane unless othenvise indicated. Values with uncertainties were obtained fiom 

non-linear least squares regression analyses using KORE, others were obtained from linear 
least squares regression analyses of ln (A, - &) vs. time. In hexanes. 



Table A3 Pseudo-First-Order Rate Constants for Reactions of 

R U ~ C ( C O ) ~ ~ P ( O P ~ ) ~  + L' in Heptane ([Cornplex] = 2- 10 x 1 O-j M) 

etpb 25 .O 0.00 1864 

0.00093 19 

0.00093 19 

0.004660 

2050.5 cm-' 

2050.5 cm'' 

2050.5 cm" 

2077.5 cm" 

2050.5 cm'l 
2050.5 cm-' 

2050.5 cm'' 

2050.5 cm-' 



Table A3 (Continued) 

1 03k,,, a Peak 

6-'1 Mo nit ored 

524 nm 

524 nm 

524 nm 

524 nrn 

524 nm 

524 nm 

524 nm 

524 nm 

524 nrn 

524 nrn 

524 nrn 

524 nm 

524 nrn 

524 nm 

524 nm 

524 nm 
524 nm 

524 nm 

524 nm 

524 nrn 

524 nm 



Table A3 (Continued j 



Table A3 (Continued) 

1 o3kOb, a Peak 

(s-l Monitored 



Table A3 (Continued) 

T CL'] 1 03k0, a Peak 

cc) 0 (s-') Monit ored 

524 nm 
524 nm 
524 nrn 

524 nm 
524 nm 

524 nrn 
524 nm 

378 nm 
378 nm 
378 nm 

378 nrn 
378 nm 

378 nm 

378 nm 

400 nm 

378 MI 

378 nm 

524 nm 

524 nm 
524 nm 
524 nrn 



Table A3 (Continued) 

lo3k,,a Peak 

6-'1 Monitored 

a Values and uncertainties were obtained fiom non-linear least squares regression analyses 
using KORE. 

Data from repoR by Ophyr Mourad. 



Table A4 Pseudo-First-Order Rate Constants for Reactions of 

R U ~ C ( C O ) ~ ~ P C ~ ~  + L' in Heptane ([Cornplex] = 2- 10 x 10.' M). 

io4k,, O Peak 

(s-l) Monitored 

etpb 25.0 0.05564 

0.03655 

O. O2226 

0.0 l462 

0.006639 

2054.3 cm-' 

2054.3 cm-' 

2054.3 cm'l 

2054.3 cm-' 

2054.3 cm-' 

2054.3 cm-' 

2054.3 cm" 

2054.3 cm" 

2054.3 cm-' 

2054.3 cm-' 

2054.3 cm-' 

2054.3 cm-' 

2054.3 cm-' 

2054.3 cm" 

2054.3 cm-' 

2054.3 cm-' 

2054.3 cm-' 

2054.3 cm'' 

2054.3 cm-' 

2054.3 cm-' 

378 nm 

378 nm 

378 nm 
378 nrn 



Table A4 (Continued) 

378 nm 

2052.5 cm-' 
378 nm 
378 nrn 

378 nm 

2052.5 cm-' 

2052.5 cm-' 

2052.5 cm'' 

2085.2 cm" 

2052.5 cm" 

2085.2 cm-' 

2052.5 cm'' 

2052.5 cm-' 

2052.5 cm-' 

2052.5 cm" 

2052.5 cm" 



Table A4 (Continued) 

2052.5 cm-' 

2052.5 cm'' 
2052.5 cm'' 
2052.5 cm-' 
2052.5 cm" 

2052.5 cm-' 
2052.5 cm-' 

2052.5 cm'' 

2052.5 cm" 

2052.5 cm-' 

2052.5 cm-' 

348 nrn 

2052.5 cm" 

360 nm 

370 nm 

348 nm 

348 nm 

348 nm 

348 nm 

348 nm 

348 nm 

348 nm 

348 nm 

348 nm 

348 nrn 
348 nm 



Table A4 (Continued) 

i O%,," Peak 

(s-Il Monitored 

a Values and uncertainties were obtained fiom non-linear least squares regression anaiyses 

using KORE. 



