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ABSTRACT 

~hosphite Derivatives - of Ruthenium and Osmium. 
- 

7 
-Several aspects of the chemistry of RU[P(OCH~)~]~ and 

4 " 

related derivatives were investigated. The major technique used 

in this study was 31P{1H] NMR spectroscopy. Several complexes of 

the type Ru[P(OR),],(q4-diene) (diene= C,H6, C5H,; R= CH,, C2HS, 
I 

CH(CH,),) wer? prepared by the ultraviolet irradiation of 
L 0 

Ru[P(0CH3),I5--~r RU[P(OR),I,(CO)~ and excess diene. These 
d 

previously untr?&p complexes were found to undergo 

intramolecular osphite exchange in solution (by 'PI 'HI NMR 

spectroscopy). Reaction of RU[P(OCH,),]~(~~-C~H~) with various 

two electron donor ligands gave the new complexes RU[P(OC~,) ,],L 

(L= P(OCiH5),, P(OCH(CH~)~)~, P(OCH,),CCH,, P(oc~H;),, P F d *  
& 

P(CH3), , P(CH,) ,C6H,, PCH, (C6HS), , P(c,H,CN),, s~(cH,! ,&. These 
b 

derivatives all underwent rapid axial-equatorial phosphi.te 

exchange in solution. Both sxTal and equatorial forms of 

RU[P(OCH,),],L iwith trigonal bipyramidal structures) were 

observed at low temperatures, depending on &. Arguments based on 

steric and electronic considerations are used to rationalize Ehe 

static solutiono structures for these compounds. Mechanistic 

studies suggested different fluxional mechanisms were operating - 

for the axial and equatorial isomers. The X-ray structure of ,, 
Ru[P(OCH,),],P(OCH,)~CCH~ is also discussed. 

The cations {xRu[P(ocH,),],)' (X= C1, Br, I, H, CH,) were 

prepared by reaction of RU[P(OCH,) ,IS with'C12, Br2, I ,, NH,', 

i i i  



and CH,I, respectively. These cations, isolated'as the PF, 

salts, all exhibited' 'Pi 'HI NMR spectra due to an AB, spin - 
system and were rigid in solution. The synthesis and 

characterization of {HRU[P(OCH~)~],P(OCH~)~CCH~]PF~ is also 
P 

discussed. Also presented are the unsuccessful attempts to 

prepare the* analo&s of RU[?(OCH~), 1, with P(OR), (R= C,H,, 

CH(CH3),. n-C4H9, P(OCH,),CCH~) and ~~[P~OCH,),],. 

The clusters O S ~ [ P ( O C H ~ ) ~ ~ ~ ( C O ) , ~  ( x =  1-61 were prepared 

from OS,(CO),, ar~d excess ~(OCH,), by thermal and photolytic - - 
" methods. The clusters with x= 5,6 are the most highly phosphite - - 

substituted derivatives of Os,(CO),, yet hnthesized. Isomers 

were observed for 0s3[~(OC~3)3]2(C~)1, and o~,[P(oCH,)~],(CO),. 

Variable temperature 13C and 3 1 ~ { 1 H ]  NMR spectroscopy revealed 

that for x= 1-5, the complexes were stereochemically nonrigis in 

solution. The spectra were interpreted in terms of two types of 

mechanisms occurring within the clusters: axial-equatorial CO 

-nges via intermediates with two carbchyl bridges, and 

trigonal t~ists at individual osmium atoms. The X-ray structure 

of O~S~[P(OCH~) ,I,(co); is also discussed. 
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CHAPTER 1 
*- - 

" INTRODUCTION 

1.1 Research Proposal 

cj The use of phosp @@us donor ligands in organometallic 

chemistry - has attracted,wide interest over the past several 

decades. The incorporation of phosphines (i.e. PR3; R= alkyl and 

aryl) and phosphites (i.e. ~(0~1;; IG alkyl and aryl) into 

transition metal carbonyls, for example, has been found to alter 

the electronic and . , steric properties of these complexes - 

considerably. Transition metal complexes containing trivalent 

phosphorus ligands have been utilized extensively as homogeneous 

catalytic reagents in transformations such as hydroformylation, 

hydrogenation, and others [1,2,3]. - - 

Transition metal species containing only one type of ligand 

(homoleptic comprise a relatively rare class of complexes. - - The 

archetypical example, of course, is the metal carbonyls. There 

has recently b e m  considerable interest in homoleptic transition 

metal-phosphite complexes (see chapter 2 introduction). Many of. 
Jt 

these contain a central metal in a formal oxidation state of 

zero.and have stoichiometries analogous to the corr~esponding 

' binary carbonyl complexes. The difference in electronic and 

steric properties of the carbonyl and P(OR), ligands, however, 

might be expected to confee different chemical properties on the 
.h 

two types of complex~s. For example, the better o-donqr and 



poorer n-acceptor properties of the phosphite ligand relative to 

CO shBuld give the metal centre of a binary phosphite complex a 

- relatively -- high ,accumulation of electron density. Considering 

the vast and varied chemistry associated with binary metal 

carbbnyls, the potential breadth of chemistry for the analogous 

metal-phosphite complexes is large. 

Our interest in phosphite complexes of the transition metals 

had its b;eginnings in 1979. It was found that the ultraviolet 

irradiation of Ru,(CO),, and excess P(OCH,), in hexane for 

several days led to the isolation of RU[P(OCH,),], in good yield 

[4,5]. ~entakis(trimeth~1 phosphite)ruthenium(O) had* been- 

previously prepared by a more tedious route [ 6 1 .  It was felt 

.that this homoleptic metal(0)-phosphite complex merited further 

study. Although a number of complexes of this type had been 

prepared (see introduction to chapter 2), little study of their 

chemistry had been undertaken. It was predicted that the 

electron rich metal centre of Ru[P(OCH,),], would leadGto facile 

oxidative-adaition reactions. In addition, it was thought that 
*. 

,4+ 
the steric*pressure of five relatively large P(OCH>), ligands 

/' 
(see l a d r  discussion on steaic ef fects for phosPhites) would 

\ 

allow the straightforward preparation of substituted ( 
- - 

derivatives, e.g. RU[P(OCH~)~I~L and RU[P(OCH~),]~L~ (L= 2 

electron donor ligand) . Stereochemical nonrigidity 
. -. 
.- , 

ubiquitous feature of pentacoordinate, transition metal 
* 

complexes 1 7 1 .  It was expected that  derivative.^ of RU[P(OCH~)~], 

would exhibit !such behaviour; P( 'HI NMR spectroscopy 



k 
i, represented the ideal technique to examine such processes. As 

- 
mentioned previously, transition mekal complexes with'phosphorus 

donor ligands have found extensive use in homogeneous catalysis. 

The potential use of highly phosphite-substituted complexes in 

this area provided an added incentive to the proposed study. 

In addition, it-was felt that the generality of the 

preljminary results concerning the preparation of Ru[P(OCH,),], 
, 

from RU,(CO)~~ and P(OCH,), by photolytic activation needed 

examination. It appeared reasonable that the iron and osmium 

congeners of RU[P(OCH,),]~ could be prepared by a similar route 

and that phosphite ligands other than p(OCH3), would also yield 

- ,  penta(phosphite)-metal complexes. 
f 

The research proposal may be summarized as follows. The 

;eactivity of pentakis( trimethyl phosphite)rutheniumiO) as a 

, nucleophilic reagent and the substitutional lability of the 

comp'lex were 'examined. Substituted derivatives of RU[P(OCH, ) , 1 5  
-.- were studied by variable temperature 3 1 ~ { 1 ~ )  NMR spectroscopy to 

determine the factors influencing site preference of the ligands 
a 

and the barr'iers to nonrigidity. The generality of the 

preparation o•’--F!u[P(oCH~~,]~ was also studied, with repect to 

both the central metal 6nd identity of the phosphite ligand. 

As will be seen later, the results were not always as 

expected. In particular, attempts to prepare - OS[P(OCH~~,],'W~~~ 
D -- 

unsuccessful. Instead, phosphite-substituted derivatives of 

Os,(CO),, were isolated. The study of the stereochemical 



nonrigidity exhibited by these trinuclear complexes (mainly by 

variable temperature 13C and 3 1 ~ { 1 ~ 3  NMR techniques) allowed 

considerable insight into the exchange processes operating. 

1.2 Steric and ~lectronic Effects in Metal-Phosphite complexes - - - 

F 
P 

Therelare two components to the metal-phosphorus bond in a 

metal-phosphgyus - d~nor~ligand complex. Both are qualitatively 

similar to the. bonding in metal carbonyl compounds but differ 
.lyz 

quantitatively. ~ondtion of theghosphorus lone pair to a metal 

o-type orbital forms a P-M a-bond. Synergic back-bonding, where 
- 

a filled metal d-orbital (or a metal nd-(n+l)p hybrid orbital) 
#'- 

overlaps with an empty phosphorus n-type orbital, form~ a M-P 

a-bond. The nature of the phosphorus orbital used in this n 

b~nding has been the topic of recent discussion. Previous 

contemporary thought supported the notion that the empty 3d 

orbitals of the phosphorus donor ligand were invo1"ed [8']. 
* 

Recent work, however, has implicated the o orbitals of the. 

phosphorus donor ligand (e.9. the .antibonding orbitals of the 

phosphorus-carbon bonds in ~(CH,),) as the major contributor to 

M-P n-bonding [9]. 

~- 

- In general, phosphite ligands are considered better ~-donors 
'4 f 

and poorer n-acceptors than the carbonyl group. turn, 
J 

phosphine ligands are typically considered better o-donors and 

poorer a-acceptors than the phosphites. The special case of PF, 

is worthy of mention. Electronegative substituents 'are thought 



to substantially reduce the o-donor character of-the phosphorus 

donor ligand; at the same time the P'U-acceptor orbitals are 

contracted, leading to better r overlap [81 .  Cafbon monoxide and 

PF, are thus thought to be comparable in their electronic 

properties. 

- 
An attempt to rank the overall electron'dmor-acceptor 

properties of triply connected phosphorus ligands (i.e. o and r 

effects) has been undertaken [ 1 0 , 1 1 ] .  The method consisted of 

measuring the A, carbonyl stretching frequency of Ni(CO),L in 

CH2C12, for a wide variety oftrivalent phosphorus ligands L. - 
These values (in cm- ) were used to order the ligands in terms 

of their total electronic effect. Ligands with .. good o-donor 

properties caused increased electron donation from the Ni into 
* 

the n orbitals of the CO ligands, reducing the v(C0) value. - -*. 
1 poor n-acceptor ligands forced more metal electron density into - * 

the carbon monoxide a orbitals, also resulting in a lower A ,  

frequency. No attempt was made to partition this total 
- 

electronic effect into component o and n contributions. 

Recent work has shownthat some of these conclusions 

regarding the electronic parameters of P donor ligands are too 

simplistic. A more detailed analysis of the donor-acceptor 

properties of the substituents on the P atom (using 157 , . F 

different phosphorus ligands) indicated several factors were . 
involved [ 1 2 ] .  



At least as important as'electronic effects in -- 
4 

metal-phosphorus donor ligand complexes are steric$effects. 

Molecular structures, rate and eqalibrium constants, W R  
sp- 

chemical shift-s, and even'relative infrared intensities have 
0 

been correlated -with ligand cone angles [ 1 la]. The cone angle, 

8, hasibecome the accepte,d measure of the steric effect of a 

particular trivalent phosphorus ligand. This ;teric parameter 
\ - 

(for symmetric ligands) has been defined as the solid angle o i s a  
s 

cylindrical cone, centred 2.28 angstroms (2.57 cm when scaled) 

from the centre - of the P atom &-a space-filling %model, which 7 
just touches the van der Waals radii of the outermost atoms of 

the model [ 1 1 ] .  Special techniquss were used to define 6 for 

unsymmetrical ligands PX,X2X3 and those with internal degrees of 
I 

freedom (e.g. rotation about P-C bonds). Li.gands with large cone 

angles have been shown -to cause extensive dissociation from 

metal-phosphine and -phosphite complexes [ l l a ]  and might be 

expected to affect barriers to nonrigidity in fluxional 

molecules. 
3 

- - -  

1.3 Previous ~esults Included -- in this Thesis - - 

9 

Some of the results included in-this thesis were obtained 
#- -5 

before the formal commencement of the author's Ph.D. program 

(January, 1982)- .  These results formed part of an undergrad"ate 

research project undertaken by the author, under the supewis?on 

of Dr. R. K. Pomeroy. Most of these are previously unpublished 
- - 

results. They are included in this thesis for a variety of 



, 
* 

1 
B 

reapns. The synthesis and properties of RU[P(OCH~)~]~ are 

included for obvious reasons: this is the major starting 

material for many of thenew derivatives repor-d here.*The 

results concerr'ing RU[P(OCH, ) ] -have been previously published - 
[ P ,  51. The rationale for reporting the synthesis and properties, 

-of Ru[P(OCH,),J,(~~-C~H,) is also clear: this is the precursor 

for all the RU[P(OCH,),I,L derivatives presented in this thesis 

-' 

(see chapter 2). Subsequent work on the ethylene complex was 

performed after January, 1982. This inclqded further mass 

spectral analysis and the measurement of the 'H NMR spectrum, in - 
additiox to several reaction studies monitored by 3 1 ~ { 1 ~ )  NMR - 
spectroscopy (see chapter 2). Previous results concerning ' 

Ru[P(OCH,),],(~~-C,H~) are also included in this thesis. This 

was dbne to help assess the electronic and sters effects on the 
I> 

fluxl%al barriers for the two series of complexes 

R~[P(OR) , I 3  ( ~ I ~ - C , H ~ )  (R= Me, Et, i-Pr) and RU[P(OR) l 3  (~'-CSH~) 

(R= Me, ~ t )  (see chapter 2). The complexes (XRU[P(OCH,),]~)PF, 

' ( X =  C1, Br, I, HI CH,). also formed part of the previously - 
mentioned undergraduate project and are presented in this 

thesis. Subsequent studies on these complexes carried out during 

this thesis include fast atom bombardment -mass spectrometry and 
/ 

more detailed 3'P('H) NMR computer simulations. The results for 

the methyl complex fCH3Ru[~(O~~3)3]5)~ have been published 

1 4 , 5 1 .  These cationic Ru species are included in this thesis to 

place the research reported in chapter 3 in the proper context. 

The ease with which these cations were formed from RU[P(OCH~),], 

suggested that a number of 'related derivatives might be 
3 



- 
prepared; a number of react ions (mostly unsuccessfu~ were - --- 

attempted based on this assumption (see chapter 3 ) .  
.r 2- 

-+ + 

- 

Thesis C'ontents 

chapter 2 of this thesis presents the preparation of 

RU[P(OCH,)~]~ and the substitutionally labile 

(R= Me, Et, i-Pr) and RU[P(OR), I ,(qa-c5~,) '(R= Me. Et),   re pared 
- 

from either RU[P(OCH,)~]~ ar RU[P(OR),I,(CO)~ ( R =  Et, l - P r ) ,  are 
%" 

A 

reported. The stereochemical nonrigidity of these diene 

complexes in solution is also discussed. The monosubstituted 
4 

-r 

derivatives RU[P(OCH,) ,],L (L=* P(OC2H5) ) ,  P(OCH{CH, ) 2 )  3 ,  

- 
P(C2H,CN),, SbMe,), prepared by the reaction of. +< 

Ru[P(OCH,),],(~~-C~H,) and L, are reported. The variable 

temperature 3 1 P { 1 ~ )  NMR spectra of these fluxional complexes 
- - 

were measured; arguments based on steric and electronic 

considerations are used to rationalize the site preference of L 

and the variation in-barriers to no rigidity displayed by the f 
RU[P(OCH,),],L complexes. The X-ray structure of 

R~[P(OCH,),],P(OCH~)~CCH~ is also discussed. 

The focus of chapter 3 is the reactiori of RU[P(OCH,),], as a 

nucleophile. The .cationic Ru complexes (xRu[P(OCH, ) , I ( X =  H. 

C H  1 ,  I ,  isolated as the Pi?, salts, are presented. The 

rigid nature of these species in solution .i's shown by- 'Pi 'Hi 



NWR spectroscopy. Attempts t d  propare several snak?gtws 

cmplexea are reported. In addition, the synthesis and 

Chapter 4 is  concerned with sttempts t o  prepare analogues of 

RU~P(OCH,),),, utilizing ligands other than P(DCH3)I (See .  

reported are attempts to synthesizes O s f P f W H , ) ,  1,. 
t 

i Tne synthesis add characterization of 0s,[PfOCH,),]x(CO)12-x 

( x =  1 , 2 1  i t re the s 9 j c c t  of c'haptar 5. hl'so includcd is t h e  - 
4 

X - r a y  s t r u c t u r e  of OS,[P{OCH,) ,I,(co)~. 6 

Chapter 6 is concerned with the stereochemical nsnrigidity /' 
, - 

of  ~ s J , ~ P ~ x H , ) ,  jX(C0) 12-x in solution. Variable -- 
temperature '>C and ''PI 'HI NHR spectroscopy were used to probe 

- the f lexiunal processes occurring in these molccufes. Two 

specific t y p e s  of mechanisms are used to rationalize the 

tcmpcraturt dependent W data .  

A short appendix ( 2 )  discussing techniques for calculating 

activation parameters for t h e  nonrigid processes examined in 

t h i s  thesis is-also i s l u d c d .  



CfUPTER 2 
" - 

7- 

~hosphite Derivatives of Ruthenium. Preparation of ,RU[P(OCH,),], 

and R U [ P ( ~ , ) , ] , ( ~ ~ - C , H , ) .  Complexes Derived 'from Substitution 

of Various Ligands for P(OCH3), in Ru[P(OCH~)~I,. X-ray 

Structure of RU[.P(OCH,),],(P(OCH~)~CCH~]. ' 

a This chapter and the succeeding one deal with the ', 

preparation and some chemistry of R~[P(ocH,),],. Consequently, a 

brief survey  of known homoleptic metal(0)-phosphite complexes 
i 

and their chemistry will be presented. 

The complexes shown in table 2.1 have been synthesized. A 

number of synthetic routes have been used in' their preparation. 
- - 

Photolytic activation of Mo(CO), and Ru,(COf i n  the presence 

[4,5], respectively. The reduction of transition metal halides 

wi'th Na/Hg, K/Hg, and other reducing agents in the pr-esence of 

excess phosphite has been frequently.utilized; this route has 

allowed the' preparation of M[P(ocH,),], (M= Mo, W )  [14,15,16], 

C~[P(OR),], (RE Me, ,-PC) [ 1 7 , 1 8 , 1 9 ] ,  and CO,[P(OR),], ( R = M ~ ,  

P [17,18,19]. ~etal'vapour synthesis has led :Q t h e  
A 
\ 

formation of c~[P(ocH,),]~ [20,21], F~[P(oCH,),~,, and 

P~[P(OCH~),CE~]~ [22]. Ligand displacement from labile 

precursors has been used to synthesize R ~ , [ P ~ o c H , ~ , ] ~  [ 2 3 1  and . 



t 

compound References 

c~[P(oR),]~ ( R =  Me) 
M~[P(oR);]~ (R= Me) 

w[P(OR) 3 1 6  (R= Me) 
t R~,[P(OR),],~ (R= Me,*Ph ) 

F~LP(o~Z),], (R= Me, Et, i-Pr; R3= (CHZ)~CE~ ) 

RU[P(OR),]S (R= Me) 
t OS[P(OR),], (R= Me 1 

L 4 

CO[P(OR)~], (R= Me, Et, i-pr, Ph) 

CO,[P(OR),], (R= Me, Ett i-Pr) 

~ h f  P(OR), 1 (R= i -Pr) 

R~,[P(OR),], (R= Me) 

I~,[P(OR),], (R= pht) 

N~[P(oR),], (R= alkyl and aryl) 

N~[P(OR),], (R= 0-tolyl, 2,4-~ylyl) 

Pd[P(OR),], (R= alkyl and aryl)" 

P~[P(oR),], (R= Ph) 

Pt[P(OR),], (R= alkyl and aryl) 

P~[PCOR),], -fR= Me, Ph) 

t=  poorly or incompletely characterized 

Table 2.1 Known zerovalent , homoleptic, metal-phosphite 

complexes. 



Although a number -- of binary metal(0)-phosphite complexes 
-- 

have been prepared, their chemistry $as not been studied in any 

detail. The photochemical lability of W[&OCH~) 16 was 

illustrated by ultraviolet irradiation of the complex with H, in 

hexane: the tungsten hydrides H~w[P(OCH~)~]~, H ~ w [ P ( o c H ~ ) ~ ] ~  

and H ~ W [ P ( O C H ~ ) , ] , [ ( C H ~ O ) ~ P O P ~ O C H ~ ~ ~ ]  were rapidly formed [ 1 6 ] .  

The reactions of H,, H', and CO with M[P(ocH,),]~ (M- Mo, W )  and 

R~,[P(oCH,),],, were studied by 'H and 3 1 ~ i 1 ~ ]  NMR spectroscopy 

[25]. The W irradiation of MO[P(OCH~)~]~ and H2 in THF gave - 

H,Mo[P(ocH,),], and H,M~[P(ocH~)~], while the analogous reaction 

The treatment of w[P(ocH~)~]~ with excess CF3COOH in ethylene 

glycol dimethyl ether led to formation of HW[P!~CH,)~],(O,CCF,), 

although small amounts of {HW[P(OCH,)~]~)+ were also detected. 

The product from the reactidn of R~,[P(OCH,)~],, and excess 
<I-' 

CF3COOH in CD2C1, was tentatively identified as' 

H2Re[P(OC~3)3]3(02CC€3). The major product derived from the W 

irradiation of FG~,[P(OCH~)~]~~ and 13C0 in THF was - 
r ~ ~ ~ ~ - H R ~ [ P ( o c H ~ )  ,I4( b3C0) while the correspond'ing reaction with 

W[P(OCH, ),I6 gave I ~ ~ ~ s - w [ P ( o c H ~ )  , I,( l3co) 2 and 

Only the chemistry of F~[P(OCH,)~]~ has' been studied in any 

detail 1261. The reaction of this com@lex with, H2 in THF slowly 

gave H2Fe[P(0CH3),], and P(OCH,),; the reverse reaction did npt 



proceed, even at elevated temperatures. The reaction of 

FefPfOCH3)3]5 with carbon monoxide in polar solvents yielded a , 

mixture of F~[P(OCH,)~]'~(CO)~ and F~[P(OCH~)~],CO, although 

there is some controversy regarding the. latter complex 151. The 

rates of CO substitution were solvent dependent. The treatment 

of F~[P(OCH,),]~ with excess PF, in CH2C12 afforded 

F~[P(OCH,),],(PF,)~. A series of cationic Fe complexes of the 

type (XF~[P(OCH,),J~)' (X= H, CH,, C1. Br, I )  were prepared: 

these are discussed in more detail in-the introduction to 
\ 

chapter 3. 

Stereochemical nonrigidity in solution is a ubiquitous 

feature of five coordinate complexes 17,321. A series of papers 
n+ investigating this phenomenon for da complexes of the type ML5 

(n=O: M= Fe, Ru, 0s; n=l: M= Co, Rh, Ir; n=2: M= Ni, Pd, Pt; L= 

phosphite) have appeared in the literature [6,33,34,35,36,1. 

These complexes were studied by variable temperature 3 ' ~ { ' ~ 1  NMR 

spectroscopy in conjunction with density matrix line shape 

calculations and proup theoretical methods of perm&atio& 

analysis. In the slow exchange limit all m these complexes 

exhibited 31P(1H) NMR spectra due to A2B3 or AzB,X spin systems 

(X= metal atom). As the temperature was raised most of these 

spectra broadened, coalescing into single lines (AS spectrum) or 

doublets ( A  part of A5X spectrum). The invariance of this 

behaviour to added l i g h d  that the rearrangements were 

intramolecular. 



A detailed permutational analysis of this rearrangement (in 

conjunction with density matrix calculations) revealed several 

important points. The line shape changes (in all cases) were 

consistent with the simultaneous exchange of the axial ligands 

with a pair the equatorial 1 igands 
1 

in the tr igonal 

bipyramidal ground state structure; \ai corresponding process, 

involving only a single axial.and equatorial group, was shown to 

be inconsistent with the observed line shape changes. Several 
e 

physical mechanisms which result in the pairwise exchange of two 

axial and two equatorial ligands for ML, species with D 3h 

equilibrium stereochemistry have been proposed. These include 

the Berry mechanism [ 3 7 ]  and the turnstile process 1381. 

The Berry mechanism has become commonly accepted as the most 
\ 

physically reasonable process consistent with the previously 
8 

described permutational behaviour. This mechanism is shown 
- - 

schematically in figure 2..1. The acceptance of this process is 
= _ -  

based on several arguments. It takes into account the close 

r -he two most common geometries of 

pentacoordination in the solid state: the trigonal bipyramid and 

the square-based pyramid. Molecular orbital calculations have 

shown that a potential surface connecting these Djh and Cq, 

geometries (through C2v  structures) has a small energy barrier, 

with D3h possessing the lowest energy [39,40]. The energies of 

alternate possibilities (with optimized Cs geometry) wer'e found 

to be cbnsiderably higher than those of either the D3h or C4, 

structures. 



Figure 2.1 A schematic representation of the Berry mechanis 

In this chapter, the preparations of pentakis(trimethy1 

phosphite)ruthenium(O) and the substitutionally labile 

derivative RU[P(OCH,)~]~(~~-C,H,) are reported. Products 05 the 

general type Ru[~(o~),],(~~-diene) (R= alkyl) and RU[P(OCH,),],L 

(L= various phosphines and phosphites) are also presented. The ' 

diene.complexes were prepared to compare their fluxional 

barriers to that of the previously studied 

RU[P(OCH,),],(~~-C,H,). In addition, the X-ray crystal structure 

of RU[P(OCH,),],P(OCH,)~CCH~ is discussed. As previously 

mentioned, the results presented here for RU[P(OCH~)~]~ and 

- - 
Ru[P(OCH3),],(qa-C,H,) and some of those relating to - - 

Ru[P(OCH,),],(~~-C~H,) formed part of an undergraduate research 



project (see chapter.1 for further details). 