APPENDIX B KINETIC PROGRAMS FOR 1) IR AUTO-MEASUREMENT, 

AUTO-SUBTRACTION GND AUTO-PEAK-READING; 2) 

QUANTITATIVESTATISTICAL IKR F TEST 

Program BI "MOPM303"-A program writen using the built-in commands for 
the Nicolet 205 FTIR spectroscopy for automatic kinetic measurements. 

MethodKinetics 
for K=l to 24 

\scan sarn scans= 100 gain= 1 Resol=4 Apod=off 
kitle sarn "PMe3 Substitution Mo(C0)6 vs T" 

IF K= 1 
\store Sam floppy" 1" 

else if K=2 
\store Sam floppy"2" 

else if K=3 
\store Sam floppy"3" 

else if K=23 
\store sarn floppy"23" 

else if K=24 
\store sarn floppy"24" 

end if 
pause 96 

next 
end rnethod(AA) 

end read 



Prognm B2 "MOPM3SUB"-A program writen using the built-in commands for 
the Nicolet 205 FTIR spectroscopy for automatic spectra subtractions. 

Method. Sub 
for K=l to 24 
IF K=l 

ùetneve ref floppy" 1 " 
else if K=2 

betneve ref floppy"2" 
else if K=3 

ùetrieve ref floppy"3 " 

O 

else if K=23 
betrieve ref floppy"23" 

else if K=24 
betrieve ref floppy"24" 

end if 
betrieve ref floppy"NaYW 
\display Sam 

subtract sam-refisam 
betrieve ref floppy"C0" 
\display res 

subtract sam-refhes 
\Me res"Mo(CO)6 Substn by PMe3 vs T Sub" 

if K=l 
\store res floppy" 1 S" 

else if K=2 
\store res floppyV2S" 

else if K=3 
\store res fioppyU3S" 

O 

else if K=23 
\store res floppyH23 SN 

else if K=24 
\store res floppy"24SW 

end if 
next 

end method(AA) 
end read 



Program B3 "MOPM3PEAKw-A program writen using the buüt-in cornmands 
for the Nicolet 205 FTIR spectroscopy for automatic peak-reading. 

Method.Peak 
for K= 1 to 24 
IF K=l 

ùetrieve res floppy" l SN 
else if K=2 

ketrieve res floppyM2S" 
else if K=3 

ketrieve res floppy" 3 S" 

a 

else if K=Z3 
ketrieve res floppy"23 S" 

else if K=24 
ùetrieve res floppyn24S" 

end if 
\redisplay X 2300 1750 
\redisplay Y 0.040 
\cursor on 1978 

queryUTake reading at 1978 cm- 1 ?" 
Gf yes 
\comment "Take reading then goto the next band" 
\else 
\comment "Goto the next band" 
kursor on 1975 

queryNTake reading at 1975 cm- 1 ?" 
\if yes 
\comment "Take reading then goto the next band" 
\else 
\comment "Goto the next band" 

w 

end if 
next 

end method(AA) 
end read 



Program B4 "IsoKinetics"- A program based on Linert's method and writen 
in Q-BASIC to carry out quantitative statistical calculations and analyses and to 
enable quantitative statistical F test of the existence of an isokinetic relationship. 

COLOR 15, 5, 5: CLS 
P m :  PRmT 
REM ********** F Test Program ********** 
REM 
PRINT TAB(25); "cc IKR F Test Prograrn »" 
D M  T(25,25), T2(25,25), X(25,25), Y(25,25), m(25) 
DIM E(1000), E2(1000), EX(1 OOO), EY(1000), SX(1000), SY(1000) 
DIM A(25), B(25), AB(25), A2(25), D(25), S(25) 
PRINT : PRINT : PRINT "How many straight lines "; : INPUT L 
PRINT 
F O R I = l T O L  
P W T  "How many data points for straight line #"; 1; : INPUT m(1) 
PRrNT 
FOR J = 1 TO m(1) 
p m  wt (w ;  1; ",Mi J; w) = v;  : INPUT T(I, J) 
p m  "y("; 1; " W .  , , J; ") = "; : INPUT Y(1, J) 
T2@, f) = 273.15 + T(1, J) 
X(1, J) = I / T2(I, J) 
PRINT 
NEXT J 
NEXT 1 
REM * * * * * Statistic Elements Caiculation * ** * * 
P=O:B=O:B2=0:AB=O 
F O R I = l  TOL 
A(1) = O: AB(1) = O: B(I) = O: A2(I) = O 
NEXT 1 
F O R I =  1 TOL 
P = P + m(I) 
FOR J = 1 TO m(1) 
B = B + Y(1, J) 
B2=B2+Y(IJA2  
AB = AB + X(1, J) * Y(1, J) 
A(1) = A(1) + X(1, J) 
AB(1) = AB(1) + X(1, J) * Y(1. J) 
B(') = B(I) + YU? J) 
A2(I) = 4 1 )  + X(1, J) A 2 
NEXT J 
NEXT 1 
% = O :  S6=0: S7=O: S8=0:  S 9 = 0  
FORI=  1 TOL 
S5 = S5 + B(1) A 2 / m(1) 



S6 = S6 + (AB(I) - A(1) * BQ) / mm) A 2 / (A2(I) - A(1) A 2  1 mm) 
S7 = S7 + A(1) * B(I) / m(1) 
S8 = S8 + A2(I) 
S9 = S9 + A(1) A 2 / m(1) 
NEXT I 
SOO = B2 - S5 - S6 
SF=B2-SS-(AB-S7)"2/(S8-S9) 
F l = L -  1 
F 2 = P - 2 ' L  
PRINT : PRIN' : PRINT 
K = I  
PNNT "The minimum temperature(in C) = "; : INPUT E(K) 
PRINT 
PRINT "The maximum temperature(in C) = "; : INPUT Z 
PRINT : PRINT 
PRMT "Please be patient, calculation in progress !" 
REM 
GOSUB 1000 
R = E(K) 
K = K + l  
E(K) = R +  1 
IF E(K) > Z GOTO 700 
GOTO 628 
N = K -  1 
so = SX(1) 
FORK= 1 T O N  
IF SO < SX(K) THEN GOTO 760 
so = SXW) 
H = K  
NEXT K 
F = (SO - SOO) * F2 / FI 1 SOO 
CLS 
PRINT : P W  : PR1[NT : PRINT 
PRIM' : P m T  
REM * f  * S * S S f S S  Generd Menu * S S S S * * f  f f 

PRINT ; TAB(27); "***** General Menu *****" 
PRINT ; TAB(34); " ": PIUNT: PRINT 
PRINT " Press Function" 
PRrNT" I f  

PRINT " 1 List Raw Data" 
PRINT" 2  Print Raw Data" 
PRINT " 3 Add Data" 
PRINT " 4 Change Data" 
PRINT " 5 Delete Data" 
PRINT " 6 List Calculated Data" 



PRINT " 7 Print Calculated Data" 
PRINT" 8 List Parameters" 
PRINT " 9 Print Parameters" 
P N N T "  G Goto Calculation" 
PRINT" A Another Calculation" 
P m  
PRlNT" E Exit Program" 
PRINT : PRINT : PRINT "Please press an appropriate key !" 
Y$ = INPuT%(l) 
IF Y$ = " 1"  THEN GûSUE3 2000 
IF Y$ = "2" THEN GOSUB 3000 
IF Y$ = "3" THEN GOSUE3 4000 
IF Y$ = "4" THEN GûSUB 5000 
IF Y$ = "5" THEN GOSUB 6000 
IF Y!§ = "6" THEN GOSUB 7000 
IF Y$ = "7" THEN GOSUB 8000 
IF Y$ = "8" THEN G O S U B  9000 
IF YS = "9" THEN GOSUB 10000 
IF Y!§ = "g" THEN GOTO 200 
F Y$ = "a" THEN GOTO 100 
IF Y$ = "e" TKEN GOTO 990 
GOTO 800 
END 
REM *******'** Sx & Sy Calculation ********** 
REM 
SI =O: S2=0 
E2W) = E(K) + 273.1 5 
EX(K) = 1 / E2(K) 
F O R I = l T O L  
D(I) = Au) - m(1) * EX(K) 
S(1) = D(1) / (A2(I) - 2 * EX(K) * A(1) + m(1) * EX(K) A 2) 
S i  = S 1 + S(1) * (-AB(1) - EX(K) * B(1)) 
52 = S2 + S(1) * D(1) 
NEXT 1 
EYCK)=@ - S l ) / ( P  - S 2 )  
S3 = O: S4 = O 
F O R I = l T O L  
S3 = S3 + (Bu) + EY(K)) A 2 / (rn(1) + 1)  
Q = (AB(1) + EX(K) * EY(K) - (A(I) + EX(K)) * (B(1) + EY(K)) / (mg) + 1))  A 2 
Q = Q / (Mo) + EX(K) A 2 - (A(1) + EX(K)) A 2 1 (mu) + 1)) 
S4=S4+Q 
NEXT I 
SX(K)=B2+L*EY(K)A2-S3-S4 
SY(K) = SQR(SX(K) 1 (P - L - 1)) 
RETURN 