2.2 Results 

The ultraviolet irradiation of Ru3(CO),, and excess P(OCH3), 

in hexane (for 48 h) gave RU[P(OCH,),I,. This air-sensitive 

product was is0:dtod as a waxy, crystalline solid (yield: 66%) 
- - 

which was very soluble in common organjc solids. 

When aosolution of RU[P(OCH,),], in hexane was photolyzed in 
- 

the presence of excess 1 , 3  butadiene, the complex 

RU[P(OCH,),],(~~-C~H,) was formed. The analogous reaction 

utilizing an excess of C5H, (isoprene) led to the isolation of 

RU[P(OCH~)~I~(~~-CSH~). 
3 

The photol-ysis of Ru,(CO),, and excess P(OR), (R= Et, i - ~ r )  

in hexane (for -24 h) afforded RU[P(OR),],(CO),. The 

corresponding reaction utilizing excess P(O-~-C~H~), gave a 

mixture of products which were difficult to separate. The 

excess C4H6 in hexane gave Ru[P(OR), 1, (.q4-C4H6). The photolysis 

of Ru[P(OC,H~),],(CO)~ and excess C5H8 in hexane (for 3.5 h) 

produced R U [ P ( O C ~ H ~ ) ~ ] ~ ( ~ ~ - C ~ H ~ ) .  All of the 

tris(phosphite)-diene complexes just described were very soluble 

in+common organic solvents; purification was accomplished by 

vacuum sublimation. These diene complexes were found to be 

stereochemically nonrigid in solution. 



When a solution of ~ u [ ~ ( O C ~ ~ ) ~ l ~ - a n d  excess - -- 

2,5-norbornadiene in hexane was photolyzed, the exwcted 

tris(phosphite)-diene compound was not formed. Instead, the - '  

previously known C H ~ R U [ P ( O ~ ( O C H ~ ) ~ ] ( P ( O C H ~ ) ~ ) ~  was isolated and 

identified by 'lP{lH) NMR spectroscopy [4,5]. An analogous 

reaction, using excess 1,5-cyclooctadiene, led to the isolation 

of the same product. 
d 

The ultraviolet irradiation of RU[P(OCH,)~]~ and excess C2H, 

in hexane (-%or 4 h) afforded RU[P(OCH,),]~(~~-C~H~); the yield 
$- 

was 83%. This air-sensitive complex was very soluble in common 

organic solvents. More importantly, the ethylene complex was 

thermally unstable and readily lost C2H, in solution and under 

vacuum. - - 
- - 

The thermal reaction of RU[P(OCH,),],(~~-C~H,) with various 

phosphite and phosphine liqands (L) led to formation of - 
RU[P(OCH,),],L. The general synthetic route involved a 1-2 h 

reaction time at 50-60 OC, with a 1 to 3-fold excess of the - 
ligand in toluene (see experimental section for details of 

individual cases). The complexes were 

RU[P(OCH~)~I&L (L= P(OC~HS)~, 

PF,) ; the trimethyl stibine complex RU[P(OCH,) , ],ss(cH,) was 

prepared by a similar route. All of these monosubstituted 

derivabives of Ru[P(OCH,),], were found to be stereochemically 

nonrigid in solution by 3 ' ~ { ' ~ ]  NMR spectroscopy. 
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-125 OC. We have confirmed this result [5]. The chemical shifts 
I' 

and coupling constants for this spin system were rep0rted:-8~= 
- 

15.4, 6B= 39.5, J ~ ~ =  77.5 Hz [6]. These result-s indicate that in - 
the slow ex,cil.ang& limit, RU[P(OCH~),]~. has Dgh symmetry e is 

i - , . 
tr igonal "bipyramidal) in--solution. 

It is noted that throughout this thesis, NMR spectra are 

- , ' referenced to P(OCH3), at 0 ppm with the downfield direction 
i i 

positive. 

Some points regarding the 31~(1H] NMR results for 

Ru[P(OCH,),], are important. In the slow exchange limit, the 

chemical shift of the resonances due -to the equatorial ~(O'CH,), ,- 

groups is downfield from that' due to the axial phosphite ligands 

by -24 pprn. This fact will later prove useful in determining the 

static solution structures of RU[P(OCH~)~]I,L (L= various 

phosphines and phosphites). Note also that the resonances due to- 

both the Bxial and equatorial P(OCH3), groups of RU[P(OCH~),I~ 

are slGfted downfield with respect to the free ligand. This 

result is general for all the Ru(0) complexes presented in this 

thesis (see chapter 4 for a fuller discussion). a 



2 .  3 .  2 P r e p a r a t  i o n  a n d  P r o p e r t  i e s  of Ru[P(OR),],(q'-di e n c )  

( d i  e n e =  -c,H~: R= Me, E t  , i P ;  d i  e n e =  CSH8: R= Me, E t ) .  

At t e m p t  e d  R e a c t  i o n  of Ru[P(OCH3), I s  wi t  h  or h e r  d T G h e s .  
' 

\ k 

The ultra~iole~ irradiation of RU[P(OCH~)~]~ and excess 

P 

I 1,3-butadiene in hexane for 8 h afforded RU[P(OCH~),],(~~-C,H,!. 

When the reaction 'was monitored by 'PI 'HI NMR spectroscopy t i e  
4 - 
following behaviour was observed: the resonance due to 

Ru[P(OCH,),], slowly disappeared, accompanied by the appearance 

of a free P(OCH,), signal and two broad resonances. The nature 

of the latter resonances resulted from the chemical exchange of 

the three phosphite ligands (vide infra). No signals due to 

intermediate products were observed. This reaction presumably 
~ - 

proceeds via photochemically induced dissociation of a P(OCH,)', 

ligand followed by coordination of C-,H6 in an q2 fashion. 

- Although the lack of s ectroscopic evidence for the B 
tet~a(phosphite)/(q~-diene) intermediate might suggest that it 

I 

I undergoes rapid loss o'f a second phosphite and subsequent q" 

coordination of the diene, this need not he the case. This 

q2-diene species is expected to' be stereochemically nonrigid in 

solution and its exchange broadened p H )  NMR resonance(s) - 



could easily be lost in the baseline. 

When the reaction was irradiated for periods longer than 8 

h ;  the lP( 'HI k spectrum revealed - the slow appearance of a 

pair of multiplets. These resonances were temperature invariant; 

this suggested the slow transiormation of RU[P(OCH, ),I (q4-Cfi) - 

into a rigid, six coordinate species. 
b 

The photolysis of Ru[P(OCH,) , 1, and excessm C5H8 (isoprene) 
k 

in hexane for 8 h gave RU[P(OCH,),],(~~-C~H,). This complex was 

likely formed via a mechanism similar to that just discus.sed for 

the butadiene analogue. 
\ 

Attempts to generalize this synthetic route to produce 

tris(phosphite)/lq4-diene) complexes with ligands other than 
- 

P(OCH,), were fsustrated by a lick of thg appropriate starting 
1 

materials. The penta(phosphite)ruthenium(O) complexes for 

ligands other than P(OCH,), are not known. The ultraviolet 

irradiation of Ru,(co),; and excess P(OR), (R= Et, i-Pr, n-BU) 

in hexane did not lead to RU[P(~R),], (see chapter 4 for further 
\ 

details). 

Another potential starting material for the preparation of . 

~u[P(OR),]~(s~-diene) (R# ~ e )  was available. previous work had 

shown that the thermal reaction of RU,(CO),~ find excess P(OCH3), 

in hexane gave high yields of RU[P(OCH,),],(CO)~ 151. It was 
, 

- 
found that this route gave the analogous products for other 

phosphites. Thus, when RU,(CO)~~ and excess P ( O C ~ H ~ ) ~  were 

heated in hexane at 120 OC for 30 h, RU[P(OC~H~),I~(CO)~ was 



formed and easily isolated in high yield. The corresponding 

reaction utilizing P(OCH(CH3)2)3 gave RU[P(OCH(CH~)~)~~,(€O~~ as 

the major product: this-eomplex was purified by fractional 

sublimation. The major product from the thermal reaction of 

RU,(CO')~~ and excess ~(0-n-C,H,), in hexane wase 

RU[P(O-~-C,H,),]~(CO)~, as determined by IR spectroscopy. 

However, efforts to separate this complex from associated 

impurities were unsuccessful. 

For the reactions of Ru3(COk12 with excess P(OR), (R= Et, 

i-Pr, n-Bu) there was IR spectroscopic evidence for the stepwise 

formation of RU[P(OCH,),]~(CO)~-~ (x= 1 , 2 ) .  This was based on 

the close similarity of the IR spectra (carbonyl region) taken 

during these reactions to those of Ru[P(OCH,),](CO), and 

Ru[P(OCH~)~I~(CO), [5I. 

Small amounts of other products were isolated from the 

reactions oi Ru,(co),, with excess P(OR), (R= Et, I - ,  n - B U ) .  

Attempts to separate the final'reaction mixtures by column - 

chromatography on P(OCH,),-deactivated Florisil lea to the. 

development of yellow bands which were collected. These yielded 

yellow-orange products which exhibited very similar IR v ( C 0 )  

spectra; the elemental analysis of the prdduct fromthe reaction 

of Ru,(CO),, and excess P(O-~-C,H,,)~ was consistent with a 

formulation of Ru~[P(O-~-C,H,),]~(CO),. In addition, each 

complex exhibited a temperature invariant singlet in the )'F{'H] 

NMR spectrum. Based on these observations, the yellow-orange 

products are tentatively identified as ~ , ~ , ~ - ~ R u ~ [ P ( o R ) ~ ] , ( c o ~ , )  
b 





decomposition at higher temperatures and an acceptable elemental 
-- 

analysis was thus not obtained. - 

The 'H W assignments for the 1,3-butadiene and isoprene 

ligands of ~u[~(~~),},fq'-diene) (diene= butadiene: R= Me, Et, 

i-Pr; dieneg isoprene: R= He, Et) are sh"own in t'able 2.2. These 

arc based on the 'H NMR data for the free dienes. 'In'general, 

coordination of the diene to the central metal causes a n . u p f i e 3 2  

shift of the proton resonances (relative to the free ligand). G f  
9 

I 

particular note is the large ( - 5  ppm) upfield shift of protons Ei 

and E/F (see table 2 . 2 )  upon coordination to the central metal. 

This may be ascribed to the proximity forced upon these protons 

by d i e m  coordination, resulting in increased electron shielding 

re1at.i~~ to the free diene ( s e e  fi9ur.e 2.4 and discussion later 
- .  

in this section). A number of the resonances in table 2.2 'are 

broad; this is believed to be due to long range I 1 P - 3  coupling, 

Comparable results have been found for similar systems (see 

references in the following paragraph). 

The assignments in table 2.2 are generally consistent with 

those proposed for severai related complexes: RU(CO),(~'-C,H,) 

F ~ [ P ( O R ) ~ ] ~ ( ~ ' - C ~ H ~ )  f R =  ~ - ~ r j  ~ h )  [42], and R ~ I P P ~ ~  " L , ( t 7 C - C , ~ 6 )  ' '-/--- 
fL= P(OCH,),, P(OCH2)3CCHl, PF,NMe2) ( 4 3 1 .  

The variable temperature " ~ f  'HI NMR spe tra c f  t' RU[P{OR)~]~(~'-C,H,) f ~ =  Me, Et, I-Pr) and R f ~ f ~ ~ l ~ j , ~ q ' - C ~ ~ , j  

(R= Me, Et) were temperature dependent. The variable temperature 



Complex 

C 4.90: broad triplet, JAC*J~C-~ ~z,(l) 
A 1.38: broad doublet, JAC-6 Hz,(l) 
B -0.42: broad,(l) 

C 5.05: broad triplet, JAC'JBc=6 HzI(l) 
A 1.56: doublet with fine structure 
/AC =6 Hz,(l) 
B -0.04: broad,fl) 

C -5.0: obscured by P(oCH(CH,),), - signal 
A -1.5: obscured by P(OCH(CEi,),), signal 
9 -0.4: broad 

H 4.72: broad triplet, JDH-JEH=6 Hz,(l) 
I -1.9: obscured by residual protons 
of acetone-d6 
G 1.30: broad singlet,(li 
D 1.14: doublet of doublets, JDH= 6.4 Hz, 
JDE= 1.7 HZ,(l) 
E -0.37: broad,(l) 
F -0.79: broad,(l) 

H 4.61: broad triplet, JDH-JEH'~ Hz,(I) 
I -1.9: obscured by residual protons of 
acetone-d6 
G 1.30: broad doublet,(l) 
D -1.1 :  obscured by P(OCH2CH3)3 signal 

 a able 2.2 'H NHR assignmentsp•’or the 1,3 butadiene and isoprene 
Iigands of the complexes ~ u f ~ ( ~ ~ ) ~ ] ~ ( ~ ' - d i e n e )  (diene= 
C.H,: R= Me, Et, I -  diene= C5H!: R= Me, Et). a in acetone-d6 
at 25 "C. b relative intensities in brackets. 



3'PE1~l NMR spectra of RU~P(OCH~),I,(~~-C~H,) in 

toluene-d,/toluene (1:4) are shown in figure 2.2. The slow 
- - 

exchange limit spectra of these species were of two types. The 

1,3-butadiene complexes exhibited a doublet and a triplet (with 

identical coupling constants) of relative intensity 2 : 1 ,  
. - 

respectively; this is indicative of an AB2 spin system. The 

isoprene complexes had slow exchange limit 31P{1H) NMR spectra 

due-to an ABC spin system. The experimental and computer 

simulated 3'Pf1~) NMR spectra of RU[P(OCH,),],(~'-C,H,) in 

toluene-d./toluene ( 1 :4) at -37 'C are shown in f igu;e 2.3. The 

spectral parameters are 6 39.9. 6B 2 1 . 0 .  hC 15.9 .  JAB=?30.1 Hz. 

=,+47.5 Hz, and JAt= 5 2 6 . 5  Hz. 
= 'BC 

I t  is generally considered that complexes of the type 

ML,(~'-diene) (M= Fe, Ru; L= phosphorus donor ligand) adopt a 

square pyramidal geometry in solution with the diene occupying 

two basal sites 142,431. Supporting evidence comes from both 

variable temperature NMR data [42,43,44,45]. and X-ray studies 

[46,47]. The complexes RU[P(OR),I~(~'-C,H~) (R= Me, Ett r - P r )  

and Ru[P(OR)~], (i'-C,H,) (R= Me, Et) are thbs assumed to adopt 

the static solution structure shown in figure . 2 . 4 .  The slow 

exchange limit 3 ' ~ { 1 ~ ]  NMR spectra of the butadiene (X= H) and) 
b 

isoprene (x= Me) complexes are consistent with this structure. 

The changes in the variable .temperature 3 ' P i ' ~ )  NMR spectra 

RU[P(OR),]~(~'-C~H,) (R= Me, ~ t )  were relatively uncomplicated. 

As the temperature was increased, all the resonances for the 

- - 
26 



Fi ure 2.2 The variable temperature 3 ' ~ ! 1 ~ )  NMR spectra gf 
Ru 9 P~OCH,),],(~*-C~H,~ in toluene-d,/toluene ( 1 : 4 )  measured 
at 40.54 KHz. 



Figure 2.3 The experimental ( 0 )  and simulated ( A :  
3'PE'H3 NMR spectra of RU[P(OCH,),],(~~-C,H,) in 
toluene-d,/toluene (1:4) at -37 'C. Spectral parameters given in 
text. 

0 



complex in question broadened at qualitatively the same rate and 

coalesced to a broad singlet (for example, see figure 2.2). The 

useful range of the solvent (toluene-d8/toluene, 1 : 4 ,  bp 1 1 ' 1  O C )  

precluded the acquisition of fast exchange limit spectra. ' 

d 

Resonances due to added P(OR), (R= Me, Et, i - P r )  remained sharp 

over the measured temperature range for each complex, implying 

an intramolecular exchange process. 

A number of studies co~cerning stereochemical nonrigidity in 

complexes of the type ML,(q4-diene) (M= Fe, Ru; L= phosphorus 

donor ligand or CO; diene= various cyclic and acyclic dienes) 
3 

have appeared in the literature [42,43,44,45,48,49]. A detailed 

permutational analysis, in conjunction with density matrix line , 

shape calculations', was undertaken with respect to the variable 

temperature "P('H] NMR data for ~e~,(~''-diene) (L= various 
d 

?hos?hines and phosphites; diene= cyclic and acyclic dienes) 
' 4  

[42]. The results showed that the "turnstile" mechanism was the - 

most reasonable physical process to associate with the observed 

Fi ure 2.4 The assumed static solution structure of 
Ru 9 P(OR),],(~~-C~H~) (R= Me, Et, i-Pr) and 
RU[P(OR)~I,(~'-C~H,) (R= Me, Et.). 



P 
9 

permutational behaviour. This oprocess may be described as 
L 

trigonal rotation of the FeL3 moiety against the diene or diene 

rotation relative to the FeL, portion of the molecule (see 

figuse 2.5). A distinction between the two descriptions does not 
e 

appear to be meaningful. ItQ is assumed that this process was 

responsible for the temperature dependent changes to the 3 ' ~ { 1 ~ )  

RU[P(OR)~]~(~~-C~H,) (R= Me, ~ t ) .  It may be verified that the 
, 

mechanism shown schematically in figure 2.5 would result in the 

averaging of the 3 1 P  resonances (for each of the previously 

mentioned nolecules) to a sinde signal in the fast exchange 

limit. 
- - 

The activation barrier for this rearrangement was found to 

be sensitive to the identity of P(OR), (R= Me, Et, i-Pr). A 

detailed line shape analysis of the variable temperature "P{'H) 

NMR spectra for RU[P(OCH,),],(~~-C~H~) yielded the following 

activation parameters: AHS= 9.4k0.2 kcal mol-', AS'= -13.320.5 

S cal(mo1-OK)-', AG (298 OK)= 13.420.2 kcal mol-' [50]. The 

barrier to nonrigidity for the series RU[P(OR)~],(~'-C,H,) (RE 

Me, Et, i-Pr) was found to follow the order i-Pr > Et > Me. This 

ranking was based on coalescence temperatures of the 3 ' ~ { ' ~ )  NMR 

spectra, taking into account chemical shift differences for each 

complex. A qualitative consideration of the temperatures at 

which line broadening - became first apparent revealed that the 

rearrangement barrier for R= Et was greater than that for R= Me 



Figure 2.5 Schematic representation of the "turnstile" 
mechanism for a square pyramidal complex of the type 
~~,(q~-diene). 

Both steric and electronic arguments may be advanced to 

explain these results. The ligand cone angles ~O~.P(OCH,)~, 

P(OC,H,),, and P(OCH(CH,),), are 107O, 1 0 9 ~ ~  and 130•‹, 

respectively [ 1 0 , 5 1 , 1 1 ) .  The increasing steric bulk of these 

ligands would be expected to raise the fluxional barrier for 

RU[P(OR),],(~~-C~H,) (R= Me, Et, i-Pr) with respect to the 

process in figure 2.5. The Tolman ligand electronic effects for 

these three ligands are 2079.5, 2076.3, and 2075.9 em-', 

respectively [ id ,  1 1  1. - The trend in these values is also 

consonant with the observed order of the rearrangement barriers 

for RU[P(OR),],(~~-C,H,), although the difference between the 

electronic parameters of P(OC,H,), and P(OCH(CH,)~), is small. 

~uantitative values of the fluxional barriers for 

* RU[P(OR) , I ,  (q4-C4H6) and Ru[P(OR) 3]3(q'-C5~8) (i.e. AG values) 



are required before more definitive conclusions may be drawn 

regarding steris and electronic effects on the barriers. 

The results just presented may be compared to those from the 
-. 

related iron system, FeL3(q4-cyclooctadiene) (La P(OCH3),, 

for the intramolecular rearrangement in these complexes are 
I, 

rl 
10.7, 10.9, 12.3, and 14.8 kcal mol-l, respectivkly. The lignnd 

cone angle of P(cH,), is 118" [10,11,51] and.the associated 

electronic parameter is 2064.1 cm- [ 1 O,l*I  he h he aut,h&rs stated 
that these results suggested a predominantly electronic effect 

on the barrier height, apparently based on the high barrier for - 
the P(CH,), complex even though this ligand .r has a small cone 

angle. This interpretation of the data ddes not appear totally 

justified. The difference between the electronic characteristics 
+, 

of P(CH3), (a highly bgsic ligand ith poor n-acceptor ----- 
r 

properties) and the phosphites i.5 undeniably real. This is 
a* 

likely the cause of ,-the anomalous behaviqur of P(CH3 ), . I f the 
variation in AG** is examined with7respect to the phosphite 

ligands alone, one reasonably reaches the conclusion that steric 
- 

effects are most important; the large difference in AG' for L= 

P(OC2H5), and P(OCH(CH,),), is better explained by the 

difference in ligand cone angles than the small variation in 

electronic parameters for these two ligands. 

The photolytic activation of RU[P(OCH,),]~ in the presence 

of other dienes did not result in the formation of of 

Ru[~(Oc~,),],(~~-diene). The ultraviolet irradiation of 



RU[P(OCH,)~]~ and excess 2,5-norbornadiene in hexane gave. 

CH3~u[~(0)(OCH3)2](P(OCH3)3), as the major product. The - 
- analogous reaction with 1,5-cyclooctadiene gave the same result. 

The formation of this productt is not entirely unexpected. Recall 

that RU[P(OCH,)~]~ underwent methyl migration at 100 OC in ' 

hexane to yield CH,Ru[P(O) ( o c H ~ ) ~ ~ P ( o c H ~ I ~ ) ~  [4,5]. The 

exhaustive photolysis of Ru[P(OCH,)~], and excess P(3CH3), in 

hexane gave species with 31~{1H) NMR spectra similar (but not 

identical) to that of CH3~u[P(0)(OCH3)2](~(OC~3)3)4 [5,52]. The 

likely cause of the difference between the latter result and 

that found for the W irradiation'of RU[P(OCH,),]~ and excess 

norbornadiene.or cyclooctadiene is the absence of P(OCH3),. It 

is believe3 that the methyl migration proceeds via the 16 

electron intermediate RU[P(OCH,),], [5]. Excess P(OCH3), is 

expected to inhibit the formation of this species in solution, 

allowing a reacticn by an alternative pathway. 

.The failu~e of Ru[P(OCH,),], and excess 2,5-norbornadiene or 
' * 

1,5-cyclooctadiene to give Ru[~(~~H~),]~(q~-diene) - - under 

photolytic conditions is puzzling in light of the relative ease 

of the reaction utilizing 1,3-butadiene or isoprene. The iron 

complex ~ e [ ~ ( O C ~ ~ ) ~ ] ~ ( q ~ - c y c l o o c t a d i e n e )  was prepared by the 

metal atom evaporation technique [42]; it was noted, however, 
8 

that the attempted preparation of this complex from 

Fe[P(OCH,) ,I5 gave unsatisfactory results. The inability of 

norbornadiene and cyclooctadiene to form q4-diene complexes with 

the Ru[P(OCH,),], unit could be related to the reduced 



\ 
flexibility of these cyclic dienes versus the acyclic CIHI and 

C,H,. Detailed spectral analyses of JHH and JCi for 

~(~~),(~~-butadiene) (M= Fe, Ru) have suggested that distortipg 

of the C,H6 ligand occurs upon coordinati& [ 4 1  ,531. The 

increased steric demands of a phosphite ligand relative to CO 

might be expected to cause an increase in this distortion for 

~u[P(OCH~),],(~~-diene). Acyclic dienes could be capable of 

;ndergoing the required deformation more readily than their 

cyclic relatives. 

The preparation of ~u[~(OCH,)~]~(q~-diene) (diene= CaH,, 

C5H,) from Ru[P(OCH~),]~ suggestex that monosubstituted 

derivatives of the type RU[P(OCH~)~],,L (L= two electron donor 

ligands) were synthetically accessible. The use of RU[P(OCH~),IS - 
as a precursor, however, suffered from a s,esre disadvantage. 

Previous results had shown that the chemical or photolytic. 

activation of pentakis(trimethy1 phosphite)ruthenium(O) in the 

presence of excess P ( O C * H ~ ) ~  (in hexane) gave both the mono- and 

disubstituted derivatives [52]. The 'low volatility and high 

solubility of these complexes made separation difficult . A more 

suitable starting material was required. 



The ultraviolet irradiation of Ru{P(OCH,),!~ and excess C,H4 

in hexane for 4 h gave RU[P(OCH~)~]~(~~-C~H,). When, the reaction . 
was monitored by 31Pf1H) NMR spectroscopy, it was observed that 

P 

the singlet due to RU[P(OCH,)~]~ lost intensity and was replaced 

by a free P(OCH3), signal plus two extremely broad resonances. 

The nature of the latter resonances resulted from chemical 

exchange of the phosphite ligands in RU[P(OCH,),],(~~-C,H~) 

(vide infra), The singlet due to RU[P(OCH~),]~ did not 

completely disappear during the reaction; this suggested that 

RU[P(OCH,),],(~~-C~H,) easily lost C2H4 under photolytic 

conditions and recombined with free P(OCH,), to regenerate 

RU[P(OCH,),]~. Prolonged irradiation of the reaction mixture led 

to the appearance& two unidentified multiplets. 