1194 CLS 
1 196 PRINT : PRIM' 
2000 REM ***S***"* List Raw Data *****$**** 
2010 REM 
2020 PRINT " Line No. t(C) 1/T ln(kfï)" 
2030 PRINT " - Il 

2040 FOR I = 1 TO L 
2050 FOR J = 1 TO m(1): PRINT ; 1; TAB(l2); T(1, J); TAB(20); X(17 J); TAB(3 6); 
Y(I* J) 

NEXT J 
NEXT 1 
PRINT TAB(20); "Hit any key for MENU ! " 
C$ = INPUT$(l) 
RETURN 
REM ********f  * Print Raw Data ******* *S*  

REM 
PRINT : PRINT "1s the printer ready(y or n) ?" 
Y$ = MPuT$(l) 
IF Y$ = "y" THM GOTO 3060 
RETURN 
PEUNT : INPUT "*** Please enter the title ***"; TT$ 
LPRINT : LPRMT SPC((80 - LEN(TT$)) / 2); TT$ 
L P W  SPC((80 - LEN(TT$)) / 2); 
FOR T = 1 TO LEN(TT$): LPRINT "="; : NEXT T 
LPRINT : LPRINT 
LPR.INT "Line No. t(C) 1/T ln(k/T)" 
LPRINT : FOR T = 1 TO 79: LPRINT "="; : NEXT T: LPRINT 
LPRINT. 
F O R I = l T O L  
FOR J = 1 TO m(1): LPRINT ; 1; TAB(I2); T(I, J); TAB(20); X(1, J); TAB(36); 

yu, J) 
3160 NEXTJ 
3170 NEXTl 
3180 RETURN 
4000 REM ********** Add Data S * f  ***4***  

4010 REM 
4020 RETURN 
5000 REM *********+ Change Gata ********** 
5010 REM 
5020 PRMT "Please enter the STRAIGHT LME # you want to change"; : MP 
5030 PEUNT: PRINT 
5040 PRINT "Please enter the POINT # for LINE #"; 1; : INPUT J 
5050 PRLNT"Theonginalt(";I;",";J;")=". 7 V I ,  J) 
5060 PRINT "The new t("; 1; ","; J; ") = "; : INPUT T(1, J) 
5070 PRINT 

'UT 



PRNI' "The original y("; 1; ", "; J; ") = "; Y(1, 3) 
PEUNT "The new y("; 1; ","; J; ") = "; : W U T  Y(1, J) 
PRINT 
PEUNT "Do you like to change another set of data (y or n) ?" 
Y% = INPUT$(l) 
IF Y$ = "y" THEN GOTO 5000 
R E m  
REM ********** Delete Data * f * f  ****** 
REM 
RETURN 
REM ********** ListCalculated ]Data ********** 
REM 
PRINT " No. t(C) 1 /T Sx S y" 
P m T " =  I-- - - 

Wk/T) 
- - I I  - 

T = N / 2 0  
FOR 1 = 1 T 0  100 
IF 1 > T THEN GOTO 7200 
J 1  = ( I  - 1 )  * 20 
J2=Ji  + 2 0  
IFJ l=OTKENJl= l  
FOR K = J1 TO 12 
PRINT ; K; TAB(8); E(K); TAB(2O); EXO(); TAB(36); EY(K); TAB(48); 