The variable temperature 'P{' NMR spectra of \hc 
Ru[p(OCH3) , ] (q2-C2H4) in hexane (under an ethylene atmosphere) 
were measured. At -56 OC, a pair of triplets 30.8, 6B 15.83 

'+ - 
of equal intensity and wlth identical coupling constants (JAB= 

64.7 Hz) were observed. This result is consonaht with a" static, 

trigonal bipyramidal structure with the alkene'in an equatorial - 

site. As the temperature was raised, the triplets broadened and 

coalesced into a singlet at 50 OC. An intermolecular, phosphite 
- - 

exchange process was ruled out by the observation that a signal , 

due to added P(OCH,), remained sharp over this temperature 

range. The behaviour of the temperature dependent "PE~HI NMR 

spectra of RU[P(OCH~),]~(~~-C~H,) is consistent with the- .- 

operatkon of the Berry mechanism (see figure 2 . 1 ) ;  this process 



k 

would result in -theEaveraging of the axial and equatorial 

phosphite signals to a sing1.e resonance. A detailed line shape 

analysis of the variable temperature "P data for 

RU[P(OCH,),],(~*-d,~,), based on this mechanism, yielded the 

following activation parameters: AHS= 9.9+0.2, kcal mol- , AS$= 
* -9.2H.4 cal(mol-*~)'~, and AG (298 O K ) =  12 .720 .2  kcal mol-' 

[50]. However, the possibility of an intermolecular,. C,H, 

exchange process causing the obsehed variable temperature 

31P(1H) NMR bebaviour cannot be discounted (vide infra). 

'Solutions of RU[P(OCH,),],(~'~-C~H~) in polar solvents and 

solid samples of the compound appeared thermally unstable. A 

CDCl, solution of the ethylene complex rapidly turned red at 

room temperature. Attempted sublimation of the-.solid at 25 OC 

gave the same' result. These observations suggested that ethylene 

was easily lost from RU[P(OCH,), 1,(q2-C2Hq 1 :  the parent 
0 

RU[P(OCH',),,], was stable under these conditions. It was felt 

that RU[P(OCH,),],(~*-C~H,) could be the id'eal precursor to 

species of the type Ru[P(OCH,),],L (L= two electron donor 

'A "P{'H) NMR study was conducted to test this-hypothesis. 

An NMR tube was charged with a solution of . d 

toluene-'d,/toluene (1:4). The 3 1 ~ { 1 ~ )  NMR spectrum after 1 h at 

room temperature revealed the onset of the desired reaction; in 

addition to-the broad resonances of RU[P(OCH~)~I,(~~-C~H,) and 

the free P(OCH,)~CH, singlet, a doublet and a quintet with .. 



respectively) were observed, Based on the results four 

R U ( P ( K H , ) ,  I , ,  type RUIP(OCH,~,~.L (L- 
d 

phoephinc and t o  undergo rapid 

intramolecular ligand exchange )in solution [ 5 , 6 ] .  Depending on 
I 

t h e  chcmic& shift difference between the " P  rtsokwms of 
' ,  

P(OCH,), and the unique ligand, the fast txchanqe limit ''Pf'Hf 

HHR spectra were expected t o  reflect either an A,B or an A,X 

spin system. The ''P{'H] HMR spectrum after 2 h at 65  ashow owed 

t h e  ;omplcte disappearance 0.' Ru[P(OCH, 1 , I .  (I) '-c,H.) .  In 

addition to the doublet and quintet, a weak singlet due to free 

P ( & H , ) ,  ua5 observed. Subsequent hearing at 80 'C f o r  24 h 

caused- f u r t h e r  chqgges to t h e  )'Pf ' H f  NHR spectrum: t h e  free 

P(OCH,),'resonancc increased in height and signals due to 
I 

excess P(KXa),CCH, was also investigated. An NMR tube was 

- - charged with a solution of the ethylene complex and PloCH,),CCH, 

C-1:4 molar ratio) in CH>CH. A f t e r  1 h at room temperature, a 

"Pi 'HI HMR spectrum of t h e  reaction soluti .on'again showed the 

onset of the desired reaction. The UV irradiation of the tube 

f o r  50 min resulted in complete disappearance of - 
+. 

RU[P(OCH,),],(~~-C,H,); t h e  3 ' ~ { ' ~ f  NKR spectrum revealed 
j 

resonances aue to RU[P(~CH,),]~_~[P(OCH~~,CCH~].~ (x -  1 . 2 )  and 

free P(OCH,1,. After 2 h.photolys is , . . s ignars  representing 

RU[P(~OCH,),)~_~[P(DCH~),CCH,]~ ( x =  1 , 2 , 3 )  were   resent.' These 



I results indicated that the thermal activation of 

RIJ[P(OCH,),],(~~-C,H,) and L was the route of choice to prepare 
- -  - 

I R~[P(OCH,)~],L derivatives while minimizing the formation of 

more highly substituted products. 

The scope of this reaction was studied with r&spect to the 
b f 

ligand L. In particular, there was a concern that phosphorus ' 

donor ligands with large cone angles might be,sterically 

inhibited from cooidinating to the metal. Toluene solutions of 

RU[P(OCH,),],(~~-C~H,) and L (-fivefold excess of L; L= PPh,, 

~ ( i - ~ r ) , ,  ' ~ ( n - ~ u )  ,, P(CH3) ,, P.(CH3) 2C6HS, PCH, (C6H5 1,: i 

P(C2H,CN)3, PfoC,~j),, P(O-o-tolyl),) wete placed in NMR tubes. ' 

These were heated to 50-60 "C and the reactions were monitored 

by 3'P{'~j NMR spectroscopy. For L= PPh, and P(r-Pr),, the 

I 
I spectra showed that no R~A[P~KH,), ],L derivatives w'ere formed; - - . . 

1 disappearance of the resonances due to the ethyl&e complex were 
I 

accompanied by the emergence of a number of complex multiplets. 

The expected A X 4  pattern was not among these. For L= P(n-Bu),, 

P(0-o-tolylf,, and PCH3(CcH5)2, signals due to the ' 

Ru[P(OCH,),],L complex were observed early in the reac'tion. 
- 

These were accompanied, however, by resonances to free 

-PIOCH,), and Ru[P(KH,),],. These latter signal 

intensity at the expense of the AX, pattern as the reaction A 

continued. The react-i-ons with L= P(CH3) ?; P ( C , I . : , C N ) ,  , 

PtCIi,),C,H,, and P(OCc~,), gave more sz l t i s fy i .19  results.' After 

approximately t h at 55 'C, the ''Pf'H) HMR s p c t ~ r a  of t h e s e  

revealed the complete disappearance of Ru[P(OCH, 1,  I, (q2-C2H, 1 



and the presence of the Ru[P(OCH,), ],L derivative: only minor --- 

impurity resonances were observed. 

The thermal reaction of Ru[P(OCH3),],'(q2-C2~,) and L (one to 

fourfold excess) in toluene was used to prepare the following 

RLI[P(OCH~)~]~L derivatives: L= P(OCH,),CCH,, P ( o C ~ H ~ ) ~ ~  

time, and l i g a n d : ~ u [ ~ f ~ ~ ~ ~ ) ~ ] , ( q ~ - C ~ ~ , )  ratio for specific cases 

are given in the experimental section of this chapter. The 

trifluorophosphine derivative was prepared under -2 atmospheres 

of ligmd pressure. 
1 

These monosubst ituted derivatives were =11 air-sensitive and 

typically suffered extensive decomposition during several min 

exposure to air. Solid samples of RU[P(OCH~)~],S~(CH,), under N2 

suffered partial decomposition a•’ ter , 3  weeks at 25 OC. Except 

for RU[P(OCH 3) ] ,P(OCH, ,CCH3 and RU[P(OCH,) , 1 ,P(c~H,CN) ,', all 

of the RU[P(OCH,), I ,L complexes were sol.uble in hexane and 

extremely soluble in.both toluene and CHzCl2. This made. 

recrystallizat-ion impractical. None of these complexes sublimed 

under vacuum at 25 O C  and-higher temperatures usually caused 

decomposition. Column chromatography proved an ineffective 

separation technique; the RU[P(OCH,),],L species bound 

irreversibly to even the &il<sst and most deactivated 

adsorbents,' Purifi'cation was accomplished in a rather crude 

manner. Hexane or toluene solutions of the complex were filtered 

through a short ( 0 . 5 - 1 . 0 ~ 1 ~ 2  cm) column of alumina.'This 



/ 

procedute indiscriminantly removed both product and impurity. 

After one to three applications of this technique, the 

R~[F(oCH~),],L derivatives were isolated as waxy solids which 

exhibited crystalline properties under the microscope. The 

"P{'H) MMR spectra of the'se complexes, however, typically 

showed small amounts of impurities. These did cause minor 

difficulties with respect to interpretation of the slow exchange 

limit 3 1 ~ { 1 ~ f  NMR data, where the spectral intensity due to the 

RIJ[P(OCH,),],L species was spread over a nugber of lines. 

Fortunately, this problem was not severe. 

These monosubstitutcd derivatives a%d the parent 

Ru[P(OCH,),],(q2-c,H,) were characterized by elemental analysis, 

and 'H NMR speFtroscopy. Most of these complexes exhibited mass 

spectral parent ions although chemical ionization was required 

in several cases. The most effective technique for 2 
characterization was variable temperature 3 ' ~ { 1 ~ J  NMR 

spectroscopy and this-will be the focus of the following 

discussion. 

The variable temperature "P{'H] NMR spectra (40.54 M H z )  of 

R U [ P ( O C H ~ ) ~ ] , P ( O C H ~ ) ~ C C H ~  in CD2C1,/CHFC12 ( 1 : 4 )  are shown in 

figure 2.6. The spectrum at -21 O C  is in accord with the 

previous discussion: rapid phosphite exchange in solution,causes 

magnetic equivalence of the P(OCH,), ligands and results in a 

spectrum due to an A,rspin system. The observation that a 

signal due to added P(OCH3)3 remained sharp over the 'full 

temperature range of figure 2.6 argued against an intermolecular 



exchange process. 
r 

As the temperature - is 6 creased, the fast exchange limit ".\ 
resonances collapse and resolve to .the slow exchange limit 

spectrum at -126 OC. The two major resonances (6 42 and 13) of 

this spectrum were simul&ed. Based on an A3BC spin system, two 

sets of spectral parameters gave simulated 31P{1H) NMR spectra 

which reasonably f i t  the experimental data. The experimental 

spectrum at -126 O C  (B) and the two simulated spectra (A and C) 

~ O ~ = R ~ [ P ( O C H ~ ) , ] , P ( O C H ~ ) ~ K H ~  are shown in figure 2.7. The 

spectral parameters for simulation A are liA 42.0, 6B 14.6, liC 

12.0, JAB= '75.7 Hz, IAC= '78.6 Hz, and iBC= 1108.3 Hz. The 

corresponding values for simulation C are 42.0, 6B i5.8, tiC 

10.8, J = 277.0 Hz, IAC= '76.6 Hz, and JBC=-~472.3 Hz. Despite 4 
repeated attempts, a simulated spectrum based on an A2B2C spin 

system (using reasonable spectral parameters) could not be found 

which,matched this experimental spectrum. These results are 
fl- 

consistent with an axially substituted, trigop6l bipyramidal 
/ 

structure for RU[P(OCH,)~},P(OCH~)~CCH~ in the slow exchange 

. limit (see figure 2.8B). Reasonable alternative structures such 

as that shown in figure 2.8A or ones based on a ,square pyramid 
L 

are clearly not in accord with the low temperature 31P{1H) NMR 

data: The question of the correct 3 1 ~  NMR spectral parameters 

for the slow exchange limit spectrum is discussed later in this 

section. 

Recall that the slow exchange limit L L P { l ~ )  NMR spectrum of 

Ru[P(OCH,),], (-137 O C )  , i n  pentane revealed an A2B3 pattern due 



Figure 2.6 The variable temperature 3 ' ~ { ' ~ ]  NMR spectra of 
RU[P(OCH~),],P(OCH~)~CCH, in CD2C1,/CHFC12 (1:4) measured at - 
40.54 MHz. 



Figure 2.7 The experimental (B) and two computer simulated 
( A  and C) 3 1 P { 1 H )  NWR spectra of RU[P(OCH,)~]~P(OCH~),CCH~ in 
CD2C12/CHFC1, (1:4) at -126 OC. Spectral parameters given 
in text. I 



Figure 2.8 two possible isome- for a trigonal bipyramidal 
RU[P(OCH,), molecule. 

to a trigonal bipyramidal arrangement of-the ligands .around the -- 
., central metal [6]. The resonances due to the equatorial 

I f 

phosphites were at lower field ( 6  -40) than those due tootheir 

axial counterparts ( 8  - 1 6 ) ;  As these chemical shifts are 

referenced to that of free P(OCH,),, it is noted that the 

equatorial ligands of RU[P(OCH,),], undergo a larger 3 1 ~  

downfield shift upon coordination than their axial counterparts. 

When these observations are examined in light of the present 

results for RU[P(OCH,), ],P(0CH2) ,CCH3 I the similarities are 

obvious. 'The coordination chemical shifts (i.e. the shift -: 

between the free and coordinated li.gand) of the )'P resonances 

in both complexes are similar for a given coordination site 
.- 

(i.e. axial or equatorial). The difference between the 

coordination chemical shifts of the axial and equatorial 



and the analogous value for the caged phosphite ligand in 

RU[P(OCH~),],P(OCH~),CCH~ is 'noted (the signal for the free 

P(OCH~);CCH~ ligand falls at 6 -49.0). This observation is 

consistent with an empirical relationship found for a wide range 

of transition metal complexes with phosphorus donor ligands: the - 
further upfield the resonance of the free ligand, the larger 

the coordination chemical shift [55]. The coupling constants 

between the axial phosphite ligands of RU[P(OCH,),],P(OCH~)~CCH~ 

and the equatorial P(OCH,), groups (75.7 to 78.6 Hz) are 

comparable to the analogous value for RU[P(OCH,),], (77.5 HZ). 

The larger magnitude of JBC (versus JAB and JAc) for 

R U [ P ( O C H ~ ) ~ ] ~ P ( O C H ~ ) ~ C C H ~ ,  from either set of spectral 

parameters derived from figures 2.7A--d C, is expected: the 

empirical observation that trans-2Jpp is usually larger than 

ci s-2Jpp for a related pair of metal-phosphine 

complexes is based on-a large volume of data [54]. The NMR 
- 

spectral parameters associated with both the simulated, slow 

exchange limit spectra of Ru[P(OCH,),],P(OCH~)~CCH~ feature a 
- 

trans-'Jpp of opposite sign to the two corresponding cis-*Jpp 

values. This behaviour is a general feature of the 

axially-substituted RU[P(OCH,),],L derivatives discussed - in this 

chapter (vide infra). The results and observations discussed in 

this paragraph were found to be very useful in the spectral 

analyses which follow. 

The variable temperature IP( 'HI NMR data for 

Ru[P(OCH~)~],P(OCH~)~CCH~ (figure 2.6) reveals additional 
* 



- 

information. Consider the two weak multiplets (6 -22 and - 1 )  in 
% t 

the s'pectrum at -126 OC. A careful examination f the three f 
lowest temperature spectra reveals that these are not impurities 

but resolve from the same broadened resonances which give the 

+,BC pattern. It is believed that these weak multiplets B 

represent part of an A2B,C s system due to the equatorially 

substituted isomer of RU[P(O~H,)~ ],P(oCH~),CCH~ (i.e. figure 

2.8B). The high field set of resonances are in the region - 
expected for an equatorially coordinated P(OCH,),CCH, ligand. 

The other multiplet (6 -22) may be assigned to the axial 

P(OCH3), ligands of this minor isomer; the apparent triplet of 

the axial isomer could easily obscure the multiplet expected for 

the equatorial P(OCH,), ds 6f the minor isomer. 
lig-, Unfortunately, the multipletd assigned to the equatorially 

substituted species have insufficient intensity to allow an 

accurate computer simulation. That the equatorial isomer was 

present in solution is indicated by the solid state structure of 

R;[P(ocH.,), 1 ,P(OCH2) ,CCH,, which revealed that the caged 

phosphite was in an equatorial position. This structure is 

discussed in more detail later in this chapter. 

The low temperature 3 1 ~ { 1 ~ )  NMR data for - 
RU[P(OCH,),],P(OCH~)~CCH~ measured at 40.54 MHz leaves two 

questions only partially answered. Although both the simulati 

in figure 2.7 are based on an A,BC spin system, only one set of 

spectral x parameters can be correct. Secon~dly, further evidence 

for the putative equatorial isomer of the caged phosphite 



complex was precluded by an unfavourable equilibrium con0tant. 

In an effort to answer these questions, a low temperature 

3 1 P { 1 ~ )  spectrum of RU[P(OCH~)~]~P(QCH,)~CCH~ L in 

CD,C~,/CHFC~, ( 1  :4) -wxs measured at 162.0 MHz. This Spectrum 

(-115 OC) is shown in figure 2.9 and clearly reveals that 

chemical exchange is still occurring; technical difficulties 

prevented measurement of the spectrum at a lower temperature on 

the Bruker WM-400 instrument. There is, however, still valuable . 
information to be extracted from the data in quest'ion. The 

b 

resonances due to the proposed minor (i,e. equatorial) isomer 

are clearly shown; the signal due to the equatorial p(0CH3l3 

ligands of this .species (unobserved at 40.54 MHZ) is partially 

resolved from th; low field triplet of the major isomer (see 

figure 2.9)..The three resonances due to the equatorial molecule 

are observed to be br~ader~than the signals of the dominant 

partner. This is an expected result if one considers t h =  system 

in in terms of two isomers of unequal population - - undergoing 

chemical exchange: the resonances of the minor isomer are 

broadened and shifted more by,:,the exchange than those due to the 
%:/ 

major counterpart [55a]. Another explanation for the broad 

nature of the resonances due to the minor isomer is advanced in 

a later section of this - cha_pt_e_r (concerning mechanistic 

possibilities for the nonrigid process). 

- - 

The experimental 31P{1H) NMR spectrum of 

CD2C12/C~FC12 ( 1 : 4 ~ )  is shown in fig re 2.-lOB, along with two 1 -- 





simulated spectra. The simulation shown in- figure 2.10C is based 

on the A3BC spectral parameters associated with figure 2.7A 

(i.e. at 40;54 MHz). The iormer simulation is clearly 
6 

inconsistent with the experimental spectrum' (figure 2.10B). The 

- simulated spectrum shown in figureT.lOA,Tased on. an A,BC spin 

system; was calculated using the following 'spectral parameters: 
* 

6A 42.1, 6 16.5, 6C 11.2, JAB= f73.4 Hz, JAC= 276.2 Hz, and B 

IBC = 1522.6 Hz. Given the exchange broadened nature of the 

experimental. . .- spectrum, simulation 2.10A gives an excellent fit. 

The spectral parameters for this calculated spectrum t .  are in 

reasonable agreement with those associated with the simulated 

- spectrum of figure -2;7C, which was based on 40.54 MHz data. The 

differences between the two are ascribed to the exchange 
' .. 

broadened nature of the experimental spectrum at 162.0 MHz. The 

onset of chemical exchange causes significant.chemica1 shift 

changes for the affected resonances. The iterative process used - 
to derived the best fit to the experimental data-_is ve-ry 

sensitive to the proper chemical shift assignments in the 

experimental spectrum. ' 

In summary, the low temperature 31P{.1H3 NMR results for 

RU[P(OCH~)~],P(OCH~),CCH~ (40'.54 and 162.0 MHz) strongly suggest 

that the complex has a trigonal bipyramidal structure with the 

P(OCH,),CCH, ligand in M axial site (fi4ure 2.8A). There is 

also considerable evidence for the presence of a small amount of 

the equatorial isomer (figure 2.8B). The variable temperature 

3 1 P C 1 H )  NMR data for RU[P(OCH ,CCH3 are consonant 





with an intramolecular phosphite exchange process; a 
- 

considcrqt ion of several, possible mecbnisme spp&rs later i n  

this chapter. a 

figure. 2 . 1 1 .  The weak multipbet at 6 -16 in the 24 OC spectra is 

due to an impurity, The east exchange limit spectrum ( 2 4  'C) is 

due to an b.0 spinQsystem, consistent with rapid scrambling of 

the phosphite 1igands:The experimental (B) and simulated (A) " .  
- 0 

"P{ 'HI NMR spectra of RUI P ~ O C H , ? ,  lrP(OC2Hs 1, in CDJC1z/C~PC12 
b 

f i : 4 )  a t  24 "OC are s h o w f i  in figure 2.12. The spectral  parameters 
' . 1 

as determined from the computer, simulation are 6B 20.7, 6d-26.5, 

. , - ,  

The slow exchange limit 3 ' ~ f ' ~ )  NMR spectrum of 

~ ~ u [ P ( ~ c H ,  ) , ] . ~ ( w , ~ i f l  was obtained at - 1 2 1  O C  (see figure 

2,rt). Tt my be observed that the impurity multiplet is 

coincident with the high field set of resonances due to 'thti 

t r iethy\ phosphite complex. Computer s i s u l a t  ions based .on both 

an A,BC an? an A,B;C spin  system were found to g ive  reasonable 
' 

* f i t s  to this low temperature spectrum. 
- a,, 

In an effort . t o  uneebigucusly determine 'the site preference 

of the t r i e t h y f  $xisphitet ligand, the low temperature ;f1PE1,t13 

wag wcakured at 162.0 W z ~ T h i s  spectrum { a t  -115  OC).is shown 

in .figure 2 :  1 3 A .  Again the effects of chemical exchange are 



* .  Fi ure 2.11 The variable teiperature 3 ' ~ i ' ~ !  W spectra of 9 8 
Ru ' P ( O C H ~ ) ~ ] , P ( O C ~ B ~ ) ~  in CD,C~,/CHFC~, ( 1 ? : 4 )  tneaqureq at 40 ,34  - 

I M H t .  Multiplet marked with an asterisk is an irnp~rity.~ 





Figure 2 - 1 3  The experimental ''P{'H] NW? spectrum ( 1 6 2 . 0  MHz) 
of RU[P(OCH,)?],P(M,H,), in CD,C~,/CHFC~, ( 1 : 0  a t  - 1 1 5  'C ( A )  
and a simulation based on an A,BC spin system (B). Spectral 
.parameters given in t e x t .  - 



--- 

@' 
observed in the spectrum: this tempera/lure was the lowest 

attainable on the WM-400 NMR instrument. The two resonances 

marked with asterisks are believed not to be due to the major 

isomer of RU[P(OCH~),],P(OC~H~)~. Although these signals are in 

the frequency regions where the resonances of a minor isomer of 

R U [ P ( O C H ~ ) ~ ] ~ P ( O C ~ H ~ ) ~  would be expected to occur, there is no 

ancillary evidence to support' this assignment. The simulated 

spectrum in figure 2.13B is based on an A3BC spin system with 

the following spectral parameters: 6A 44.3, 6B.18.9, 6C 11.2, 

IA@= 272.5 Hz, JAC= 576.9 Hz, JBC = 1514.4 Hz. Given the exchange 

broadened nature of the experimental spectrum and the 

- unidentified resonances (marked with asterisks), this simulation 

gives a reasonably good fit; Despite numerms attempts, a 

calculated spectrum based on an A,B,C spin system (using 

reasonable spectral parameters) could not be found which matched - 

the experimental spectrum (figure 2.13A). The parameters 

associated with the simulated spectrum in figure 2.13B are very 

similar to those found' for the calculated 162.0 MHz spectrum of 

RU[P(OCH~)~],P(OCH~)~CCH~ (see figure 2.10~); the latter was 

based on an A3BC spin system as 'well. 

e 

The spectral parameters associated with the simulation in 

figure 2 ; 1 3 ~  (i.e. 162.0 MHz data) were used to calculate the 

slow exchange limit "P{'H] NMR spectrum of . 

RU[P(OCH,),],P(OC~H,~)~ measured at 40.54 MHz. These are shown in 

figure 2.14. Considering the impurity resonances coincident with 

the high field multiplet - of the experimental data (2.1.4A), the 



r 4  - 

simulated .(2.14B) and experimental spectra are in close 

agreement. 

$ 

Based on these results, the static solution struct'ure of 

Ru[P(OCH~)~I~P(OC~H~)~ may be assigned as trigonal bipyramidal 

with the unique ligand occupying an axial coordination site. The 

high and low temperature limiting 3'P{'~) NMR spectra of the 

,P(OC2HS), derivative (in conjunction with the corresponding 

variable temperature benaviour shown in figure 2.11) are 

consonant with axial-equatorial ligand scrambling. The 

temperature invariance of resonances due to added P(OCH,), and 

P(OC2HS), argued against an intermolecular exchange process. 

The variable temperature 3'P{'~3 NMR results ( 4 0 . 5 4  M H Z )  for. 

Ru[P(OCH,), ] ,P(OCH(CH, i 2) , were sirnildr to those observed for 
the P(OC2HS), analogue at the same field strength. The fast 

exchange limit spectrur(-in toluene-d8 at 25 OC) was due to an 

A,B spin system. The spectral parameters as derived from a 

computer simulation were 6B 20.0, 6 '25.3, and JAB= 52.1 Hz. An 
A 

impurity multiplet similar to (and more int.se than) the one \ 
. . -- 

described for RU[P(OCH,)~],P(OC~H~)~ (see figure 2.11) was also 

present in the 31~f'H) NMR spectrum of 

R U [ P ( O C H ~ ) ~ ] ~ P ( O C H ( C H ~ ) ~ ) ~ .  As the temperature was reduced, the 

'P{ 'HI NMR spectrum of the triisopropyl phosphite derivative 

underwent collapse and resolution. The slow exchange ljmit 

spectrum of this sample &as reached at - 1 3 0  O C .  As for the case 

of the P(OC2HS), derivative, the impurity made accur"ate spectral 

simulation of the high field resonances ( b  -15) due to 



r-=+ 

.Fi ure 2.14 The Cperimental 3 " P { ' H ]  NMR spectrum ( A )  of 
Ru 9 P(OCH3),],P(OC,~,), at -121 O C  (40.54 MHz) and a computer 
simulated spectrum ( B )  based on an A3BC spin system. Spectral 
parameters given in text. 



RU[P(OCH,),],P(OCH(CH~)~)~ difficult. The low field resonances - 

in, this spectrum of RU[P(OCH~)~],P(OCH(CH~)~)~, however, were 

very similar to those in the slow exchange,,. 3 1 ~ { 1 ~ )  NMR spectrum 

of the P(OC2H5)3 analogue: a broad, apparent triplet was 
-- - 

observed at 6 37.1 (see figure 2.11). 
0 

The low temperature "Pi 'H) NMR spectrum o'f 

RU[P(OCH,)~]~P(OCH(CH~)~)~ (in CD2Cl2/CHFCl2 (1:4)) was measured 

at 162.0 MHz in an effort to elucidate the static solution 

structure of the complex. This spectrum (at -1 15 O C ~  was of 

little use in this-regard. The resonances were even more 

exchange broadened than those of the corresponding spectra for 4 

RU[P(OCH~),]~L (L= P(OCH2)3CCH3, P(OC2H5),). The spectrum of the. ' 

P(OCH(CH,)~), analogue did, however, share several qualitative 

features with the corresponding data for the P(OC2H,), and 

P(OCH2!,CCH3 derivatives (both with axial substitution): the 
- 

former spectrum revealed a triplet (broad and ill-resolved) at 6 

-37 and a quartet of very broad multiplets at 6 -15. The broad 

nature of these resonances made a spectral simulation 
I 

impractical. 

The available data does not allow a confident assignment of 

the static solution structure for RU[P(OCH,) ;I .P(OCH(CH, Z )  ,. 
There was, however, a qualitative similarity between the 31P{1HJ 

NMR spectra (40.54 and 162.0 MHz) of the triisopropyl phosphite 
B - 

derivative and the corresponding data for the P(OC;H, , 
congener. This provides some evidence for a tentative 

assignment: a trigonal bipyramidal structure is most likely for 



< 

RU[P(OCH,)~],P(OCH(CH~)~)~ at low temperatures, with the 
/ A 

P(OCH(CH,)~), ligand in an axial position. The variable 

temperature 3 1 P { 1 ~ )  NMR spectra of this complex appear to be in 

accord with the transformation of the slow exchange limit spin 

system into an A,B spin system via an axial-equatorial ligand 

scrambling process. 

The variable temperature 3 1 ~ { 1 H )  NMR spectra of 

RU[P(OCH~)~],P(OC~H~)~ in CD2C12/CHFC12 (1:4) (measured at 40.54 

MHz) are shown in figure 2.15. Note the broad, ill-resolved 
- 

multiplet at 6 -12 of the -124 OC spectrum; despite several 

alumina filtrations, the impurity causingthis resonance could 

not be removed. The weak, high field singlet in the -12 OC 

spectrum ise due to a small amount of free P(oc~H,), . Several 
purification attempts also failed to remove the last traces of 

this excess ligand from the reaction mixture. In the fast 

exchange limit, the 31~{1H! NMR spectrum (-12 "C) of 

RU[P(OCH~)~],P(OC~H~)~ reveals resonances due to an AQX spin , 

system. The spectral parameters are 6X -6.1, 24.6, and JAx= 

49 Hz. The slow exchange limit 3 1 ~ E 1 ~ )  NMR data (-124 OC) 

reveals a spectrum considerably different from the analogous 

spectra for RU[P(OCH~)~],L (L= P(OCH2),CCH3 and P(OC~H~),). Th,h 

experimental 'P{ 'HI NMR spectrum of RU[P(OCH~) 1 QP(OC~H~) dt 

-124 OC was successfully simulated based'on an A2B,C spin - 

system; the results are shown in figure 2.16. The associated 

spectral parameters are hA 31.5, 6B 20.8, 6= -4.2, JAB= f74.7 

HZ, JAC= '179.1-Hz, and lac= 281.4 Hz. The fact that both JAB 



Figure 2.15 The variable temperature: 'PI 'H) NMR spectra of 
RU[P(OCH~) 3 ] b ~ ( O ~ 6 ~ S  )j in CD,C~,/CHFC~, (1:4) measured at 40.54 
MHz. The broad, ill-resolved multiplet at 6 -12 is an impurity. 



.Figure 2.16 The experimental NMR spectrum of 
RU[P(OCH,)~)?P(OC~H,), in C1, (1:4) at -124 O C  ( A )  and 
a computer simulation based onkan A,B,C spin system. Spectral 
parameters given in text. 



and . L e e  of opposite noted. Numerous attempts 

to simulate the experimental spectrum based on an A3BC spin 

system were unsuccessful. The evidence is consistent with 

RU[P(OCH~)~],P(OC~H~)~ adopting a static, trigonal bipyramidal 

' structure in solution with,the aryl phosphite i n  an equatorial 

position (figure 2.8B). The possibility of the impurity 

"multiplet (6 -12, see figure 2 . 1 5 )  being due to a minor isomer 

of RU[P(%H~) I 4 ~ ( ~ ~ 6 ~ 5 )  is discounted. The resonances of such 

an isomer would be expected to clearly collapse into the 
< -- 

baseline as a result of the intramolec-ular exchange process; it 

may be observed that this is not the case. Further support for 

the contention that the slow exchange limit 3 1 ~ { 1 ~ ) ' N M R  spectrum 

of RU[P('OCH,), 1 4 ~ ( O C 6 ~ S )  reflects an A2B2C spin system may be 

obtained by examining averaged coupling constants due to the 

observed axial-eguatorial phosphite exchange (see figure 2.15). 

The spectrum in question did not exhibit any resonances due to a 

minor isomer; this suggests that the concentration of such an 
. , 

isomer (if present) must be considerably less than that of the 

major (i.e. equatorial) species. Under these conditions the 

coupling constant i the fast. exchange limit (i.e. J A X )  should 

approximately reflect the average of the appropriate cobling 

constants from the slow exchange limiting spectrum. The weighted 

average of JAC and JgC is 48.9 Hz, which compares very well with 

J~~ 

in the fast exchange linit ( 4 9 . 0  Hz). 

In summary, the slow exchang limit 3 ' ~ { 1 ~ )  NMR spectrum of 2 
R~[P(OCH,)~],P(OC~H,), ( f  iglhd2. 16) is in accord with a 

I 



trigonal bipyramidal static solution structure with the unique 

ligand in ad equatorial sife. The-changes to the spectrum with 
-m 7 

increased temperature indicate the operation of an 

axial-equatorial phosphite exchange process. 

/ 

The 3 1 ~ { 1 ~ ]  NMR spectrum of RU[P(OCH,),],PF~ in 
. 

CD2CJ2/CHFC12 (1:4) at -23 OC iqshown in figure 2.17. Two sets 

of impurity signals are marked with asterisks. This spectrum may 

be analyzed in terms of an A,MX3 spin system, where fast 

axial-equatorial phosphite exchange renders the four P(OCH,), 

ligands (i.e. A) equivalent. The resonances due tb these groups 

appear as an overlapping doublet of quartets (6* 26.3, Jpp= 48.4, 

Hz JpF = 25 Hz). The resonances due to the,PF3 1 9 n d  (MI may be a - 

approximately described as a quartet of quintets (6H -1.4, JpF= i * i 
+, 

1365 Hz, Jpp = 49 HZ), although second order effects are evident. 

The outer quintets of this resonance are also -vel=-y--- 

. - 
The slow exchange limit 'P( 'H] NMR spectrum of *: 

RU[P(OCH,) ,],PF, in CD,C~,/CHFC~, ( 1  :4) &s obtained at -129, OC. 

The spectrum, a$ anticipated, was complex. Spectral analysis was 

further hampered by the two impurity signals (see figure 2.17) 

which obscured one of the inner PF3 resonances. The - portion of 
the slow exchange limit 31P['~) NMR spectrum due to the P(OCH3)I . 

ligands (i.e. the A2B2 part) is shown in figure 2.18 (A) with a 

partial simulation oased on an A,B2CX3 spin, system (B). The 

spectral parameters - - are aA 40.0, 6B 24.8, 'AB = k75.5 Hz, 

'AC = 1182.4 Hz, JBC= r90 .1  Hz, JAE=_?44 R H z L  Jgx= 210 HZ, and 
- 

Icx = +I000 Hz. The fact that most of the major resonan-s in the 



4 

nned by figure 2.18 were composed of numerous - 
component transitions made assignments difficult; the iterative 

capability of the PANIC simulation program (see chapter 2 

experimental section) was of littlie use in obtaining a better 

fit. 

Based on the prexious results for RY[P(OCH,),],L (L= 

P(OCH~)~CCH~, P(OC~H~),, P(OCH(CH,)2)3, P(QC,H,)-,), the two most 

likely structures for RU[P(OCH,'),],PF, are thwe represented by ' 
- 

, - 
A and B in figure 2.8. The former represents)an- A3BCX3 spin 

1) 

system Qhile the latter reflects an A2B2CX3 system.$Despite 

extensive etforts the partial, slow exchange limit lP( 'H) NMR 

spectrum of Ru[P(OCH,), ];~PF, could not be even q~alit~tively 

simulated based on an A,BCX, spin system. In addition, the 
1 

values of JAB, JACf and JBc derived from the A,B2CX3 simulation 

f& RU[P(OCH,),],PF~'(~~~.~, 1182.4, and 290.1. Hz, respectively) . 

are very similar to the corresponding values for 

RU[P(OCH~)~],P~OC~H~)~ (274.7, 1179,1, and 281.4 Hz, . I 

\ 

respectively); the slow exchange limit 3 ' ~ { 1 ~ }  NMR spectrum of , 

the latter complex was convincingly shown to be due to an A,B,C ' - 

spin system. 

A consideration of ayetaged coupling con'stantsl reveals 
, \ 

additional evidence'in support of an A2B,CX3 spin system for 
I .  

RU[P(OCH,),],PF,. As was the case for RU[P(OCH~), ],P(oc,H,), , 
J 

the S ~ O W  exchange limiting 'P( 'HI NMR spectrum of 

RU[P(OCH,)~],PF, exhibited no resonances assignable t.o a .minor 

isomer; the weighted average of the appropriate static coupling 
f 

r 





Figure 2.18. A p a r t i a l  " P ( . + H ]  NM? spec"trum of RU[P(OCH, &:.PC, 
an CD~C1,/CHFClz (1:4) a t  -129 O C  C40.54 X H z ) \ ( A )  and a partial 0 

siaulation (B) based on an A,B,CX, spin system. 
Spjctrsl parameters given  in t e x t .  - 



. D 0 
u * 

f 
constants should. therefore r e f l e c t  - t h e  corresponding , ,  f a s t  ' = z, . - 1 

exchange l imi t  value. The weighted:.average of Lk and  J g X  from 
Y i 

- t h e  spec t ra l  parameters of t,he AiB,CX,*~i.mulati~n (27 Hz) agg'$eo . 
T b  t 

well with- JM i n ,  the f i s t  exchadge. limit (-2$ Hz). The weighted 

average of. J ' and JBc fr.opl the slow *exchange l i m i t  9pek'trqp is 
-A, L k  AC , 

' 46.2 Hz; t h i s  value is i n  good agreement>-with that ,  of J M  foynd 

, . 

~ h e c  avai lable  widen- th\u$ supports the contention tha t  t h e  
L 

static solution s t ~ u c t u r e  o f  R U [ P ( O C H ~ ) ~ ] ~ ~ P F ;  is t r i g o n a l L  . - 

bipyramidal u i t h  the ~ n i q u e ~ l i g a n d  i n  an equator ia l  si te" j f igure  . 
I 

2.8B). The variable -temperature 31PC1H) M3R data for  t h i s  " 

c w m p f ~ x  is again consistent with scrambling of the ligands , 
. , , + 

- betveen 'a i ia l  a n d  e q u s t 6 r i a l  s i t e s .  ' 

The varigble , .  'P,( 'H) MkRspectra of 

. . . . 
. shown i n  f igure 2 . 2 0 .  The spectrum qti.6  it nea; (but not i n )  

P , b .  

9 ' 

the fast exchange l i m i t  and represents an A.X spin system u i t h  
' . 

I 

6, 2 5 . 4 ,  6 1 - 1  27.9, and JAX= 2 4 . 4  Hz. , 
X - .  

* .  . 
U 1 .  

'. * 

. The 'P,I '+I) WMR spe&rum o,f Ru[P(OCH, ), 1 , P ( c H ~ , )  2CCHs a t  -1.04 

O C  i s  irr t h e  .slow exchange l i m i t .  T h i s  spectrum was s&cessful ly  
- , 

L >  

simulated o n  the basis of an A,BX spin system; the experimental - 
( 8 )  and cqmputcr gen+;ated ( A )  spectra a r e  shown i n  f igure 2.19. 

The spec t ra l  ~ T a m e t e r s  a r e  5A 32.9. 6B 17.0. 6g -130.5.  JABm 

2 7 4 . 7  Hz, JA== 264.7  Hz, and JBX= ~ 2 9 2 . 4  Hr.Based on previous 
Q 

argume-, the weighted bverage 'of J m ,  and JgX (.in the slow 

, . 
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Figure 2.20 The variable temperature 3 ' ~ f ' ~ i  W R  spectra of 
Ru[P(OCH~)~],P(CH,)~C~H~ in CD,C~,/CHFC~, (1:4) measured at 
40.54 MHz. The resonance marked with an asterisk is due to an 
RU[P(OCH,),]~ impurity. 



* .  

system are symmetrical about xhe f reguency vg .  In particular, 

the inner two lines are separated by a frequency of 21AJAX + JgX 

(IA= 3[  1/21 )' and are independent .of the applied field strength; 

the values of JAX and JgX from the spectral simulation and the 
- % 

frequency separation of the two inner lines from the 

are consistent with the former requ'irement okthis spin system. 
# 

In summary, the variable temperature 31~{1~)'NMR data for 

RU[P(OCH,),],P(CH,)~C~H~ is consistent with an axially 

substituted, trigonal bipyramidal structure (in the slow 

exchange limit) undergoing phosphorus ligand scrambling as the 

temperature is increased. b 

  he variable temperature 'P( 'HI NMR spectra. of 
il 

RU[P(OCH,)~],P(CH,), in ':oluene-d8 measured at 162.0 MHz are 

shown in fiQure 2.22. The corresponding 40.54 MHz data ibr + 

RU[P(OCH,),]~P(CH,), was quite complex; small chemical shift __ -- 
differences in the slow exchange limit led to a tightly-coupled 

'spectrum which was difficult to analyze. A singlet due to an' f 
.B 

, RU[P(OCH,)~]~ impurity is marked .with an asterisk in figure 

2.22. The fast exchange limit spectrum (76 OC) is consonant with 

previous findings for the RU[P(OCH~),],L derivatives: rapid 

axial-equatorial ligand exchange results in a spzEtrum due to an 

A4X spin system in this case 24.8, -134.5, JAX= 23 HZ). 

The slow exchange limit 3 ' . ~ { 1 ~ )  NMR spectrum was obtained 
L 

-75 OC, This was successfully simulated assuming an A,BX spin 



, 
- .. 

E 

. + .  
sys'tem. The experimental (A) and simuhfed (8) spectra arc shwd - 

in figure 2.21. qhe spectral parameters derived from the * ' 

simulated spectrum are as follows: 6A 26.5, 6B 31.0-, 6% -132.7, 

JAB- 57 1 . 5  Hz, ' JAX= 267.9 Hz, and JBx= '290.1 Hz. Based on 

previous arguments, the weighted average of JAX.and JgX (in the 

slow exchange limit) should agree with JAx in the fast exchange 

limit; these values are 21.6 and 23 Hz, respectively. 'The static 

solution structure of RU[P(OCH,),I,P(CH~)~ is thus assigned as 

that shown in figure 2.8A, where the phosphine occupies an axia 
e 

site. 
"t 

The variable temperature "P{'H) NMR behaviour of 

Ru[P(OCH,)~],P(CH,), is similar to that observed for 

RU[P(OCH~),],P(CH,)~C~H~. As the temperature is increased, the 

slow exchange A3BX pattern collapses and coalesces to one due to 

an A,X spin system. The inner lines of the X quartets are 

unbroadened duric? this process (as observed for the P(CH3),C6H, 

analogue) and become the outer lines of the high field quintet. 

In light of the previous discussion, these two resonances should 

be separated by a frequency of 3JAX + JBX. The values of IAX and 

J~~ 

obtained from the simulatien and the experimental frequency 

'separation of the lines in question are in agreement with this 
5 .  - 

B condition. The requirement that the frequency separation of 

these two resonances be independent of the applied field could 
1 

not be tested precisely; the data measured at 4 r . 5 4  MHz revealed 
7. I 

a spin system where ,the X approximation was not totally valid. 

The frequency separation of the two lines from this spectrum 





I I - 
30 - I  ,. 25 ppm -1 30 dl 35 

Figure 2.22' The variable temperature ''P~'H] NMR spectra of 
- Ru[P(OCH,),],P(CH,), in toluene-d8 measured at 162.0 MHz. The 

signal'marked with an asterisk is due to an 
R U [ P ( ~ C H , ) ~ ] ~  impurity. 



(85.8 .Hz), however, was in redsonable agreement with the 
- - 

corresponding value obtained from the 162.0 MHz data (86.4 Hz). 

One other aspect of t'he slow exchange limit' 31P{1H) NMR 

spectrum of. Ru[P(OCH,) ,].P'(cH,) is worthy of mention: the 

resonances due to the axial P("OCH3), ligands are at lower field 

than those due to their equatorial counterparts. All of the 

other RU[P(OCH, 1 ,  ] ,L derivatives discussed inrthis thesis 

exhibit the opposite behaviour. The precise reason for this 

anomaly is unclear, -although the electronic properties of the 
\ 

trimethyl phosphine ligand likely play a key role. Of the 

ligands L used in the RU[P(O ) ],,L derivatives, P(CH3), has 
I * 
the smallest value of the electronic parameter (2064.1 cm" 

1 

[Ill). It is generally considered a very basic ligand with poor 
_- 

n-acceptor properties. 

The variable temperature 31P{1H) NMR spectra of 
5 

R~[P(OCH,),$IP(CH,)~ are in accord with axial-equatorial ligand 

exchange. This process causes trans•’ ormat ion of the slow 

exchange limit A,BX pattern into a spectrum due to an'A,X spin- 
* 

system. 

The var-iable temperature "PflH) NMR spectra of 
4' 

R u [ P ( O C H ~ ) ~ ] ~ C ~ ~ C H , ) ,  in CD,C~,/CHFC~, (1:4) (40.54 MHz) are 

shown in figure 2.23. The spectral analysis for the trimethyl 

stibine derivative~was considerably mor,e straightforward than 
L 

fcfr the o'ther RU[P(OCH,) ,],L complexes. Neither of the two 

stable isotopes of antimony have - I =  1/2. The fast exchange limit 



spectrum of RU[P(OCH~) 1 ,Sb(CH3) (-1 2 OC) reveals a single 
f -- 

line, consistent with rapid axial-equatorial ligand'exchange. '.A 

The low temperature limiting 'P{ 'HI NMR spectrum  of^ 

RU[P(OCH~)~],S~(CH,)~ (-113 OC) reveals a doublet and a 

' partiakly second order quartet. This'spectrum was successfully 

simulated based on an A3B spin system. The experimental ( A )  and 

computer' simulated (B) sFectta are shown in figure 2.24. The 

spectral parameters are aA 39.2, aB 20.3, and JAB= 66.5 Hz. 
1 

i 

In summary, RU[P(OCH~) 3]i~b(~~3), adopts a trigonal 
I 

bipyramidal geometry in soludion at low temperatures with the 

SbMe3 ligand in an axial position. The variable temperature 

3 1 ~ { 1 ~ )  NMR data is consonant with rapid ligand scrambling at 

higher temperatures, .1 

. F 

The "P{'H) NMR spectrum of RU[P(OCH,),],?CH,(C~H~)~ in 

CD2C12/CHFC1, 1 4  at 3 OC exhibited at doublet (6 21.3) and 'a 
f 

quintet (6 -108.7) with identical coupling cocstants (Jpp= 28.7 

Hz), The two resonances had relative intensities of 4 : 1 ,  

respectively. This is just the behaviour expected~for 
3 

RU[P(OCH~),],PCH,(C~H~)~ in the fast exchange limit. The complex 

underwent a slow but steady decomposition in this solvent 

' mixture and a slow exchange limit spectrum was n'dt obtain*. . 

'Solutions of the PCH, (c,H;), derivative in hexane,"-<ol>ene, and 
'.\ 

acetone-d6 also underwent slow decomposition (at room l-. . 

temperature); &e characteristic odours of bcth the free IqSnds 

were evident, The mass spectral analyses of 

R U [ P ( O ~ H ~ ) ~ ] , P C H , ( C ~ H ~ ) ~  using the 2lectron impact, chemical 
! 



, 
Fi ure 2 . 2 3 ' ~ b  variable temperature 'PI 'HI NXR spqctta of 9 Bu P(OCH,),].S~(CX,), in CD,Cl,/CHFCl, ( 1 : 4 )  measured at 40,.54 ' 
MHz. 

. 



.: 20 
' A , .  

- Figur,e2.2.4 The- cx.perimcnta1 (A) q a d -  computer simulated (:B) J 
. a3!.P( '8) 'W2spe.ctra of R U [ P ( O ~ H ~ )  ,]!sb(C~,), at -1J3 ' ~ . t f ~ h e  

. .;experimental spectrum was ohtained in CD,Cl , , ; /CHFCl ,  (1 .54  ) at . , 

'"-. 40.54 ,HHz. Spectral parameters. given in text ' .  il c' 

. ' / 

, . . . 
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ionization, end iast atom'bombardment techniques fgiled to 
- 

rekal a parent ion ( m / r  799).   he electron impact mass spectrum - B ,.'-s . 
exhibited. ions dued to {RU[P(OCH',) , I , ] '  and (R~[P(oCH,),],]' in 

d " 
addition to an unidqn'tified species (very weak) at m / e  794. . 
Given the fragile nature of the cornplej&in solution, it is, 

- .  8 "  

likely that thermal deco,mposi'$ion occ;urred under $he conditions- 
* >*.- . >f 

of the mass -spectral analy&$s. 

- The 3 1 ~ { 1 ~ ]  NMR spectrum of RU[P(OCH,),!,P(C,H,~N), in 
-\-; 

toluene-d, ak 27 OC ( 4 0 . 5 4  - 1 '  rev-ealed a doublet ( 6 :  2.1.3) and 

a quintet t b  -108.7) of relative inatefisity 4: I ,  respectivbly. 

- .  , a 
'~9th resonances had the same coupling constant (Jpp= 24.7 Hz). 

This NMR evidence is again consistent with a RU[P(OCH~)~],L 
/ 

-- 
derivative undergoing rapid ligand,scrambling at room 

tempbrature. The P(C,H,CN), c ~ l e x  suffered extensive 
6 

-decomposition in CD,C~,/CHFC~~ ( 1 : 4 )  and a slow exchange limit 

RU[~(OCH,) ,],P(c;H,cN), also failed to exhibit a 
Q 

eiectron impact technique revealed fragments due 

31~{'H] NMR spectrum was not obtained. The mass spe trum of 4 
parent ion; the 

were' found to be quite air-sensitive. The complexes suffered 

extensive decompositi n during 5 min exposure to air. '$ 
Before a fuller discussion of the pievious results a n  

i 

additional piece of structural evidence will be presented. 

Recall that all of the RU[P(OCH,),],L derivatives were quite . I 



soluble in hexane except for Ru[P(OCH~),],P(OCH~)~CCH~ and 

R~[P(OCH,),],P(C~H,CN),. The former complex was recrystallized 

from hexane at -15 "C to yield colourless crystals suitable for 

structural .analysis by-kray diffraction.  he structure was %, 

solved by Dr. Richard Jones and Professor F.W.B.   in stein (both 

of Simon Fraser ~niverqity): their work is greatly appreciated. 

The overall geometry of the molecule is shown in figure 

2.25, which also features a,partial numbering scheme. A number 

of selected bond angles and bond lengths are given in table 2.3. 

The molecular structure of R~[P(OCH,),],P(OCH~)~CCH~ reveals 

that the geometry about the Ru atom is approximately trigonal 

bipyramidal with the P(OCHz) ,CCH3 ligand occupying an equatorial 

site. The Ru-P distances for the'axial P(OCH3), groups are not 

significantly different than those for the corresponding 

equatbrial ligands. The average Ru-P distance (for-the P(OCH3l3 

ligands) is 2.282 A .  This value may be compared to Ru-P 

distances of 2.21W).,. 2.233(7) & in 

~ ~ ( ~ ~ - 2 - ~ e - a l l y l ) ~ [ ~ ( O C H ~ ) ~ ] ~  [ 5 7 ]  and 2.309(2) A in ' 
\ 

1 

RU[P(OCH,), 1 (cG),~ [58l. The three Ru-P bond dist'ances in 

difference is not large. These results imply that the 

ruthenium-phosphorus bonding in RU[P(OCH~)~],P(OCH~)~CCH~ is 

R U , ( ~ - H ) ( ~ - N O ) ( C O ) , , [ P ( O C H , ~ ~ ~ ~  2.283(2), 2.284(2), and 

2.267(2)' Il [59]. The Ru-P distance for the P(OCH,),CCH~ ligand 
* 

in RU[P(OCH,) , I,P(OCH,) ,~~~+(2.244(6) & )  is shorter than the 
'. 

average Ru-P(OCH,), distance in this complex, although the 

slightly stronger for the P(OCH,),CCH, ligand than for the 

80 
\ 



Figure 2.25 The molecular structure of 
R U [ P ( O C H ~ ) ~ I ~ P ( O C H ~ ) , C C H ~ .  