SX(K); TAB(63); SY(K) 
7120 NEXTK 
71 30 PRINT : PRINT TAB(20); "Hit any key to continue !" 
7140 CS = lN?UT$(l) 
7150 NEXTI 
7200 FOR K = J2 TO N 
7210 PlUNT ; K; TAB(8); E(K); TAB(2O); EX(K); TAB(36); EY(K); TAB(48); 
SX(K); TAB(63); S Y e )  

NEXT K 
P R I M  : PRINT TAB(2O); "Hit any key for MENU !" 
C$ = rNPUT$(I) 
RETURN 
REM ********** Pnnt Calculated Data ******** 
REM 
PRINT : PRINT "1s the printer ready (y or n) ?" 
Y$ = NPUT$(1) 
IF Y$ = "y" THEN GOTO 8060 
RETURN 
PRMT "The previous title is: "; TT$ 
PRMT : PRINT "Do you like to use the same title (y or n) ?" 
Y$ = INPUT$(l) 
IF Y$ = "y" THEN GOTO 8200 
PRINT : N U T  "*** Please enter the new titIe !"; TT$ 



8200 LPRMT : LPRINT SPC((80 - LEN(TT$)) / 2); TT$ 
82 10 LPRINT SPC((80 - LEN(TT$)) / 2); 
8220 FOR T = 1 TO LEN(TT$): LPRXNT "="; : NEXT T 
8230 LPIUNT : LPRINT 
8240 LPRINT "No. t(C) 1 /T ln(k/T) Sx Sy" 
8250 LPRINT : FOR T = 1 TO 79: L P W  "="; : NEXT T: LPIUNT 
8260 LPRINT 
8270 FOR K = 1 TO N 
8280 LPRINT ; K; TAB(8); E(K); TAB(20); EX(K); TAB(36); EYCK); TAB(48); 
SX(K); TAB(63); SY(K) 

NEXT K 
RETURN 
REM ***** ***S* List Parameters *$$S****  

PRINT : P m  
PRMTWNo. t(C) 1 /T SO" 
P m " =  = - 

I n ( m  
1 1  - 

P m  : PRINT 
PRINT ; H; TAB(8); E(H); TAB(2O); EX@); TAB(36); EYOI); TAB(56); SO 
PRINT : PRIM' : PRTNT : PRiNT 
PRNI"'fl f2 SOO S inf F" 
p w  "= - - - - I l  

PRINT : PRINT 
P m  ; FI; TAB(8); F2; TAB(Z0); SOO; TAB(36); SF; TAB(56); F; "" 
PRrNT:PEUNT:PRINT:PRrNT:PRINT 
PEUNT TAB(2O); "Hit any key for MENU !" 
C$ = rNPUT$(l) 
RETURN 
REM ********** Pnnt Parmeters * * S * * * * * * *  

REM 
PRMT : PRTNT "1s the printer ready (y or n) ?" 
Y$ = m-PUT$(I) 
IF Y$ = "y" TKEN GOTO 10060 
RETURN 
P m T  "The previous title is: "; TT$ 
PRINT : PRMT "Dû you like to use the same title (y or n) ?" 
Y$ = rNPUT$(l) 
IF Y$ = "y" THEN GOTO 10200 
PRMT : INPUT "*** Please enter the new title ! "; TT$ 
LPRINT : LPRTNT SPC((80 - LEN(TT$)) / 2); TT$ 
LPRINT SPC((80 - LEN(TT$)) / 2); 
FOR T = 1 TO LEN(TT$): LPRINT "="; : NEXT T: LPRINT 
L P m  
LPRR\rT"No. t(C) 1 /T ln(k/T) SOI' 

LPRrJq'y"' ===: I I  - 

LPIUNT : LPRrNT 



10270 L P W  ; H; TAB(8); E(H); TAB(2O); E X o ;  TAB(36); EYOI); TAû(56); SO 
10280 LPRINT : LPRINT : LPRINT : L P m  
10290 LPRINTWfl f2 SOO F" 

- - - - s (in0 
10300 LPRINT "= I l  - 
10310 LPRINT : LPRINT 
10320 LPRINT ; FI ; TAB(8); F2; TAB(20); SOO; TAB(36); SF; TAB(56); F 
10400 RETURN 
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