Bond Anqles ('1 - Bond Distances & - 
& 

Table 2.3 Selected bond angles and bond distances for 
Ru[P(OCH~)~]&P(OCH~)~CCH~. __ ____- - - - - 

- \ 

P(OCH3), groups. The electronic parameters for the P(OCH3l3 and 

P(OCH2),CCH3 ligands are 2079.5 and 2087.3 cm-', respectively 

[ll]; t.hese values suggest that the caged phosphite is a poorer 

a-donor and/or a better A-acceptor than trimethyl phosphite. Th,e 

shorter Ru-P bond for the P(OCH2),CCH3 l5gand in 

' RU[P(OCH,),]~P(OCH~)~CCH, (relative to the RU-P(OCH;), bonds) is 

consistent with better r-acceptor properties of the. former 

ligand, Jteric effects, however, may also be responsible for the 

observed ruthenium-phosphorus bond length differexe in 
r 

The Ru-P bond distance in R U ( C O ) ~ ( C ~ H ~ ) ( C , F ~ ) [ P ( ~ H ~ ) ~ C C H ~ ]  , 

was found to be 2.314(4) A [60]. That the RU-P(OCH2),CCH3 bond - 
t 

in RU[P(OCH,), ,P(OCH2) 3CCH3 is considerably shorter than this , 

1 may be explained in terms of increased u back-bonding in the 
/ 

/ 
1 

latter; this is consistent with the good o-donor properties of 

/i 
i 

the P(OCH3), ligand. The interligand bond distances and angles 
I 

1 

/ 



, 

/ 1 r 

for the caged phosphite i? RU[P(OCH~)~I,P(OCH~)~C% agree well - 

- - 
/ 

r ) . > with the qrrqsponding ,values in I 
r r \ 

Ru(CO),(E,H,) (c,F~,)~P(OCH~)~CCH~] [601! . z 

\ 

\ 

The trimethyl phosphite ligands in R [P(ocH,),],P(ocH~),CCH, 

all display an asymmetry common to many rn&tal-~(~~H,), complexes 
'\ 

[58a], A fuller discussion of this 'subject\,may be found in 
/ \ 1 

chapter 5. \ 

'\ 

The most notegorthy aspect of the X-ray data kor /j ! -- 

RU[P(OCH,),]~P(OCH,)~CCH~ is the P-Ru-P bond angle's: An 

examination of table 2.3 reveals considerable dibtortion from an 

idealized, pseudo-Dgh symmetry of the RuP, skeleton, as 

evidenced by, the equatorial b5nd angles: the -- 
(CH,O),P-Ru-P(OCH,), angle (126.2(3)") has opened up at the 

expense of the two angles containing the caged phosphite ligand 

[115.6(2) and 118.2(2)'). This result suggests that the steric 

difference between the two types qf phosphite ligan>(OCH3 1 ,  :. 
8= 107'; P(OCH2)3CC~3: 8= 101' [ll]) causes measurable 4 
distortions in the solid state structure of 

Ru[P(oCH,),],P(OCH~)~CCH~. That this relatively small difference- 

6") appears capable of causing a noticeable effect indicates 

hat steric considerations in RU[P(OCH,),],L derivatives are 

important. 

A -'discussion of site preference for the RU[P:OCH~] ,L 

complexes will now be presenfid. The subject is introduced via - 
, * 
the obvious incongruency in the solution and solid state data 



for RU[P(~H,),),P~XH~)~~CH~: the X-ray structure of this 
', 

complex showed the caged phosphite ligand in an equatorial site -' - /- 
,- 

while the NMR evidence indicated that the major isomer had'a 

- stific solution structure with an axia: P(OCH,),CCH, ligane, 
0 

-- Recall also that the slow exchange limit 31P[1H] NMR data hor 
\ 1 -  

RU[P(OCH,),],P(OCH~)~CCH~ suggested the pr,esence of the 

equatorially substituted species aspa minor isomer (-10@. , 
p -4 -= .. r -9 

A numper of theoretical studies concerning the s&e 
-- Y* 

pref~renf~'~~@'ands in trigqnal bipyramidal compl&x-e~ :( i .e. - - 
L 0- - -. - E;Tx ' 

Dgh) have bzgn published. The work of Hof fmann and Rossi '.. 
L " r ."- 

utilized extended Huckel calculations on model compounds; . sh rr - 
arguments based on symmetry and overlap were used f 61 1. ~hei; 

1 

-& e& 

results indicated that good 0-donor ligands prefgf$\_Ri~. &'t& j 
5" 

, r+- - % ,  * 

* .  - - and good r-acceptor$igands favour equatorial sites in a d8, Dgh 
i. 

+" complex. The prediction that good a-donor ligands prefer the *- 

axial sites in a trigonal bipyramidal, d8 nolecule was also 
L 

'-.l 
advanced by ~urdetj, based on an angular overlap model [62]. 

1 
\ I 

\ 

-\Similar . results were derived from another LCAO molecular orbital 
I. ' 

The potential role of steric factors in site preference for . . 
trigonal bipyramidal complexes'do s not appear to have been \ 
theoretically investigated. Based on th-er of 90' 

\ .\ interactions, one might expect that the axial s:tes-are the most 
\ 
\ 

\. sterically crowded. This approach, however, is clearly too 

\ simplistic: the mutual interaction of all the ligand atoms in a 

specific complex must be taken account of before a meaningful A 



\ 

\ - - 
', - 

-pr-ernont -- of steric &te\ preferen- can be made. In a more 
- - \ 

general sense, one hight expec-he size of L to play some role 

in a sterically congested species 'hch as R&%(ocH,), I ,L (L= 
\ 
'\ 

phosphine and phosphite) . The X-ray cry%l structure results 

- for RU[P(OCH,),],P(OCH,)~CCH~ providr evidence for 

this view as does the fact that Ru[P(OCH,),],L 

not be prepared for ligands L with large cone 

infra). 

- - '\ 

The site preference disparity. between the solid state and ''\ 

\\ 

olution structures of RU[P(OCH,),],P(OCH,)~CCH~ may be 
\ 

static q\ \\\, 

to the theoretical predictions. 

studies have indicated that P(OCH,), 

is more basic th& P(OCH,),CCH, [ 6 4 ] .  This view is consiskeats 
\ 

with equilibrium studies-between various phosphite ligands and 

BH3 1651. These results.strongly suggest that P(OCH,), is a 
;* @ 

8" better o-donor ligand than P(OCH,),CCH,. Based on this - 

consideration, the site preference o•’ the caged phosphite group 

in the solid state structure -of RU[P(OCH,)~],P(OCH,),CCH~ is in 
b 

accord with theoretical predictions. One might have expected the 

opposite result, where electronic effects determined the .' 
- 

solution structure; crystal packing forces could then be invoked 4 

tor explain why the minor (i.e. equatorial) isomer crystallized 

from solution preferentially. It is tempting to attribute the 
F\ . 

i 

*i axial site preference of the P(OCH,),CCH, ligand in the static 
P 

solution structure of RU[P(OCH~),],P(OCH,)~CCH~ to steric 

forces. In light'of the previous discussion concerni.ng the 



,- 
# 

difficulty in taking account of all non-bonded interactions, 
%= 

there pppears no firm foundation on which to launch a steric 

argument.'The X-ray results for RU[P(OCH,)~],P(OCH~)~CCH~, 
C 

however, suggested that steric cansiderations were valid. 

Considerably more crystal structure data on related complexes 
b 

\ 

are required before the reasons for the discrepancy between the 

static solution and solid state geometries of * 

RU[P(OCH, ] ,P(OCH2) ,CCH3 may be elufidated. 

The results of the pariable temperature 3 1 ~ { 1 ~ )  NMR studies 

-- for the RU[P(OGQ),],L derivatives are given in table 2.4. The 
-*\ 

site preference of L -[based on the 31P{1H) NMR data) is 

tabulated along with th.e cqrresponding electronic and steric 

parameters  for^ the ligand [10,11,51]. Analogous data for 

RU[P(OCH,),]~ and RU[P(OCH,),],CO are included in table 2.4 

The 3 1 P { 1 ~ )  NMR studies of the reaction between - - 

RU[P(OCH,),],(~~-C~H,) and L (L= various phosphines and 

phosphites) deserve some discussion. Recall that for L= PPh, and 

u P(i-Pr),, there was no NMR evidence for the formation of the 

RU[P(OCH,),],L complex. In addition, the reaction of 

RU[P(OCH~) , l o  (q2-C2H,) with L= ~(n-BU),, P(~-o-tolyl)~, and 

PCHi(C6H512 gave Ru[P(OCH,),],L derivatives which rapidly 
i 

underwent firther reaction in solution. The ligand cone angles 

for P(i-Pr),, PPb,, P(0-o-tolyl),, PCH3(C6~5)2, and ~(n-Bu), are 
\ 

16.Q0, 145", 141•‹, 136", 32", respectiveky [11]. The 

corresponding electronic meters are 2059.2, 2068.9, 2084.1, 



f p i '  
u m N  

ln 
r e 
O C *  
+ O Q  

U L 
Y l t  0. 

O K ,  



. 
2067.0, and 2060.3, respectively [10,11]. Comparing these values 

to those for the ligands which formed stable RU[P(OCH~.),],L , 

derivatives, the conclusion is obvious: there is a steric 
/ 

-threshold for coordination of L to the R U [ P ( O C H ~ ) ~ ] ~  moiety. A 

consideration of tge molecu3ar structure of 

Ru[P(oCH,), J,P(OCH~) 3 ~ ~ ~ 3  (figure 2.25) reveals the steric 

congestion around the wntral metal in this systeb.,This steric 
- 

threshold appears to oc2u.r for incoming ligands with cone angles 

of -1 32-136'. Recall that RU[P(OCH,) . ,],PCH3 ( c ~ H ~ ) ~  (6' 136') and 

RU[P(OCH~) - -- C2H,CN), (6. 132O) were'unstable in solution, in 

accord with these findings. 

- 

The site preferences of L in the RU[P(OCH~),],L derivatives 

are shown in table 2.4. It is clear that steric considerations 

are not generally important in determining whether L prefers an 

ial or an equatorial site. The two complexes with equatorial 

substitution (i.e. RU[P(OCH~),],PF~ and R U [ P ( O C H ~ ) ~ ] , P ( O C ~ H ~ ) ~ )  

contain ligands L with widely differing cone angles. Conversely, 

ligands with cone angles similar to those for these two -- 
complexes (104' and 12a0, respectively) give R u [ P ~ O C H ~ ) ~ ~ , L  

derivatives which exist as axial isomers in solution at low 
i 

temperatures. There does appear to be a correlation between the 

electronic properties of L and the sitelpreference: both PF3 and 
/ 

P(OC,H,), have a high value of the electronic parameter. In 

light of the discussion in chapter 1, this indicates that both 

ligands have poor a-donor and/or good a-acceptor 
/ 

characteristics. APguments based on either of these two 



properties ' predict that the two ligands in quest ion w~uld favour - 
equatorial coordination; Rossi and Hoffmann have predicted that 

poorer o-donor - and better A-acceptor ligands will prefer the 

equatorial positions in a dB, D3h molecule [ 61 1. The 

inconsistency of this ar&ment relative to 

RU[P(OCH,),]~P(OCH~)~CCH~ has already been examined. 1 t  is 

observed that the electronic parameter of the P(OCH2),CCH3 

ligand is higher than that of P(OC6H5), yet 

RU[P(OCH~)~],P(OCH~)~CCH, exists primarily as the axial isomer 

in solution at low temperature. This could be a case where 

steric considerations outweigh the general electronic control on 

the system; the P(OCH2)3CCH3 ligand has the smallest cone angle 

( 1 0 1 " )  .listed in table 2.4. In addition, there was evidence for 

a small amount of the equatorial isomer (predicted .from 

electronic considerations) in the slow exchange limit 'HI 

NMR spectrum of RU[P(OCH~)~]~P(OCH~),CCH~. The remainder of the 

RU[P(OCH,),],L derivatives (i.e. L= P(oc,H,),, P~ocH(cH,),),, 

P(CH3)2C6H5, P(C 1,) conform to predictions, based on electronic 

effects; the ligands L in these complexes have electronic 
' Y- 

parameters smaller than that for P(OCH3I3 (i,e. are better 

o-donors and/or poorer n-acceptors) and occupy axial sites in 

the corresponding Ru[P(OCH,),],L complexes. 

For the RU[P(OCH,),],L derivatives, the only strong-evidence 

supporting the presence of both axial and equatorial isomers in 

solution was for Ru[P(OCH,),],P(OCH~)~CCH~. This result was 

somewhat suprising. The site preference for ligands such as 

\ 



P(OC2H,),, with steric and electronic properties very similar to 
-- - 

those of P(OCH3),, was expected'to be weak. If the P(OCH,),CCH, 

-, -1igand has the requisite combination of steric and electronic 

properties to cause only a weak site preference in 

RU[P(OCH~),],L, it is likely not unique in this regard. The' 
- preparation of RU[P(OCH,),],L derivatives with a large number of 

phosphorus donor ligands L could allow a deeper insight into.the 

factors controlling si,te preference in this system. 

- - . 
The variable temperature 3 1 ~ { 1 Y )  NMR data for the' 

RU[P(OCH,),],L deryvatives indicated that intramolecular 

phosphorus ligand exchange was occurring. The introduction to 

this chapter presented literature results concerning the 

stereochemical nonrigidity of the d 8  complexes ML,~' (n= 0 :  M= 

Fe, Ru, 0s; n= 1: M= Co, Rh, Ir; n= 2: M= Ni, Pd, Pt;. L= 

phosphite) [6,33,34,35,36]. It was concluded that the Berry 

pseudo-rotation process was the most likely mechanism to explain- 

axial-equatoridl phosphite exchange in these systems (see figure 

2.1 ) . There are,. however, some fundamental differences between 
the ML, system and the RU[P(OCH,),],L derivatives in this 

thesis: the unique ligand L bif the latter complexes dictaJes - two 

possible isomers for these trigonal bipyramidal molecules (slow 

exchange limit). It is possible that the complexes - which exhibit 

3 'F  reson'ances due only to an equatorially substituted isomer ' 

undergo axialrequatorial ligand exchange by a different 

mechanism than those which exist as predominantly axial isomers. 



The 

due 

\ '14 

I 
I 

-- 

The equatoriaJly subst i t Jted case will be exaiiiincd f i F 3 f . -  

RU[P(OCH, 1 ,],L derivativ=b which cxhibiied 3 2 ~  resonances 
I 

only to the equatorial isbmer were RU[P(OCH,),~,PF, and 
-a r I 

RU[P(OCH, 1,  ],P(OC,H,), . The tr\iphenyl phosphite complex was 
I 

1 , e 

chosen as the subject for a molre detailed mechanistic* 
I 

examination. A consideration of figures 2.1 and 2.8 reveals that 

axial-equatqrial ligand exchan$e for this complex' via a general 
I 

Berry pseudo-rotati-on could leab to the axially substituted 
I 

isomer in some of, the permutatibnal conformations. A variation -- 

on tiis general me=hanism is shdwn in figure 2.26; this process 
I 

may be called a restricted B=rr;~pseudd-rotation in that it 

involves pairwise exchange of th L two axial and two equatorial 
P(OCH,)~ ligands but allows the (OC6~5)3 ligand to always ? : .  

remain in an equatorial position./ This mechanism is attractive 
I 

fo-r two reasons. It allows axial-iquatorial exchange of the 
I 

P!OCH,), ligands in a single step In addition, it does not i 
require the unique ligand to occu y an axial site during the P exchange; the reason the axial iso er of RU[P(OCH~)~],P(OC~H~)~ - -  b 1 

is not observed in the slow exchan e limit 31P{'~) NMR spectrum 

(if indeed it is present) is presu4ably due to it being 

thermodynamicalb Zess stable than 'lhe equatorial count,erpart. 
/ I 

I 

The variable 'P( 'H) NMR spectri of RU[P(OCH,) ],P(OC6H,) 
I 

I 

(40.54 M H z )  were computer-simulatea '\,,by a line shape calculation 
I, 

program (see experimental section o f  this chapter for details) 
I 

based on'the mechanism in figure 2.2b. The calculated and 

observed spectre are shown in figure 2.27. Although the poor 



sq -Figure 2.26 A schematic rspressntstian of a rusttictad 
Berry pseudo-rotation mechanism for  sn equatoriall-y 
spbstituted RU[P(OCA,), ],L ~ & s c u l e  ( O,.= P(UCM3 1 , ) .  

signal t;p noise ratio of the experimental spectra caused some 

problems in matching the simulated and observed data, t h e  

agreement at each temperature appeared good. One notable feature 
. I  

of t h e  s imulated  data was the.presencc of three exchange 
< 

invariant lines in the C p a r t  of t h e  A t B z C  p z i t t t r n .  These t h r e e  

.resongnces ( a t  the correct  frequencies) were clearly present in . . 
- the experimental s p e c t r a  as well, although this was more easily 

seen in the frequency and, intensity 'expanded spcstra. These 
, 

lines eventually became part of t h e  central end outer two 

resonances of the X in the fast exchange limit A I K  a 

spectrum. The good agreement of the observed and calcr)latecl, -:,; 
,; < . h  

mecheaistic evidence in favour of t b e  restricted Berry 

.pseudo-rotar ion process ! f igur; 2 . 2 6 )  as t h e  cause of 

axial-equatorial P(OCH,), exchange. The Eyring activation 
- 2  

pararnetc:s a's calculated from the rate versus temperature data - 
ere  a s  follows: &iS= 8.820.3 kcel rnol* ' ,  AS'* 3.921.5  



* cal/mol-OK, dC (298 OK)= 7.620.4 kkal mal-'. The activation 

entropy is small, consistent with the intramolecul~r nature of 

the exchange. 

~ntramolecular&ijand exchange for the axially substituted 
, & 

" nl-* 

~ u [ ~ ( ~ ~ ~ ) , ] ~ ~ - d e r i v a t i v e s  will now be considered. The t u q  a x i a l  -- 
isomers which will be examined in detail are 

Ru[P(oCH,)~],P(CH,), (A,BX spin system) I and < I -- 

t I 
RU[P(OCH~), ,Sb(CH,), ( A 3 B  spin system). An examination of 

figures 2.1 and 2 . 8 A  reveals that a restricted. Berry 
>' 

pseudo-rotation of the type proposed for RU[P(OCH;), 1 ,P(oc,H,), 

(see figure 2.26) is not possible for an axial isomer: any 

pairwise exchange of the two axial and two of,the equatorial 

ligands will necessarily form the equatorial'isorneq. One process 

which is 'capable of causing axial-equatoria,l P(OCH, 1, exchange 

while leaving L axial is shown in figure 2 . 2 8 A .  This process is 

termed a turzstile exchange in that it involves an effective- 

rotation of the axial and two of the equatorial P(OCH,), ligands 

about a threefold axis. This process is attractive for reasons 

similar to that discussed for the case-of 

RU[P(OCH,)~],P(OC~H&: the turnstile exchange will lead to 

scrambling of the axial and fhree equatorial P(OCH,), iigands 

( a s  observed in the fast exchange limit for the axiai isomers1 

without the involvement of the unobserved equatorial isomer. 
, 

Even though neither R U [ P ( O C H ~ ) ~ ~ , S ~ ~ C H ~ ) ~  nor  

R~[P(OCH,),],P(CH,), exhibited "P{'H) - NMR resonances due tc the 

equator-ial isomer, the potential participatio~ of this isomer in 



I 3 3  sec-' 

I 
- 
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/ 
+ Fi urt 2.27 Variable temperature "P{'H) NMR spectra of 

Ru ? P(ocH~),],P(oc,H,), and calculated spectra based on a 
restricted Berry pseudo-rotation mechanism (figure 2.26). 
Observed and calculated spectra are labeled with temperatures 
and rate constants, respectively. > 



Figure 2.28 Two mechanisms for axial-equatorial ligand 
exchange in axial RU[P(OCH,),],L derivatives. A:  urns stile 
mechanism; B: Berry pseudo-rotation process. - - 



a ligand exchange process cannot be ignored. The lack of 

knowledge concerning the spectral parameters associated with the 

equatorial isomers for the trimethyl phosphine and trimethyl 

stibine complexes does, however, place some limitations on 

determining the permutational nature of an exchange process 

involvingothis isomer. The equatorial isomer (once formed in an 

exchange process) must be treated'as a transition - state which 

relatively quickly reconverts to the major (i.e. axial) isomer. 

One may then examine the permutational consequences of the 
%i- 

aqial->equatorial->axial process. 

Based on these assumptions, the effects of the Berry 

pseudo-rotation process on an axially substituted RU[P(OCH,)~],L 

derivative may be examined. There are two general possibilities 

to consider. The formation of the axial isomer by this process 

could be immediately followed by reconversion to the axial 

counterpart; this situation is shown schematically in figure 

2.28B. The equatorial transition state may be formed via any of 

the,three equatorial P(OCH,), ligands fulfilling the "pivotalw 

role (see figure 2.1). The resultant three species are 
rsle 

chemically identical but permutationally distinct and each may 

reconvert to the axial isomer with either of the two equatorial 

P(OCH,), -rids in the pivotal position. Thus six permutational 

"products" are generated during the axial->equatorial->axial 

process via the Berry pseudo-rotation mechanism. A detailed 

I consideration of this exchange reveals that the permutational 

nature is identical to ,that found for the turnstile process (see 



figure 2.28A3.  These two mechanisms are thus indistinguishable 
* 

by dynamic nuclear magnetic resonance techniques. 

There is . .  another variation on the general Berry 

pseudo-rotation process which may be considered. It is possible 

- that the formattion of an equatorial "transition state" from an 
axial isomer (via a Berry process) might not be immediately - 
followed by reconversion to the axial isomer; one could imagine 

the equatorial species undergoing one or more 

equatorial<->equatorial interconversions via the process shown 

in figure 2.26 before reforming the axial isomer. This could 

occur if the activation barrier for the process in figure 2.26 

was of the same order as that associated with reconversion to 

the axial form. A detailed examination of the permutational 

effects due to this axial->equatorial<->equatorial->axial 

process leads to two equally possible results. One is identical 

to that found previously for the turnstile exchange. The other 

corresponds to a pairwise exchange of the axial and on-e of the 

equatorial P(OCH,), ligands of the axial isomer. This overall 

process is theoretically distinguishable dynamic nuclear 

mapnetic resonance techniques) from one based solely on the 

turnstile exchange mechanism. 

- 
-- The pairwise exchange of the axial arid one of the equatorial 

P(OCH,), groups of an axial RU[P(O~H,),],L isomer represents 

another possible mechanism for axial-equatorial ligand 
- 

scrambling. Again, this process would cause averaging of the 

axial and equatorial P(OCH,), groups while allowing the unique 





Figure 2.29 Calculated line shapes for the 31P{1H! HHR speclrum 
of RU[P(OCH,),],S~(CH,), (all at k= 50 sec-l) based on three 
exchange processes. A: Turnstile process; B: Berry 
pseudo-rotation; C: Pairwise axial-equatorial exchange. 



P i  ure 2.30 Variable temperature 3 1 ~ { ' ~ )  NMR spectra of 
Ru ? P(oCH,),],S~(CH,), and calculated spectra based on the 
turnstile mechanism. The observed and calculated spectra are 
labeled with the temperatures and rates, respectively. 



good agreement with the observed spectra. The Eyring activation 

parameters calculated from the rate versus temperature data are 

as iollows: AHS= ll.6k0.4 kcal mol- ' , AS*= 16.3f2.l cal/mol-~~, 

S AG (298 OK)= 6.7kl.l-kcal mol-'. The activation entropy is 

large and ,* positive; this is not the result expected for an * - intramolecular higand exchange. Such AS values are often 
c h  9 - 

associatecf?tSith intermolecular processes. This paksibility is 
V 

not considered likely in the present case: the available 

evidence for the Ru[P(OCH,), 1 ,L deri6atives suggested the 

operation of an intramolecular exchange mechanism. The Eyring 
+ 

activation parameters for Ru{P(OCH~)~],S~(CH,)~ must be treated 

with caution. 

The variable temperature 3 1 ~ { ' ~ ]  NMR spectra of 

RU[P(OCH,)~]~P(CH,), were computer-simulated based on the th-ree . - 
permutational exchanges under consideration. Again, there was 

little qualitative difference between the three sets of line 

shapes--over the complete range of exchange rates. Calculated 

spectra based on the turnstile ( A )  and pairwise axial-equatorial 
-B 

(C) processes (both at k= 250 sec-') and the matching observed 

spectrum (B) are showr in figure 2.31. A careful examination of 

figure 2.31 reveals small differences in the two calculated 

spectra with respect to the ratio of the widths at half height 

for the resonances marked 1 and 2. These minor differences, 

however, are not sufficient to meaningfully favour one of the 

proposed exchange processes over the others. 



- 
Figure 2.31 Calculated spectra based on the turnstile ( A )  and 
pairwise axial-equatorial ( C )  exchanges aSc3 the matching 
observed 3 ' ~ { 1 ~ ]  NXS? spectrum of RU[P(OCH,),I,P(CH~)~ (B). 
The observed and calculated spectra are labeled with the 
temperature and rates, respectively. 



The calculated line shapes based on the turmtile process 
-- 

were used to simulate the variable temperature 3'P{'~) NMR 

. spectra of RU[P(OCH,),],P(CH,),. The calculated and observed' 

spectra arising from the A3B and X parts of the A3BX spin system 

are shown in figures 2.32 and 2.33, respectively. The,calculated 
I, 

b 
\ 

line shapes in figure 2.33 are in excellent agreement with the 
. . 

experimental data. The agreement between -€he simulated line 

shapes and the observed data for the A3B portion of the spectrum 

(figure 2.32) is poorer than that found for the X region. This 

is attributed to the complex nature of the apparent A triplet: 
i 

the central line arises from eight individual transitions while 

the two outer lines are due to four transitions each. The Eyring 

activation parameters calculated from the rate versus 

temperature data, are as follows: AHS= 10.9fO. 3 kcil mol- ' , AS*= 
-1.9k1.1 cal/rn~l-~~, A$ (298 OK)= ll.5tO.4 kcal mol-'. The 

activation entropy is small, consistent with an intramolecular 

exchange process. 

The results d the line shape calculations for 
RU[P(OCH~)~]~L (L= P(OCsH5),, SbMe3, PMe3) may be interpreted as 

follows. Firstly, line shapes based on the restricted Berry 

process shown in in figure 2.26 were in good agreement with the 

variable temperature 31P('~] NMR spectra of 

RU[P(OCH~)~},P(OC,H,), (an equatorial isomer in the slow 

exchange limit). The process pictured in figure 2.26 is not 

available to an axial R~P(OCH~)~],L isomer: any pairwise 
N 

exchange of the two axial and two equatorial ligands necessarily 



fly- 
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3 Figure 2.32 The low field portions of the variable tgmperature 
- . "Pi1H3 NMR spectra of R ~ [ P ( o c H , ) ~ ] , P ( C H ~ ~ ~  and matching 

calculated line shapes based on the turnstile mechanism. The 
observed and calculated spectra are labeled withsthe 
temperatures and rates, respectively. 



I 
I 

kigure 2.33 The high field portions of the variable temperature 
''Pi 'HI NHR spectra of RU[P(OCH,) 3-).P(C~3)! and matchinq 
calculated line shapes based on the turnstile mechanism. The 
observed and calculated spectra are labeled with the 
temperatures and rates, respectively. 



d 

forms the  equatorial -ifomer f i . c .  L does not 'ramin in an sxisl 

s i r e ) .  ?ouho different physical mechanisms (three perautatianelly 

di sk  i n c t  processes) ucrc  considered for the a x i a l l y  substirutcb 

these t h r e e  permutational sets gen~rstcd calculated line shape% 
* 

w i t h  differences too minor to meaningfully favour one of t h e  

proposed exchange'procerscs over t h e  others. These r e s u l t s  

suggest that d i  f f crent  in?.ramaltcular exchange prucessep m y  

operating for t h e  axis? versus t h e  equatorial R U [ P ( & H ,  1 ,  1.L 

i 
Eyring parameters ca lcu la ted  fo r  i h ,  s complc? sukpect. The large 

/ 

RC{ P(OCi i ,  1 ,  ].P(fH, 1, may be inre ipre t ' ed  in terms of a lower 
cl 

a c t l v t i t i o n  b a r r i e r  for Intramo~cculsr exchange in an equatorial 

isomer w i t h  respect to an axial isomer. However, the e f f e c t s  of  

sttric and electronic properties of f h e  W e ,  and 

PtOC,W,), iigands cannot be d' iscountid .  i f  i t  is assumed t h a t  
I 

:he sttivation b a r r i e r  for t h e  intrsmoleculat exchange process 

- e p r a r i n g  for an equatorial isomer of RU[P(OCH,),'~.L is lower 

I than t h a t  associated with t h e  (presumably different) exchange 
s 

p r o t t s o  for an a x i a l  isomer, some alternate interpreta,tians of 
. . : *h .  

A .  results m , y  be advanced. Recall that  t h e  low temperature 
4 



3 1 ~ { t ~ ]  HMR spectrum of Ru[P(OCH,),],P(OCH,)~CCH, ( 1 6 2 . 0  MHz) 

revealed that resonances due to the minor (i.e, equatorial) 

isomer were broader than those due to t h e  axial counterpart. i n  

light of the previous discussion, this may be explained in te& 
-4 

of Lhe equatorial isgmer possessing a lower energy pathway for 

ligand exchange with respect to t h e  axial isomer. Recall that 

t h e  pretriously proposed rationale for the diffetences,in line 
. - 

widths for the resonances due to the two isomers uas based on * 
isomer interconversion. 

The assum?tion of different ligand exchange mechanisms for 

the axial and equatorial RU[P(OCH,),],L isomers also allows an 
' explanation for the apparent high Site preference of a given . -  

sligand'~: only for RU[P(OCH,)~],P(OCH,)~CCH, was there low 

temperature 3 1 ~ { ' ~ ]  NMR evidence for a minor isomer. For an 

RU[P(OCH,),],L derivative where the site preference of L was 

axial, a minor amount of the equatorial isomer might easily go 
.d 

unnoticed by variafile temperature "P{ 'HI NHR techn@es; a low' 

energy intramolecular exchange processfor this minor isomer 

could leave the associated resonances broadened and- 

unresclved in the bas&fTne. 

An approximate method based on differences in NMR line 

widths near the slow exchange limit was used to calculate free 

energies of activation associated with the f2uxional processes 
+ 

for the RU[P(OCH,),!,L derivatives. These AG+ values (at a 

single temperature)+are shown in table 7.1 of appendix 2 lpaqe 

350), where a brief presentation of the method is also given. 



Our original intention was to examine possible correutions of - 

these values with the steric and* electronic properties of the 
- - 

ligand L. However, subsequent results argued against the 

validity of this approach. 

The results of the line shape analyses for RU[P(OCH,)~],L " 

(L= P(OC6H,),, PMe,, SbMe,) suggested that different nonrigid 

processes may be operating for the axial and equatorial isomers.' 
- - 

Any attempt to correlate the activation barrier with the, 

properties of L must reasonably assume a common fluxional 

mechanism. 

The applicability of the approximate method used to ' 

calculate the AG* values for the RU[P(OCH,) ] .L derivatives is 

also in question. The line shape analyses for 

determination of the Eyring activation parameters for these two 

molecules. A free energy of activation calculated from these 

values is presumably more accurate than one calculated from an 

approximate method. The agreement between AG' (at a single 

temperature) based on the apprgximate method and the analogous 

free energy of activation (at that same temperature) based on 

the Eyring parameters was not good for these two species. The 

the approximate method was 9.0 kcal mol-I while t k  Eyrinq AH * 
and AS* values gave a corresponding AGS of 8.2f0.4 kcal mol-' at 

the same temperature. The free energies of activation for 

Ru[P(WS,:, j ,~=),  based on the approximate method and the * 



~ ~ r i n ~ ~ a r a r n e t e r s  (both at T =  229  O K )  were 12.1 and 1 1 . 3 t 0 . 4  
- 

kcal mol- ,* respectively. -- 

i 

The results discussed in the previous two paragraphs cast 
P 

serious doubt on the validity of using the AG* values calculated 

by approximate methods to search for correlations of the 

activation barriers of the Ru[P(OCH,),],L derivatives with the 

steric  and electronic properties of L. 

2. 3. 4 A t t e m p t  e d  P r e p a r a t  i  o n  o f  Ru[PfOCH3) ],(qZ-a1 k e n e )  

D e r i  v a t  i v e s .  

- -. 

The ease with which R U [ P ( O C H ~ ) ~ ] ~ ( ~ ~ - C ~ H ~ )  was prepared from 

RU[P(OCH,) ,] and excess C ~ H ,  under photolytic conditions 

suggested that other R u [ ~ ( ~ ~ H , ) ~ ] ~ ( q ~ - a l k e n e )  complexes might be 

readily synthesized. This was not the case. 

The ultraviolet irradiation of RU[P('OCH;),]~ and excess 

dimethyl fumurate in hexane for 4 h led to the isolation of a 
, 

pale yellow, waxy solid. A 3 ' ~ { ' ~ )  NMR spectrum of this solid 

revealed a number of multiplets and a singlet due to unreacted 
i 

RU[P(~CH,),],. None of these resonances could be assigned to the 

expec.ted ~ u [ ~ ( ~ ~ ~ , ) ~ ] ~ ( q ~ - a l k e n e )  derivative. 

The photolysis of Ru[P(oCH,),], and excess cyclooctene in 

hexane for 4 h left a pale yellow solution. From this was 
I 

isolated a waxy, yellow solid which was analyzed by "P{'H] NMR 



spectroscopy. The resulting spectrum ain rev ealed a number of 

resonances. In this case, these- included two broad signals at 6 

-15 and 30 (vide infra). 

Reasoning that the steric bulk of dimethyl furnurate and 

cyclooctene were inhibiting coordination to the Ru[P(OCH,) , 1, 
moiety, several smaller alkenes were employed. A solution of 

RU[P(OCH,),]~ and excess propene in hexane was photolyzed for 4 

h. The resultant colourless, waxy solid was analyzed by variable 

temperature 3'Pi'H1 NMR spectroscopy. The low temperature 

spectrum (-43 OC, toluene-d,) revealed resonances due to several 

species; part of the spectrum underwent collapse as the 

temperature was raised. The 'H NMR spectrum of the reaction 

product (toluene-d,, 25 OC) also indicated the presence of 
- - - 

several species. There was no basis for even a tentative 

assignment of the resonances in'the 'H and 3 1 ~ { 1 ~ )  NMR spectra. 

- - 

The ultraviolet irradiation of RU[P(OCH,), ] an2 excess 

1-butene in hexane for 4 h resulted in a pale yellow solution. 

From this was isolated a pale yellow, waxy solid which was 

examined by variable temperature 3 1 ~ - { 1 ~ ]  NMR spectroscopy. The 

spectrum at -57 OC (toluene-d,) again revealed a number of 

resonances. These included a doublet (6 20.9, J =  29.5 Hz) and a 

triplet ( 6  40.8, J =  29.7 Hz) of relative intensity 2 : 1 ,  

--respectively. As the t'emperature was increased, these two 

r5sonances broadened and were near coalescence at 25 OC. The 

spectral parameters and variable temperature behaviour of this 

species were very similar to those of RU[P(OCH,),]~(~"-C~H~) 



b e e  chapter 2 'experimental section). The presence of 

1,3-butadiene in the reaction mixture may be reasonably 
d 

explained; even a small percentage impurity of this diene in 
- 

I-butene would result in measurable amounts b_eing present when 

an excess of the alkene is used in the reaction. 

The failure t,o isolate R u [ ~ ( ~ ~ ~ ~ ) , ] ~ ( q ~ - a l k e n e )  derivatives 

from the UV -. irradiation of Ru[P(OCH,), l 5  and the previously 

mentioned olefins may be rationalized in terms of both 

electronic and steric arguments. The._ease with which ethylene is 
91 

thermally lost from RU[P(OCH~)~]~(~~-C~H,) suggests that the 

Ru-C,H4 bond 'is considerably weaker than the RU-P(OCH,), bonds 

in this complex. The Ru-alkene bands for the other olefins used 

in this study are expected to display similar characteristics. 

Even if the R U [ P ( O C H , ) , ] , ( ~ ~ - ~ ~ ~ ~ A ~ )  complexes were formed in 

solution, thnelat-rvely harsh reaction conditions (i.e. UV 

irradiation) wbuld re>sonabiy cause ole•’ in dissociation: the 

availability of alternative reaction modes fcr the 

coordinatively unsaturated RU[P(OCH,),], species has bcen . 
discussed (see earlier in this chapter). 

A qualitative consideration of steric effects for olef in 

ligands in trigonal bipyramidal complexes is informative. Recall 

that the static solution structure of R U [ P ( O C H , ) ~ ] ~ ( ~ ~ - C ~ H ~ )  was 

based on a trigonal bipyramid with the ethylene occupying an 

equatorial coordination site. This is in accord with theoretical 

predictions that single-faced n-acceptor ligands prefer 

equatorial sites in a D molecule [6:, 671 .* ~ h e s e  studies also 
0 

-7 

3h 



predict the preference for olefin coordination parallel to the 
I 

equatorial plane. Consider the molecular structure of 

RU[P(OCH~),],P~OCH,),CCH~ (figure 2.25). If m e  imagines 

replacing the P(OCH,) ,CCH3 ligand with an olef in coordinated in 

the manner just described, -- the consequent steric implications 

may be qualitatively considered. As substituents are added'to 

the olefin, the non-bonded interactions between it and the 

equate-rial p(OCH,), ligands should increase. Assuming that 

considerable spatial crowding already occurs in an 

RU[P(OCH,),],L molecule (L= two electron donor ligand), it is 

reasonable that a steric threshold to coordination of 

substituted olefins should exist. 

When these steric and electronic arguments are used in 

tandem, the instability of Ru[~(OC~~),],(q~-alkene) complexes 

with substituted alkenes is not unexpected: the inherently weak 

Ru-olefin bond and the steric' congestion around the metal cent& 

combine to produce an extremely labile molecule. 

- 
An alternative approach was used in an attempt to pre<pare 

alkene analogues of Ru[P(OCH3),],(q2-C2H,). A solution of 

Ru[P(OCH~)~]~(~'-C~H~) and excess propene in hexane was heated 

at 40 O C  for 2 h. The oily, yellow solid isolated from this 

reaction was analyzed by 'H NMR spectroscopy, which revealed 

that -80% of the starting material remained. When the reaction 

was allowed to proceed for 7 h at 60 OC, a brown seai-solid was 

isolated. The 'H NMR spectrum of this product revealed a number 

of unidentified resonances in the region 6 0-5. 



The thermal reaction of Ru~P(OCH~)~],(~~-C,H~) and excess a 

cyclooctene - in toluene (40 OC) was monitored by "P{'H] NMR 

spectroscopy: The exchange broadqned resonances-of the starting 
- 

material were slowly replaced by two broad signals ( 6  32 3nd 1 4 )  

over the course of the solution to caused 

these to sharpen into a spectrum due to an A2B2 spin system. 

This spectrum was successf~lly simulated based on this 

assumption: the spectral parameters were b A  13.6, 6B 32.4, and 

/AB = $63.7 Hz. This is exactly the behaviour expected for 

~ u [ ~ ( ~ C ~ ~ ) ~ ] , ( q ~ - c y c l o o c t e n e ) ,  to which these resonances are 

assigned. This complex was not stable under the reaction 

conditions, however. A weak multiplet ( 6  5) and a singlet due to 

RU[P(OCH,),]~ were also  resent in the 3'~E'H3 NMR spectrum 

after 12 h at 45 O C ;  continued heating increased the intensity - 
of these resonances at the expense of the signals due to - 

The results of this chapter may be summarized as f'ollows. 

The complexes RU[P(OR)~)~(~~-C,H,) (R= Me, Et, 1-Pr) and 

RU[P(OR)~]~(~~--C~H,) (R= Me, ~ t )  were prepared by the photolysis - 

of RU[P(OCH~)~]~ or Ru[P(OR),]~(CO), and excess d i m e  in hexane- 

These complexes were found to be stereocheznically nonrigid in 

solution by 3'P{'H) NMR spectroscopy; the slow exchange limit 

spectra were consistent with a square pyramidal structure with 

the diene occupying two basal sites. The . - fluxional barriers for 

these diene complexes appeared to be mainly dependent upon the 

steric properties of the phosphite ligands. The complex 



C 

, - 

\\ 
- 
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- 
RU[P(OCH~)~]~(~~-C~HI) was prepared by the photolysis of - 

- 

R&P(ocH, 1, and excess C2Hq in hexane. The ethylene complex 

readily lost C2Ha under thermal conditions and was used to 

prepare a series of RU[P(OCH,),],L derivatives (L= P(OCH~)~CCH~, 

PCH3(C6H,)2,=P(C2H,CN)3, SbMe,).'These derivatives were studied 

by variable ,temperature 31Pf1H) NMR spectroscopy which revealed 

that rapid ligand exchange was occurring in solution at 25 O C .  

The slow exchange limit 3 1 ~ f 1 H )  NMR spectra of--these 

Ru[P(OCH~)~]~L derivatives wer; all consistent withltrigonal 

bipyramidal coordination around the metal. Both kuatorial (L= 

PF3, P(OC6H5),) and axial (L= P(OC2H5)3, P(OCH(CH~)~)~, P.(CH3),, 

P(CH,)2C,H5, SbMe3) isomers were observed; * 
RU[P(OCH,),],P(OCH,)~CCH~ existed as a mixture of both isomers 

d- 

(predominantly axial) in solution. The site preference for the 

RU[P(OCH,),],L derivatives qppeared to be correlated mainly with 

the electronic properties of the ligands, although steric 

considerations possibly played a.role in certain cases. The 

X-ray crystal structure of RU[P(OCH,),],P(OCH~)~CCH~ revealed a 

trigonal bipyramidal molecule with the caged ph0sphit.e in an 

equatorial position. This result was not in accord with the 
, P 

static solution structure of the molecule. The results of linee 

shape analyses for the 3 1 P { 1 ~ )  NMR spectra of Ru[P(OCH,)~],L (L= 
_-- 

P(OC6HS)3, PMe3, SbMe,) suggested that different fluxional 

mechanisms might be operating for the axial and equatorial 

isomers. Efforts to prepare analogues of RU[P(OCH~) 1 (v2-c2Ha) 

with other alkenes were largely unsuccessful. 



2.4 Experimental Section 

Materials .  Dodecacarbonyltriosmium and 

dodecacarbony>triruthenium were prepared by literature methods 

[68,69] as were M(C0l5 (M= Rut 0s) [70]. The ligands P(OR), ( R =  
ii 

Me, Et, i-Pr-, n-Bu,  Ph,o-tolyl) and PR, (R= Me, i-Pr, n-Bu) were 
3 

\ 'obtained commercially (Strem) and stored under nitrogen prior to 

\ 
\ 
\ use. Also purchased (Strem) were PF3, P(CH2CH2CN),, PPh,, 

, ,  PMePh,, an'd PMe2Ph; the latter two were held under nitrogen 

prior to use. The caged phosphite P(OCH2),C~~, was prepared by a 

literature method [ 7 1 ]  and purified twice by sublimation at room 
i 

temperature. In addition, ~(OCH,), was stored in the dark. 

Florisil (100-200 mesh) for column chromatography and3umina 

(grade I) were purchased from Fisher Scientific 
f 

Cyclooctene, 1,5-cyclooctadiene, norbornadiene, m e t u o d i d e ,  

benzyl bromide, ethyl iodide, and ally1 br~mide were all 

purchased commercially CAldrich Chemical Comp.) and used as 

received. Ethylene (Liquid Air Ltd.), propene, and 1-butene 

(Matheson) were purchased in lecture bottles. Ammonium 

hexafluorophosphate (Alfa Products) and NOPFs (ICN 

Pharmaceuticals) were used as received. 

General Procedures.  All ~anipulations were performed under a 

nitrogen atmosphere, ut ilizing3 either standard Schlenk - 

techniques or a dry box. Hexane, heptane, and toluene were\ 
\ 

refluxed over potassium, distilled, and stored over 4A-type \. 

molecular sieves (all under nitrogen) prior to use. Methylene -. . + -  , % 

/- 



chloiide was refluxea over P205 and treated similarly. 1 Tetrahydrofuran was refluxed in the presence of potassium and 

benzophenone before distillation and CH3CN was distilled from 

CaH,. All dried solvents were stored in vessels fitted with -- 
Teflon valves. Ultraviolet irradiations were performed using a 

Hanovia 200-W lamp inside a water-cooled, ~uartz jacket. The 
! 
I 

glass Carius tubes (~yrex) employed for these ,UV reactions 

measured 25x2.5 cm and were fitted, with Teflon valves. The 

distance between the W source and the reaction solution was 

typically 3 cm. Stirring was accomplished with a magnetic 

stirring bar and stirrer. Solutions contained in these Carius 

tubes were degassed as follows. The tube was cooled to -196 OC 

until the contents were frozen. Residual volatiles were then 

removed by vacuum pump torr). The tube was subsequently 

warmed to room temperature. This procedure was repeated until 

the solution melted with minimal gas evolution. Column - - 

chromatography was performed using P(OCH,),-deactivated Florisil 

as the adsorbent. This was prepared by slowly running 

hexane:P(OCH,), (4:1, v/v) down a Florisil column aAd washing 

the excess trimethyl phosphite free with pure hexane. Alumina 
-- 

filtrations were performed in a narrow chromatography column 

(diameter 1.2 cm) under a nitrogen atmosphere. The filtrate was 

generally washed through the column with several mL of pure 

solvent. 

I 

Analytical Procedures. Elemental analyses were performed by 

Mr. M. K. Yang of the microanalytical laboratory of Simon I?raser7\, 
-? 

*, 
-3L- 



University or by Canadian Microanalytical Services Ltd., 

Vancouver, B.C. Melting points were measured in capillary tubes 

(sealed under nitrogen) on a Gallenkamp apparatus and are 

uncorrected. 

Mass spectrometric data was obtained -- on a Hewlett-Packard 

5985 GC-MS system or a-~ratos MS-50 spectrometer. The 

Hewlett-Packard instrument operated in EI (70 eV), CI (various 

gases), or FAB (xenon, sulpholane) mode, as indicated, while the 

Kratos spectrometer operated in EI mode (70 eV) only and was 

used primarily for compoundg with parent ions > m/e 1000. 

Computer simulations of parent ion patterns were obtained from 

software associated with the Kratos spectrometer or the computer . .  

program ISOC, obtained from Professor W. A. G. Graham of the 

University of Alberta. 

All infrared spectra were recorded with a Perkin-Elmer 9830 

spectroph~tomet~r. The instrument calibration was checked L * 

periodically with carbon monoxide gas. The v(C0) values are 

thought'to be accurate to f 1 cm- '. 

Nuclear magnetic resonance data were obtained with a .Varian 

XL-100 spectrometer (fitted with a Nicolet 1080 computer and 

pulse-FT accessory) for 'H (100.1 MHz), 3 1 ~ { 1 ~ ]  (40.5 MHz), and 

13C (25.2 MHZ), a Bruker SY-100 pulse-FT spectrometer for 'H 

(100.0 MHz), 13C (25.18 MHz), and 3 1 ~  (40.54 MHz), and a Bruker 

W-400 spectrometer - for 'H (400.13 MHz), (100.6 MHz), and 
- 

3 1 P  (162.0 MHz). Proton decoupling, where indicated, was 



accomplished by broad band irradiation using the minimum power 

required for complete 'decoupling (i .e. to reduce dielectric 

heating of the sample). All three spectrometers were fitted with 

variable temperature units. All chemical shifts are reported as 
d 

positive when downfield from th 

stated, 6 values quoted for mu1 

multiplet centre. The 'H NMR ch 

relative to TMS at 6 0 a t  25 'C 

for residual protons of the deuterated solvent). The 3C NMR 

chemical shifts are quoted relative to TMS at b 0 at 25 (via 

accepted 13C shifts for the deuterated solvent). The "P NMR 

chemical shifts are given relative to internal P(OCH3)3 at 6 0 

a t  25 O C .  A solution of 1%.P(OCH3), in toluene-d,/toluene (1:5) --- 
at 31 O C  was found to exhibit a )'P chemicak shift of 140.2 ppm 

(downf ield) relative tho external 85% H3P04. The considerable 

temperature dependence of 13C and particularly "P chemical 

shifts necessitated spe~ifying~references at a fixed 
. < .  

temperature. 

,- 

The temperatures quoted for the variab-le temperature13'P{'H] 

NMR investigations in this thesis were obtained,-by several 

methods. An internal, coaxial capillary contdining a toluene-d, 

solution of P(C,H,), and OP(C,H,), (both 0.1~) was used for 

3 1 ~ { 1 ~ f  NMR spectra run in toluene or toluene-d,/toluene at 
-- 

40.54 or 40.5 MHz. The difference in 31~{tH] chemical shift 

between these species (A51 varies with temperature, and the 

following relationship, accurate to f 0.5 O C ,  has been derived 



Temperatures measured by this method are thought to be 

accurate to 21.0 OC. This technique *was not practical for - 
variable temperature 31P{1H) NMR spectra run in CD2C12/CHFCL2 

( 1 : 4 ) .  In this case, a 5 mrn NMR tube containing the previously 

described, temperature reference solution was measured by 

3 1 P { 1 ~ )  NMR over the usefu3 range of the solvent (-90 to -100 

OC). The temperatures so determined were plotted against the 

- corresponding value displayed on the temperature controller unit 

o f  the SY-100 ~pectrometer.~ This calibration was extrapolated to 

obtain temperatures below -90 OC;.these are thought to be 

accurate to k2 .0  OC. ~em~eratur'es for 'HI 3C, and 'P NMR 

spectra measured on the WM-400 spectrometer were determined from 

the temperature controller unit. These values are thought to be --- 
accurate to 22-4  "C. 

- .. 

The 'PI 'HI NMR investigations of the complexes 

M[P(OR)31x(C0)5-x (M= Ru, Os;$.R= Me, Et, i-Pr,' n-BU) were 

performed using NMR tubes fitted with Teflon valves. These t,ubes 

were not spun during the acquisition of the spectra. All other 

NMR investigations were performed in NMR tubes fitted with screw 
E 

caps containing Teflon liners. 
- 

,Computer calculated and simulated NMR spectra (static) were 

obtained from NMRCAL, a program associated with the Nicolet 1080 

computer, PANIC, a program written for the Bruker Aspect. 2000 



a 
9 

coraputcr, or ~ / M f l ,  a program written 'by Dr. I?. K. Harris 

snd modified dy D r .  A .  S, Trscey.  The c e l c u l a t i ~ "  of NMR line 

shapts  lor c h . t m i c s l l y  &%changing systems wccc performed using 
rl 

:Ar sragrams 3 M 3  Ifrorn QCPE), EXCHANGE (uritten by Dt, R. E. 

D. X c C l u n q ) ,  sod:,eXSHORT73 [written by Dr. Whitesides and 

maGititd by Dr. R. G'. Cavcll). The-c-xchange rates were 
5- 

- > 

f' dare t -@in& by varying t h e  rates used in the cafculatiods until. a 

best v t s u t  f i t  was  obtained between the simulated and observed- - 
s;nc%rn. T h i s  process was repeated f o r  f i v e  to seven observed 

spectra in the  exchange region for each complex.. The k versus T 

&:a thus datermined were us~?&t"o c a l c u l a t e  activation 
. . 

parameters v i a  a least squares • ’ i t  t o  t h e  Eyring e u a t i o n .  
P 

; had h e n  -501  enri'ched with " C O .  Thcsa samples were synthesized 

ss d t s c r i A 3 e d  for the unenricked coinpounds, using Os,f  13CD) 3 2  as 

a s:a:ring m i t e r i a l .  The e n r i c h e d  triotimiurn carbony l  was w 
0 

prepared by-stirring Os;(COf in toluene under 2 atrn of1 ''CO 

0 
- (99% "CO, Cambridge Isorope Laboratories) for 3 days a t  100 C .  

1 ex6ess?,  ind hexbnt ( 2 0  mL!. The solution was degassed with 

zkrte freeze-pup-thaw cycles as previpusly described. The 
- 
/ 

* syirred solution was irradiated with ultraviolet light for 

approximarely 48 h .  The carbon monoxide produced was removed 

under vacuum ( a t  -196 D ~ f  periodically 4e.q. a t  4 ,  8 ,  2 0 ,  and-36 
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B 

Preparation of R U [ P ( O C H ~ ) ~ ~ ~ ( ~ ~ - C ~ H ~ ) .  A hexane solution (20 

Carius tube and degassed with two freeze-pump-thaw cycles.4 5 

mL sample of 1 , 3-butadiene wag Condensed into the cold evacuated 

tube, which was then warmed to 25 OC. The stirred solution was 

irradiated with ultraviolet light for 8 h and remained 

colourless during this period. Remova1,of the volatiles under 

vacuum yielded an oily solid which became a waxy solid upon 

stirring. The extreme solubility of the product in all common 
&+ 

solvents made recrystallization impractical. The compound was 

purified.~ by sublimation at 65-70•‹C onto a g•‹C probe (<lo-' torr) 

•’.or 18 h. This resulted in an off-white crystalline solid on the 

probe and a small amount of yellow oil as'residue. The sublimate 

was washed into another Schlenk tube with hexane and stripped 

u n d e r v a c u u m t o y i e l d R u [ ~ ( O C H ~ ) ~ ] ~ ( q ~ - C ~ ~ ~ )  as a waxywhite , 

solid (estimated yield: 0.3 g, 75%): mp 204-208 OC (dec. 1: 'H 

NMR (CDCl,, 2 5 ' ~ ~  100.1 MHZ) 6 4.90 (triplet, J= 6 Hz, rel. / 

int.= 2), 6 1.38 (broad doublet, 1% 6 Hz, rel. int.= 21, 6 -0.42 
/ 

(multiplet, rel. int.= 21, 6 3.52 (doublet, JpH= 1 1  HZ, rel. 

(doublet, Jpp= 26 Hz, rel. int.= 2 1 ,  6 41.3 (triplet, Jpp= 26 

Hz, rel. int.= 1); 3 1 ~ { ' ~ )  NMR ( C D C ~ ~ ,  50•‹C, 40.5 MHZ) 6 24.8 

(broad singlet). 

The 3'P{1H) NMR spectrum typically showed a small impurity 

(two multipiets at 6 -0.7 and 11.8) of unknown origin; mass 

spectrum (EI, 70 eV) calc. for '02~u~,3~,,0,P3 ( P I ,  m/e 528, 



found, m / e  528,-also rn/e - 474 ([P-CI~6]+) and m / e  404 

,([P-P(OCH3),]+). Anal. calc. for RU[P(OCH~)~],(~'-C,H,): C, 

29.61; HI 6.31. Found: C, 30.05; HI 6.53. 

The complex decomposed to a black oil dvring 30 minutes 

exposure to air. 

charged with R U ~ ( C O ) ~ ~  (0.10 g, 0.16 mmol), P(OC2H,), ( 2  mL, 

excess), and hexane 15 mL. The solution was degassed three times 

as previously described. The tube was heated at 120 OC for 30 h. 

The progress of the reaction was periodically monitored by IR 

spectroscopy, ;hich revealed the stepwise formation of 

RU[P(OC~H~),](CO), (v(C0) (hexaneF2068 (s), 1998  (s), 1967 ( s ) ,  
r 

1951 (s) cm-') and RU[P(QC>H,),]~(CO)~ (~(co) (hexane) 1927 (s), 

1915 (s) cm-1) as intermediate products [731. The bright yellow 

solution wqs transferred to a Schlenk tube and the volatiles 

, were removed under v'acuum to afford a yellow oil. This was taken 

up in hexane (5 mL) and.cooled to -78 OC. The yellow mother 
f 

liquor was decanted off the re~ultant,'~ale yellow solid, which 

was washed with hexane (5 mL) at -78 OC. The yield of 

Ru[P(0C2H5),],(~0), was 0.075 g (74 % ) :  mp 48.5-49.0 OC (dec); 

, IR v(C0) (hexane) 1940 (m), 1888 (s) cm-I;. 'H NMR (hexane, 2 5  

OC, 100.0 MHz) d 4.12 (multiplet, rel. int.= ' 2 1 ,  6 1 .22  

(triplet, JHH= 7.0 Hz, rel. int.= 3): 3'P('~) NMR (hexane, 2 5  

a- 

" C ,  40.548MHzI d 25.0 (singlet); masscspectrum (EX, 7 0  e ~ )  calc. 

for '02Ru~,,~,,0,,~3 (P), m/e,656, found, m / e  656, also m / e  628 

\ ([P-CO]') and m / e  598 ([P-2c,HS]'). Anal. calc. for 
4 



C 2 0 H 1 5 0 1 1 P 3 R ~ :  C, 36.64; H I  6.92. Found: C, 36.79; H, 7.10. 

The tris(phosphite) "complex was moderately soluble in hexane - 

and soluble in other common*oqganic solvents. A sample of 

R U [ P ( O C ~ H ~ ) ~ ] , ( C O ) ~  turned brown during 20 minutes exposure to 

air. 

The yellow mother liquor just described was reduced in 

volume (5 rnL) and chromatographed on a P(OCH,),-deactivated 

Florisil column. Hexane elution caused development of a yellow -- 

band'which was collected. Vacuum removal of the solvent gave a 

yellow solid (-15 mg) which was tentatively identified as 

RU,[P(OE~),],(CO), (see text): rnp 166.5-171.5 O C  (dec); v(C0) 
- 

(hexane) 2022 (s), 1983 (m), 1966 (s) cm-l; 'H NMR (acetone-d6, 

25 " C ,  100.13 MHZ) 6 4.08 (multiplet, rel. int.= 2), 6 1.29 

(triplet, JHH= 7.1 Hz, rel. int.= 3); 3 1 ~ [ 1 ~ )  NMI( (toluene-dB, 

-40 OC, 40.54 MHz) 6 6.8 (singlet); 31P{1H] NMR (toluene-dB, 36 

"C, 40.54 M H Z )  6 4.0 (singlet). 

This complex was very soluble in both hexane and CH2C12. 

Preparation of Ru[P(OCH(CH~),)~]~(CO)~. A glass Carius tube 

was charged with Ru3(C0ll2 (0.320 g, 0.500 mmol), P(OCH(CH,),,), 

(4 mL, excess), and hexane (20 mL). The reaction mixture,was 

degassed *ree times. The tube was heated at 110 OC for 23 h. A 

periodical monitoring of the reaction by IR spectroscopy 

revealed the stepwise formation of R U [ P ( O C H ( C H ~ ) ~ ) ~ ] ( C O ) ~  (v(C0) 

(hexane) 2067 (s). 1994 (m), 1953 (s), 1946 (s) cm-'1 and 

RU[P(WH(CH,)~)~],(CO), (v(C0) (hexane) 1921 (s), 1908 (s) cm-'1 



as intermediate products [73]. The yellow-orange solution was 
L 7 

transferred to a Schlenk tube. The volatiles were removed under 

vacuum to leave an oily, yel1.0~ solid. This was sublimed at 80 . 
OC onto a -78 OC probe (<lo-) torr) for several days. The 

resultant sublimate was a4pale yellow solid; an oily, yellow 

residue remained. The probe material was transferred to a 

Schlenk tube, affording 0.50 g (43 % )  of 

RU[P(OCH(CH~)~),]~(CO)~: mp 112-117 OC (dec); IR v(C0) (hexane) 

1931 (m), 1877 (s) cm-'; 'H NMR (acetone-d6, 25 OC, 100.3 MHz) '6 
s 

4.84 (aultiplet, rel. int.= I ) ,  6 1.27 (doublet, JHH= 6.2 Hz, 

rel. int.= 6); 31P{1H) NMR (acetone-d6, 25 OC, 40.54 MHz) 6 20.2 

- (singlet); mass spectrum (El, 70 eV) calc. for 1 0 2 ~ ~ C 2 9 ~ 6 3 0 1 1 P 3  

(P), m / e  782, found, m/e 782, also m/e 754 ([P-CO]'), m/e 723 

([P-(0-i-Pr)]'), m/e 574 ([P-P(OCH(CH,),),]'), and m/e 546 

([P-P(oCH(CH~)~),-CO]+). Anal. calc. for C29HS3011P3R~: C, 

The tris(phosphite) complex was very soluble in common 

organic sohents, A sample of RU[P(OCH(CH,) 2) 1 , (C0) turned 
brown during a one day exposure to air. 

The previously described oily, yellow~residue was dissolved 

in hexane (5 mL) and chromatographed on a P(OCH,),-deactivated 

Florisil column. Hexane elution caused development of a yellow 

band which was collected. Subsequent filtration of this solution 

and vacuum removal of the solvent left a waxy, orange-yellow 

solid (-15 mg). An IR spectrum in hexane revealed a mixture of 
P 

Ru[P(oCH(CH,)~)~],(CO)~ and anather species. The latter was 



-- 

tentatively identified as RU~[P(OCH(CH,)~)~]~(CO)~ (see text): 

u ( C 0 )  [hexane) -2021 (s), 1980 (m), 1963 (s) cm-?. - - 
P 

Attempted preparation of RU[P(O-~-C,H,)~],(CO),. A glass 

Carius tubef containing Ru3(CO),, (0.10 g, 0.16 mmol), 

P(0-n-C,Hg), (2 mL, excess), and hexane (15 m ~ )  was cooled to 

-196 OC. The solution was degassed three times. The tube was 

heated to 110 "C and the reaction periodically monitored by IR 

spectroscopy (carbonyl region). Behaviour analogous to that 

described in the preparations of RU[P(OR),]~(CO), (R= Et, i - ~ r )  

was observed: absorptions due to RU[P(O-~-C,H~)~ ] (CO) ( v ( C 0 )  

(hexane) 2068 (s), 1997 (m), 196.6 (s), 1951 (s) cm-l) and . 

R U ~ [ P ( O - ~ - C ~ H ~ ) ~ ] ~ ( C O ) ~  (v(C0) (hexane) 1928 (s), 1915 (s) cm-'1 A 

were presednt [ 7 3 ] .  The reaction solution was pale yellow after 

25 h. At this time, IR spectroscogq-revealed strong carbonyl . 

absorptions due to Ru[P(O-~-C,H~)~]~(CO')~ (v(C0) (hexane) 1938 

Imf, 1886 (sf cm-'1 in addition to several weaker signals. 

Despite repeated attempts, the tris(phosphite) complex could not 

be properly purified and isolated. 

An attempt was made to separate the previously described 

mixture by chromatography .on a P(OCH,),-deactivated Florisil 

column. Hexane elution caused the development of a yellow band 

which was collected. This fraction was filtered and evaporated 

to dryness on the vacuum line, yielding a yellow-orange solid 
- 

(-30 mg) tentatively identified-as RU~[P(O-~-C~H,),~~(CO)~ (see 

text): mp 69.5-71.5 O C  (dec); IR v(C0) (hexane) 2021 (vs), 1981 - 
(m), 1964 f s )  em-'; 3 1 ~ { 1 ~ )  NMR (hexane, 25 OC, 40.54 MHz) 6 4.4 



(singlet); mass spectrum (EI, 70 eV) showed m / e  values >1000, 

calculated for C,5H8tO18P3Ru3, m / e  1305. Anal. talc. for 

C45H81018P3R~3: C, 41.37; H, 6.25. Found: 

was charged with RU[P(OC~H~)~]~(CO)~ (0.3 

) ,  A-glass Carius tube 

1 g, 0.47 mmol) and 

hexane (20 mL). The solution was degassed three times. Into the 

cold (-196 "C) tube was condensed 1,3-butadiene (3 mLt, excess). 

After warming to room temperature, the stirred solution was 

irradiated with ultraviolet light for 2.5 h. An IR spectrum of 

the reaction solution showed complete disappearance of the v(C0) 

absorptions due to the starting material. The reaction solution 

was transferred to a Schlenk tube. The volatiles were removed 

under vacuum. The resultant yellow oil was sublimed at 55 OC - - rC 

onto a -78 O C  probe torr) for 48 h. The probe contained a 

small amount of a white solid which was discarded. The residue 

was sublimed at 80 OC onto a -78 OC probe (<tom3 torr) for 24 h .  

The colourless sublimate was washed into a separate Schlenk tube 
4. 

with hexane. Vacuum removal of t h e  solvent left 

RU[P(OC'~H,) ( r 1 4 - ~ ~ )  as a waxy, colourless solid (0.16 g, 
-- - 

52%): mp 128-133 OC (dec); 'H NMR (toluene-d,, -40 OC, 100.0 

MHz) 6 5.05 (broad triplet, J= 6 Hz, rel. in&.= I ) ,  6 3.93 

(apparent quintet, J- 7 Hz', rel. int.= 9), b 1.56 (AB doublets,- 

J= 6 Hz, rel. int.= I), 6 1.14 (triplet, JHH= 7.1 Hz, rel. int.= 

14), 6 -0.04 (broad, rel. int.= 1); 3 1 ~ ( 1 ~ ]  NMR (toluene-d,, -60 

OC, 40.54 MHz) 6 30.7 (triplet, Jpp= 31 Hz, rel. . int.= . 1 1 ,  6 

10.8 (doublet, Jpp= 31 Hz, rel. int.. 2 ) ;  3 1 ~ { ' ~ 1  NMR 



. * 

(toluene-dB, 51 OC, 40.54 MHz) 6 16.5 (broad singlet); mass 
9 

spectrum (EI, 70 eV) calc. for 102R~C2z~,109P3 (PI, m/e 654, 

found, m/t+ 654, also m/e 598 ([P-C4~s]+), m/e 488 

([P-P(OC,H~)~]'), and m/e 432 ([P-P(OC~H~)~-C~H~I+). Anal. calc. 

for CZ2H5~,O,P3Ru: C, 40.43; HI 7.86. Found: C, 40.58; H, 7 - 9 1 .  

The butadiene complex was very soluble in comrnom organic 

solvents. A sample became discoloured during 12 h exposure to 
/ 

air. 

preparation of Ru[P(OCH(CH3 1,) I ('r144~9~6). - A solution of 

RU[P(OCH(CH,),),],(CO)~ (0.37 g, 0.47 mmol) in hexane (20 mL) 

was placed in a glass Carius tube. The solution was degassed 

three times. Into the cold (-196 OC) tube was condensed - 
1,3-butadiene (3 mL, excess). After warming to room temperature, 

the stirred solution was irradiated with W light for 3.5 h. An 

IR spectrum of the reaction solution revealed no v(C0) 

absorptions due to the starting material, The pale yellow 

solution was transferred to a Schlenk tube. The volatiles were 

removed on the vacuum line to give a viscous, yellow oil (crude 

yield: 0.355 g, 97%). 

' $ 

Purification was accomplished by fractional sublimation. 

Several impurities were removed by sublimation at 55 "C onto-a 

-78 OC probe ( ~ l o - ~  torr) for 72 h. The probe material was 

discarded and the oily residue sublimed at 90 OC onto a--78 OC 

probe ( < l o - '  torr) for 28 h. The colourless sublimate was washed, 

into another Schlenk tube with hexane. Vacuum removal of the 



solvent left a waxy, colourless solid. Sublimation of this 

product for a further 48 h at 70 O C  onto a -78 O C  probe 

torr) allowed removal of some trace impurities as the sublimate., - 

The residue, a waxy, colourless solid, (0.080gf 20 % )  was shown 
I 

to be RU[P(OCH(CH,),),],(~)~-C~H~): mp >I20 OC (dec); 'H NMR 

(aCcetone-d6, 25 OC, 100.0 MHz) 6 4.8 (multiplet, rel. int.= 1 1 ,  

6 1.24 (doublet, JHH= 6.1 Hz, rel. int.= 61, 6 -0.4 (multiplet). 

Expected resonances at 6 1.5 and 5 were obscured by 

P(OCH(CH,),), signals; 31Pf'~) NMR (toluene-d,/toluene (1:3), 

-34 OC, 40.54 MHz) 6 31.9 (triplet, Jpp= 33.7 Hz, rel. int.= 1). 

6 14.6 (doublet, Jpp= 33.7 Hz, rel. int.= 2 ) :  31P{'~) NMR 

.(toluene-de/toluene (1:3), 93 OC, 40.54 M H Z )  6 18.2 (singlet); 

mass spectrum (EI, 70 ev) calc. for 1 0 2 ~ ~ C , 1 H 6 9 0 9 ~ 3  (P), m / e  

780, found, m/e 780, also m/e 724 ([P-C4Hs]+), m/e 572 

([P-P(OCH(CH,),)~ I*), and m / e  516 ([P-P(ocH(cH~)~) 3 - C 4 ~ ~  I * ) .  

1 

The small isolated yield of R U [ P ( O C H ( C H ~ ) , ) ~ ] , ( ~ ~ - C ~ H ~ )  was 

used to prepare an NMR sample for the variable temperature 

31P{1H) NMR study. Further characterization was performed on a 

sample recovered from the NMR solution, which had s*uf f ered some 

decomposition at higher temperatures, Thus, an acceptable 

elemental analysis was not obtained. 

The complex was very soluble'in common organic solvents. A 

sample turned brown over the course of 12 h exposure to air. 

was charged with - Ru[P(oCH~)~]~ (0.200 g, 0.280 mmol), isoprene 



(3 mL, excess), and hexane (20 mL). The solution was degassed 

three times. After warming to room temperature;the stirred 

solution was irradiated with ultraviolet light for 8 h. The pale 

yellow solution was transferred to a Schlenk tube and stripped 

on the vacuum line. The resultant yellow 'oil (crude yield: 0.152 

g, -100 % )  was dissolved in hexane (5 mL) and filtered through 

alumina (0.5 cm). The solvent was r.emoved from the pale yellow 

filtrate under vacuum. The resultant, oily solid was sublimed at 

40 OC onto a -78 OC probe (<lo-' torr) for 4 h. A small amount 
of colourless,~liquid sublimate was discarded. The residue was 

sublimed at 75 OC onto a -78 OC probe torr) for 12 h. The 

sublimate, a colourless, waxy solid, was washed into another 

Schlenk tube with hexane. Vacuum removal of the solvent left 

.RU[P(OCH,),]~(~~-C~~) (3.095 g ,  63 % )  as a waxy, white sorid: 

mp 205-209 OC (dec); 'H NMR (acetone-d6, 25 OC, 100.0 'MHz) 6 

4.72 (broad triplet, J-  7 Hz, rel. int.= 11, 6 3.50 (doublet 

with fine structure, J -  1 1  Hz, rel. int.= 271, 6 -2.0 (obscured 
.* 

by residual protons of (CD3),CO), 6 1.30 (broad singlet, rel. 

into= 1). 6 1.14 (doublet of doublets, JHH= 6.4 Hz, JHH= 1.7 Hz, 

rel. int.= I ) ,  6 -0.37 (broad, rel. int.= 11, 6 -0.79 (broad, 

rel. int.= 1); 3 ' P f 1 ~ )  NMR (toluene-d,/toluene (1:4), 79 OC, 

40.54 MHz) 6 24.5 (v broad singlet); 31PE1H) NMR 

(toluene-d,/toluene (1:4), -37 OC, 40.54 MHZ) ABC spin system, 

6b 35.9, 6B 21.0, 6C 15.9, JAB= f30.1 Hz, JBC= k47.5 Hz, JAC= 

226.5 Hz; mass spectrum (EX, 70 e ~ )  calc. for ' 0 2 ~ ~ ~ , 4 ~ 3 , 0 , P 3  

(PI, m / e  542, ,found, m/e 542, also m / e  51 1 ( [P-0CH3 I + ,  m/e 4174 

(~P-C~H,I*), m / e  418 ([P-P(OCH~)~]+), and m/e 350 



A 

([P-P(ocH~)~-c~H,]+). Anal. calc. for c,,H,,o~P,Ru: C, 31 .06;  H, 
- 

6.52. Found: C, 30.79; H, 6 . 8 0 .  

The product was very soluble in organic solvents. A sample 

turned brown after 24 h exposure to the air. 

preparation of RU[P(OC~H~)~I,(~~-C~H,). A glass Carius tube 

was charged with Ru[P(OC2H5) 3(C0)2 (0.395 g, 0.600 mmol), 

isoprene (3 mL, excess), and .hcxane (20 m~). The solution was - 
degassed three times. The stirred solution was irradiated with 

W light for 10 h. An IR spectrum of the reaction solution 

showed no v(C0) absorptions due to the starting material. The 
\ 

pale yellow solution was transferred to a Schlenk tube and 

stripped on the the vacuum line to yield an oily, yellow solid 
v 

(crude yield: 0.385 g, 96 % ) .  

Purification was accomplished by fractional sublimation. 

Several impurities were removed by sublimation at 50 O C  onto a 

-78 O C  prabe torr) for 8 h. The probe material (a mixture 

of colourless oil and white solids) was discarded. Sublimation 

of the residue at 75 O C  onto a -78 O C  probe (<10-3Ftorr) 

resuited in a colourless solid as sublimate. The probe material 
0 

was washed into another Schlenk tube with hexane. Vacuum removal 
A- 

of the solvent left a waxy, white solid. The previously 

described fractional sublimination was repeated a second time to 

yield y[P(OC2H5)313(q4-C;H,) (0.245 9, 61 % ) :  mp 130-135 'C 

(dec); 'H NMR (acetone-d6, 25 OC, 100.0 MHz) 6 4.61 (broad 

triplet, J= 6.5 Hz, rel. int.= I), 6 3.93 (quintet with fine 



structure, J= 6.7 Hz, rel. intoP 181, S -2.0 (obscured by 

residual protons of (CD,) ,CO), "6 1.30 (broad doublet, J- 6 Hz, 

rel. int.= 11, 6 -1.1 (obscured by the following resonance), 6 

1.17 (triplet, J =  7.0 Hz, rel. int.= 271, S -0.39 (broad, rel. 
\ 

int.= I), 6 -0.78 (broad, rel. int.A 1); 3 1 ~ { 1 ~ )  NMR 

(toluene-d,/toluene 3 , 83 OC, 40.54 MHz) 6 20.0 (broad 

singlet); 3 1 ~ [ 1 H )  NMR (toluene-d,/toluene 1 : 3 ,  -34 OC, 40.54 

MHz) ABC spin system, 6A 34.3, aB 16.3, 6 C 11.8, JAB= f31.4 Hz, 

\ lAC= 228.2 Hz, IgC= f45-.9 Hz; mass spectrum (EI. 70 eY) calc. 

for 1 0 2 ~ ~ C 2 , ~ , 3 0 9 P 3  (P), m / e  668, found, m / e  668, also m / e  623 
? 

([P-OC,H~]'), m / e  598 ( [ P - C ~ H ~ ~ ] + ) ,  and m / e  502 

([P-P(OC2H,),]+). Anal. calc. for C 2 3 H 5 3 0 9 P 3 R ~ :  C, 41.308; H I  

8.0.0'. Found: C, 41.80; H, 8.34. 

The product was very soluble in common organic so1ven.t~. A 

sample discoloured after 24 h exposure to the air. 

Attempted Preparation of RU[P(OCH,),]~(~~-C,H,)I A solution 
\ 

of Ru[P(oCH,),], (0.280 g, 0.388 mmol) in hexane (20 mL) was 

placed in a glass Carius tube. To this solution was added 

2,s-norbornadiene (4 mL, excess). After being degassed three 

times, the reaction solution was irradiated with UV light for 9 -- 
h. At this poigt, the reaction mixture consisted of a small 

amount of yellow precipitate under a pale yellow solution. A - 
"PflHf NMR spectrum of the neat solution revealed no remaining 

P 

starting material. The mixture, was transferred to a Schlenk tube 

and stripped on the vacuum line. The residue was dissolved in 

hexane-A 10 mL) and filtered through alumina (0.5 cm). R$moval qf 



the solvent on the vacuum line 

with a yellow liquid. A repeat 

-- 

left a whfte solia contaminated 

of the alumina filtration gave E 

the same result. The 3'P('H) NMR spectrum of this product 

(toluene) was'identical to that found for 

Attempted Preparation of RU[P(OCH~),],(~~-C,H,~). A glass u t 

Carius tube was charged with RU[P(OCH~),]~ (0.280 g, 0.388 

uunol), 1,5-cyclooctadiene ( 4  mL, excess), and hexane (20 mL). - 
0 

The solution was degassed three times. The stirred solution.uas 

irradiated with ultraviolet light for 9 h. A sample of the 

almost colouriess solution was examined by 3 1 ~ { 1 ~ )  NMR 

. spectroscopy, which showed complete disappearance of 

Ru[P(OCH,),],. The solution was transferred to a Schlenk tube 

and stripped on the vacuum line. Attempted purification of the 

resulgant yellow oil by the methods described in the previous 

paragraph gave similar results. A 3'P{1~1 NMR spectrum of the 

product (in toluene) was identical to that found for 

preparation of RU[P(OCH~),],(~~-C~H,). A glass Carius tube 

containing RU[P(OCH~),]~, (0.69 tj, 0.96 mmol) in hexane' ( 2 0  mS.1 

was cooled to -196 OC. The solution was degai~ed three times. 

Ethylene '(2 mL, excess) was condensed into the ;old ( - 1 9 6  G C )  

reaction tube. After warming to 25 OC, the stirred soiution was 
< 

irradiated with ultraviolet light for 4.h. At this time, the 
k 

tube contained a small amount of fine, white precipitate in a 

colourless'solution. The excess ethylene was vented and the - 



v o h t i l t s  were removed under vseuum ru qive a white, wary solid 
,- 

(crude yield; Q.60 g ,  99 % I .  This -pruduct was extracted-with 

hexme l t 5  mL1. The ex t rac ts  were filtered through alumina (0 .5  
B 

rrnf and rrtrilppcd,on ' t h e  vacuum line to. yield 

solid: mp 103.5-103 ' C  (dcc):  ''H NMR (&ctone-d,, 25 'C, 100.0 

W z )  6 3.50 (multiplet, r e l ,  i n t . =  91, 6 1..25 (quintet, - Jpi=  2.7 ' 

i i z , ; j ~ 1 .  int.3 i f :  3'PI'HJ NHR (f iexane,  50 OC, 40.5 MHz) d 21.8  
v J  

&tosd-sjngir:): , " P ( ' l  HWR ( h c x s n c ,  -56  OC, 40 .5  MHz) 6 3 0 . 8  
; u u  

r i t IPp = 64 .7  Hz, r e l .  into= 1 1 ,  6 15.8  ( t r i p l e t ,  IFF= , 
4s - 

6 0 . 7  Hz.. r a l .  int.. 1 ) :  mass spectrum (EI, 70 ev) calc. f a r  

62f, a l s o  m/c 59.9 ( L P - c ~ H , I %  One higher fragment at m / e  678 

was also observed. Anal. c a l c .  for C,,H,,O,,P,RY: C ,  26.89; H, * 

6 .45 .  Found: C, 26.80; H I  6.70. 

The ethylene complex was v e r y  soluble i n  common organic 

solvents. h sample turned brown during 2 @ i n  exposure to a i r ,  
p' 

The nus5 spectrum of RU~P(OCH,),J.(~*;C~H.) deserves some 

-. comment. ~ h r ' r m r s  spectral -ions k t  r&t 677 (€1)  and 678 (CI) 

maceria! (i-e. Ru[P(ocx,),],) in the sample* However, a csrefuf 

exasninetion of the t o t a l  ion current and the #ion c u r r e n t s  

associated ui t h  t h e  parent ion fm/e 626 ( & I  ) ,  627 { C I  1 )  and the 

4 



w 
- -  

m / e  677, 678 ion suggested that this was not the case. These two 

mass spectral fragments gave no measureable ion current unti.1 - 

J 

the ion-source was well over 100 " C .  It was expected that a 

sample of RU[P(OCH,),],(~~-C,H,) would suffer extensive 

decomposition at this temperature. Removal of the sample from 

the ion source at this time confirmed that this was the cas-e. 

The ion at m / e  677 (EI) and 678 (CI) are thus assigned to 

thermal d.ecomposition products of RU[P(OCH~),],(~~-C,H,). 

Attempted Preparation of ~ u [ ~ ~ ~ ~ ~ ~ ) ~ ~ , ( q ~ - c ~ c l o o c t e n e ) .  A 

>solution of RU[P(OCH,),I~ (0.195 g ,  0.270 mmol) and cyclooctene 
rB 

(1.5 EL, excess) in hexane ( 1 5  m ~ )  was placed in a glass Carius 
- - 

tube, The solution was degassed three times and subjected to W 

irradiation for 3.5 h. The solution was a pale yellow colour. 
i 

B After transfer to a Schlenk tube, the solution was stripped on ' 

the vacuum line to give a pale yellow oil. This was sublimed at 

-20 O C  onto a -78 "C probe (<lo-) torr) for 1 h to remove excess 
* 

cyclooctene. kt this point, the residue was a waxy, yellow 

solid. A 3'P{'~) NMR spectrum of the residue (acetone-d,) 

revealed a number of resonances. These included two broad. 1 GI 

signals at approximately 15 and 30 ppm. 

Attempted Preparation of ~ u [ ~ ( O C ~ ~ ) ~ ] , ( q ~ - d i m e t h y l  

'ftrmurate). A glass Carius tube was charged with RU[P(OCH,)~]~ . 
(0.145 g ,  0.201 mmol), dimethyl fumurate (0.29 9.. 2.0 rnmol), and + 

, 
a 

hexane 620 mL). The rgaction mixture was degassej three times A 
and irradiated with W light for 4 h .  The solution was a pale 

- 

brown colour and contained solid dimethyl fumurate. The solution 



was transfeired to a ~chl'enk tube and stripped under vacuum to 

yield a mixture of white and yellow solids. These were sublimed - 

at -20 OC onto a -78 OC probe (<lo-, torr) for 2 h to remove 
L 

excess dimethyl furnurate. The residue was a pale yellow, waxy 

solid at this point. A 3,1P{1~1 NMR spectrum of the residue 

showed the major component to be RU[P(OCH,) ,I5. There were also 
1 

several weak multiplets present. 

3 1 P { 1 ~ )  NMR Study: Reaction of' RU[P(OCH,)~],(Q~-C,H,) and 

P(OCH,),CCH,. Two 5 mm NMR tubes were filled with an -0.05 M 

solution of RU[P(OCH, 1, I .  (v~-G,H~ 1 in toluen&d~/toluene ( 1 :4). 

To each tube was added a tenfold excess of P(OCH2),CCH3. The 

tubes were sealed with Teflon-lined screw caps. One tube was 

left to sit at room temperature overnight then sequentially J 
heated 'from 50 to '90 OC "for 48 h. The other tube was irradiated 

with W light for a total of 1 h. The progress of 13-reactions 

was periodically monitored by 3 1 ~ { 1 H )  NMR spectroscopy; the 

results are given-in the text. 

'Pi 'H$ NMFt Study: Reaction of RU[P(OCH,) 1, (q2-C2H,) and L 

(L= various phosphines and phosphites). NMR tubes (5 mm) were 

filled with solutions of RU[P(OCH~)~],(~~-C~H,) (-0.05 MI. To 

each of these was added one of the ligands L in an approximate 

tenfold excess. The tubes weie sealed with Teflon-lined screw 

caps and left to sit overnight. The 'Pi 'HI NMR spectra were 

measured at this pint. The tubes were then heated to 55-60 OC 

and the progress of the reactions periodically monitored by 
b 

e 

, 3 ' ~ 1 1 ~ ]  NMR spectroscopy; the results are given in the text. 



Preparation of R U [ P ( O C H , ) , ] , P ( - O C H ~ ) ~ C C H ~ .  A glass Carius -- 

tube was charged with RU[P(OCH~)~],(~~-C~H,)- (0.39 g I r 0 . 6 2  

mmol), P(OCH2),CCH3 (0.30 g,  2.0 mmol), and hexane (25 m~). The 
- 7 

solution was degassed three times and heated, with stirring, at 

65 OC for 2 h. At this point, the reaction consisted of a small 
- - 

amount o%whi$e precipitate under a colourless solution. The 

mixture was transferred to a Schlenk tube. Vacuum removal of-the 

voiatiles gave a white solid. This was sublimed at 25'"C onto a - - 

-78 OC probe (<lo-' torr) for 1 h to remove excess P(KH,),CCH,. 

The brilliant white residue (0.42 g, 91 % )  was dissolved in 
0 i. 

hexane (10 mLtand filtered through alumina (0.5 cm). vacuum 

removal of the solvent left R U [ P ( O C H ~ ) ~ I , P ( O C H ~ ) ~ C C H ~ / . ( O . ~ ~ ~  g, 
\ 

. , 
75 % )  as a white solid. This was recrystallized from he.xane at 

-15 OC t~'~iel-dcolourless crystals: mp 170-172 OC (dec); 'H NMR 

(acet,one-d6. 25 'C, 100.0 MHz) 6 3.98 (doublet, JpH= 4.7 Hz, 

rel. int.=.2), b 3.45 (multipletTre1. int.= 121, 6 0.66 (broad 

singlet, rel. int.= 1); "P{'H] NMR (toluene-d,/toluene (1:3), 
+- 

27 OC, 40.54 MHz) 6 29.8 (doublet, Jpp= 41.3 Hz, rel. int.= 41, 

6 -2.7 (quintet, Jpp= 41.2 Hz, rel. int.= 1 ) :  3 i ~ ( ' ~ )  NMR 

(CD2Clz/CHFCl2 : 4  -21 OC, 40.54 MHz) 6 29.8 (doublet, Jpp= 

39.5 Hz, rel. int.= 4 ) .  6 -1.6 (quintet, Jpp= 39.5 Hz, rel. 

int.= 1); "P{'H] NMR (CD2C12/CHFC12 (1:4), -126 OC, 4 0 . 5 4 ' ~ ~ ~ )  
- - 

Two simulations based on an A,BC spin system were in reasonable 

agreement with the experimental spectrum. A,BC sp6n system (see - - 

figure 2.7A): 6A 42.0. 6B 14.6, 6C 12.0, J A B =  275.7 Hz. JAC= 

i78*.6 Hz, JBC= ~108.3 Hz; A,BC spin system (see figure 2.7C): hA 



> - 

1472.3 Hz; 31P{1H1 NMR (CD2C12/CHFC12 (1:4), --I15 OC, 162.0 

MHz) A,BC spin system: 6A 42.1, 6g 16.5, 6C 11.2, JAB= 273.4 Hz. 

'AC= 276.2 Hz, JgC= r522.6 Hz. Several weaker signals (broad) 

were also evident (see text for further details).; mass spectrum 

(CI, isobutane) caic. for 102R~C,7H.50,5P~, w e  746, found. w e  

746. Anal. calc. for C17H,,015P5Ru: C, 27.39; H, 6.08. Found: C, 
+ \ 

27.58; H, 6.13. 1 \.. 
'-, 

'.. -', 
"-\ 

The complex was moderately soluble in hexane -an,d very 
\ 

".\ 

soluble in both toluene and CH2C1,.Crystals of \. \:, 

r@ -'-\ 
RU[P(OCH,),],P(OCH~),CCH; turned brown over the course of 30 &LQ 

\ 
\ 

exposure to air. 
-- \\ 

preparation of RU[P(OCH~),],P(OC~H~)~. A glass Carius tube 

P(OC2H5)3 (0.20 mL, 1.2 mmol),.and toluene (15 m ~ ) .  The solution 

was dega.ssed three times and heated, with stirring, at 65 OC for 
m 

2 h. The knlourless solution. was transferred to a Schlenk tube. 

Vacuum removal of the volatiles left an oily, white solid. This 

- was sublimed at 25 "C onto a -78 OC probe (<lo-) torr) $or 2 h 

to remove excess P(OC2H5),. The waxy, white residue (0.290 g, -97 
> 

\ % )  h a s  dissolved in hexane (10 m ~ )  and filtered through alumina 
'i . 

\ (0.5 cm). The solvent was removed under vacuum to give 

solid: mp 197.5-200 OC (dec); 'H NMR (acetone-d,, 25 OC, 100.0 

MHZ) 6 3.69 (quintet with fine structure, J= 6 Hz, rel. into= 

2 ) ,  6 3.55 (complex multiplet, rel. into= 12), 6 1.14 (triplet, 

'HH = 7 . 1  Hz, rel. int.= 3); 31P{1H1 NMR (toluene-d,/toluene 



- 

: 4 ,  24 OC, 40.54 MHz) AIB spin system: bB= 20.7, 6A= 26.5,' 

JAB= 52.4 HZ; "P('H) NMR (CD2C12/CHFC12 4 2 1  OC, 40.54 

MHz) Simulations based on an A3BC and an A2B2C spin system were 

in reasonable agreement with the slow exhange limit 3 1 ~ { 1 ~ ]  NMR 

spectrum measured at 40.54 MHz. Neither of these sets of 

parameters, however, were capable of simulating'the slow 

exchange limit 31P{'H) NMR spectrum of Ru[P(OCH~),],P(OC,H,), 

measured at 162.0 MHz (see below); 3 1 ~ f 1 ~ ]  NMR (CD~C~,/CHFC~, 

: 4 ,  -115 OC, 162.0 MHz)A3BC spin system: 6 A  44.3, tiB 18.9, 

6 11.2, JAB= 272.5 Hz, JAC= 276.9 Hz, JBC= 5514.4 Hz; mass C 

spectrum (EI, 70 eV) calc. for 1 0 2 R ~ C l ~ ~ ~ ~ O ~ ~ P ~  (P), m / e  764, 

found, m / e  ,764, also m/e 733 ([P- OM^]'). Anal. calc. for 

C1,H5101SP5Ru:-C, 28.32; HI 6.73. Found: C, 28.23; HI 6.55. 

A sample of RU[P(OCH,)~],P(OC,H,), turned brown during a 1 h 

exposure to air. The complex was very soluble in hexane, 
-a 

- 
toluene, and CH2C12. 

Preparation of  RU[P(OCH~),],P(OCH(CH~)~)~. A solution of 
Ir 

O R~[P(OCH,),I~(~~-C,H,) (0.245 g, 0.390 mmol) and P(OCH(CH,),)3 

(0.20 mL, 0.93 mmol) in toluene (20 mL) was placed in a glass 

Carius tube. The solution was degassed three times and heated, 

with stirring, at 65 OC for 2 h. The colourless solution was 
7 

transferred to a Schlenk tube and stripped on the -~acuum line to 

yield a colourless oil containing some solid. This was sublimed 

at 60.OC onto a -78 OC probe torr) for 2 h to remove 

excess P(0CH(CH3),),. The residue was dissolved in hexane (10 

mL) and filtered through alumina (0.5 cm). Vacuum removal of the 



solvent left R~(P(OCH~)SI,P(OCH(CH~)~)~ (0.250 g, 80 % )  'as a 

waxy, white solid: rnp 102-110 OC (dec); lH NMR (acetone-d,, 25 

OC 100.0 MHz) 6 4.67 (broad multiplet,.rel. int.= I ) ,  6 3.57 

(complex multiplet, .rel. int.= 361, 6 1.17 (doublet, JHH= 6.1 

Hz, rel. int.= 6); 3 1 ~ { ' ~ ]  NMR (toluene-d,, 25 OC, 40.54 MHz) 

A,B spin system, 6B 20.0, 6A 25.3. JAB= 52.1 Hz; 31P{1H] NMR 

(CD2C1,/CHFC12 (1:4), -130 OC, 40.54 MHz) 6 37.1 (broad triplet, 

apparent J-  75 HZ), 6 15 (broad quartet qith fine structure, 

apparent J= 75 7). The high field signal was coincident with - 

several impu(ities, precluding an accurate spectral simulation. 

The spectrumhowever, was qualitatively very similar td that 

observed .for Rub(OCH3) I ,P(OC2H,), at low temperatures; 'P{ 'Hf . 

NMR (CD2Cl2/CHFCl2 (1:4), -115 OC, 162.0 M H Z )  6 37 (broad 

triplet), b 15  quartet of broad multiplets). See text for 

further details; mass spectrum (CI, isobutane) calc. for 

102~uC21H57015P5, m/e 806, found, m/e 803. Anal. calc. for 

C2,H,,0,,P5Ru: C, 31.31; HI 7.13. Found: C, 31.29; HI 7.33. 

A sample of RU[P(OCH~), 1 i ~ ( ~ C ~ ( ~ ~ 3  2) turned brown over the 

course of 1 h exposure to air. The complex was very soluble in 

hexane, toluene, and CH2C12. 

preparation of RU[P(OCH,),]~PF,. A glass Carius tube was 

charged w i t h 3 ~ u [ ~ ( ~ ~ ~ 3 ) 3 ] 6 ( ~ 2 - C S H 6 )  (0.27 g, 0.43 mmol) and 

toluene (20 mL). The solution was degassed three times. The tube 
1 

was pressurized with PF3 (-2 atm). The stirred solution was 

heated at 60 OC for 2 h. The colourless solution was transferred 
-- to a Schlenk tube and stripped on the vacuum line to yield a 



white, waxy solid, This was extracted with hexane (25 m ~ ) .  

Vacuum removal of the solvent from the filtered extracts left a 

white sobid (0.26 g, 88 % ) .  This was recystallized from hexane 

at -78 OC to yield RU[P(OCH~)~I,PF~: mp 193-194 OC (dec); 'H NMR 

(acetone-d6, 2 5  OC, 100.0 MHz) 6 3.62 (complex multipJet); 

3'P{1H) NMR (CD2C12/CHFC12 (1:4), -23 0C,\40.54 MHz) A8MX3-spin 

system, 6M -1.4 (quartet of quintets, J 1365 Hz, JAM- 49 Hz, 

rel. int.= 1). 6A 26.3 (overlapping doublet of quartets, JAM= 

48.4 Hz, JAX= 25 Hz, rel. int.= 4): 3 1 P { 1 ~ )  NMR (CD,C~,/CHFC~, 

1 -129 OC, 40.54 MHz) A2B2CX3 Spin System hA 40.0, 68 24.8, 

6C 0, JAB= 275.5 Hz, JAC= ~182.4 Hz, JgC= k90.1 Hz, JAX= r44.0 

Hz, J g X =  '10 Hz, %x = +I000 Hz. These are approximate values 

(see chapter 2 text and figure 2.14 for details); mass spectrum 

(El?, 70 eV) calc. for '02R~C12H36F3012P5 (P), m / e  686, found, 

m/e 686, also m/e 667 ([P-F]+), m/e 655 ([P- OM^]'), m / e  598 

([p-PF,]+), m/e 474 ([P-PF,-P(OCH~)~]+), and w e  350 

([P-PF,-~P(ocH,),]+). Anal. calc. for C,2H36F30,2P5R~: C, 2 1 . 0 3 ;  

H, 5.29. Found: C, 21.~08; H, 5.30. v 

2" - 
Crystals of RU[P(OCH,)~],PF, turned brown during a 1 h 

exposure to air. The complex was moderately soluble in hexane 

and very soluble in both toluene and CH2C12. 

Preparation of Ru[P(OCH,),],P(CH,),. A solution of 

RU[P(OCH~),]~(~~-C~H,) (0.315 9, 0.500 mmol) and P(CH,), (0.11 

mL, 1.5'mmol) in toluene (25 m ~ )  was placed in a glass Carius - 

tube. After three degassing cycles, the stirred'solution was 

heated at 60 "C for 2 h. The pale yellow solution was 



transferred' to a Schlenk tube. The volatjles were removed on the 

vacuum line to give  an oily solid. This was sublimed at 25 OC 

onto a -78 OC probe (<lo-, torr) for 30 min to remove any excess 

P(CH3),. .The re- (0.310 g, 92 % )  was extracted with hexane 

(10 m ~ )  and filtered through alumina (0.5 cm). Vacuum removal of 
-- 

the s~lvent left RU[P(OCH~)~I~P(CH~)~ (0.265 g,  79 % )  as a 

colourless, crystalline solid: mp 191-193 OC (dec); 'H NMR 

(toluene-dB, 25 OC, 400.13 MHz) 6 3.58 (broad with-fine 

structure, rel. int.= 4). 6 1.49 (doublet, JpH= 8.7 Hz, rel. 
- 

int.= 1);' l3c{'~) p R  (toluene-dB, -35 OC, 100.6 MHz) 6 23.0 

(doublet, JpC= 28.8 Hz, rel. int.= 1). 6 51.0 (singlet, rel. 

-- int.= 4 ) ;  31'P1H) NMR - (toluene-dB, 68 OC, 40.54 M H Z )  6 24.8 

(doublet, Jpp= 23.3 Hz, rel. int.= 4 ) ,  6 -134.4 (quintet, Ipp= 

23.3 Hz, rel. int.= 1); 3 1 ~ { 1 ~ )  NMR (toluene-dB,-76 OC, 162.0 

MHz) 6 24.8 (doublet, Jpp= 23 HZ, rel. int,= 41, 6 -134.5 

(quintet, Jpp= 23 Hz, rel. int.= 1); 3 1 ~ { 1 ~ )  NMR (toluene-d,, 
b 

- 7 5 ' ~ ~  162.0 MHZ) A,BX spin system: 26.5, 31.0, 6X -132.7, . 

JAB= 271.5 Hz, JAC= 267.9 Hz, JEC= '290.1: mass spectrum (EI, 70 

e ~ )  calc. for ' 0 2 ~ u ~ 1 5 ~ , 5 0 1 z P 5  (PI, m/e 674, found, m/e 674, 

also m/e 643 ([P- OM^]+), m / e  598 ([P-PM~,]+), m/e 550 

([P-P(OCH,),I+), and m/e 426 ([P-2P(OCH3),It). Anal. calc. for 

C,,H,,O,,P,Ru: C, 26.75; H I  6.73. Found: C, 26.77; HI 7.00. 

Crystals of RU[P(OCH,),],P(CH~,)~.W~~~ extremely 

air-sensitive, decomposing to a colourless oil during 5 min 
\ 

C exposure to air. The complex was.very soluble in hexane, 

toluene, and CH,Cl,. 



1 

preparation of R ~ [ P ( o C H ~ ) ~ ] ~ P ( C H ~ ) ~ C ~ H ~ .  A glass Carius tube 

was charged with R U [ P ( O C H ~ ) ~ ] ~ ( ~ ~ - C ~ H ~ )  10.390 g,  0.524 mmol), 

P(CH3),C6H5 (0.10 mL, 0.70 mmol), and toluene (25 mL). The 
B 

solution was degassed three times. The stirred solution was 

heated for 1 h at 55 OC and became bright yellow after 10 min. 

This was transferred to a Schlenk tube and stripped 6n the 

vacuum line to give an oily, yellcw solid. Sublimation at 45 O C  

a 
onto a -78 OC probe torr) for 2 h allowed removal of 

excess P(CH3j2C6H,. The yellow residue (0.445 g, 97 % )  was 

extracted with toluene (15 mL) and filtered through alumina (0.5 

cm). The solvent was removed under vacuum and the resultant 
- 

yellow solid extracted again with toluene (10 m~). The extracts 

were filtered through alumina (1.0 cm) and evaporated to dryness 

under vacuum to yield R U [ P ( O C H ~ ) ~ ] , P ( C H ~ ) ~ C ~ H ~  (0.245 g, 53 % )  

as a yellow, crystalline .solid: mp 199-202 OC (dec); 'H NMR 

(acetone-d6, 25 OC, 100.0 MHz) 6 7.77 (multiplpt, rel. int.= 2). 

5 7.16 (multiplet, rel. int.= 3), 6 3.43 (mul/fiplet, rei. int.= 

36). 6 1.62 (doublet of doublets, JPH= 7.5 Hz, J1= 0.9 Hz, rel. 

25.4 (doublet, Jpp= 24.3 HZ," rel. int.= 4), 6 -127.9 (quintet, 
-~ ~ 

IPP = 24.5 HZ, rel. int,= 1); 31P(1H) NMR (CD2C12/CHFC12 (1:4), 

-104 OC, 40.54 MHz) A3BX spin system, B A  32.9, bB 17.0. b2: 
- -- 

-130.5, JAB= &74'.7 HZ, JAX= 264.7 HZ, 'BX = r292.4 Hz; mass 

spectrum (EI, 70 ev) calc. for ' 0 2 ~ ~ C 2 0 ~ 4 7 0 1 2 P ~  (P), w e  736, 

([P-P(CH~)~C~H~]'). Anal. calc. for C20H47012P5R~: C, 32.66; H, 

6.44. Found: G, 32.22; HI 6.81. 



Crystals of R U [ P ( O C H ~ ) ~ I , P ( C H ~ ) ~ C ~ H ~  were air-sensitive, 

turning brown during 10 min exposure to air. The complex was 

soluble in hexane and very soluble in both toluene and CH2C12. 

preparation of RU[P(OCH~)~]~P~H~(C~H,),. A solution of 

(0.092 mL, 0.496 rnmol) in toluene (20 mL) was placed in a glass 

Carius tube. After three degassing cycles, the stirred solution 

was heated for 50 min at 50 OC. The resultht bright yellow 

solution was transferred to a cold (-15 OC) Schlenk tube and 

stripped under vacuum to yield'an oily, yellow slid. This was 

extracted with cold (-15 OC) hexane (10 m ~ )  and filtered quickly 

through alumina (0.5 cm) into a cold (-78 O C )  'Schlenk tube. 
,-- 

Vacuum removal of the solvent, left an oily, yellow solid (0.320 

g, 81 $ 1 .  A solution of the solid in hexane was .filtered-twice 

,more through alumina (0.5 cm). Vacuum removal of the solvent 

gave a waxy, yellow solid which was sublimed at 25 OC onto a -78 

OC probe torr) for 16 h. Over this period, a mixture of a 

colourless liquid and a white solid sublimed, leaving a waxy, 
. . 

yellow solid (0.185 g, 47 % ) .  The 3 ' ~ { 1 ~ )  NMR spectrum of this 

solid (CD2C12/C~~C12 (1  : 4 ) ,  25 OC) indicated that the major 

product was R U [ P ( O C H ~ ) ~ ] , P C H ~ ( C ~ H ~ ) ~  although-several impurities 

were also present. 

1' Solutions of R U [ P ( O C H ~ ) ~ ] ~ P C H ~ ( C ~ H ~ ) ~  in hexane, toluene, 
\ 

C D ~ C ~ ~ / C H F C ~ ~ ,  and acetone-d6 (all under N2 slowly decomposed4 ' 

at room temperature, taking on the characteristic odours of 
* 

PCH3(C6HS), and P(OCH,),. The solid complex turned brown during 



5 min exposure to air. The following data were obtained for the 

solid: mp 114-118 OC (dec); 'H NMR (acetone-d6, 25 O C ,  100.0 

MHZ) The sample decomposed during acquisition of the spectrum. 

Resonances in the regions expected for the methyl and phenyl 

. . substituents of PCH,(C,H,), and the methoxy protons of P(OCH,), 

were observed; 3 1 P E 1 ~ )  NMR ( C D ~ C ~ ~ / C H F C ~ ,  11:4), 3 O C ,  40.54 

MHZ) 6 21.3 (doublet, Jpp= 28.7 Hz, rel. int.= 4). 6 -108.7 

(quintet, Jpp= 28.7 Hz, rel. int.= 1 ) ;  mass spectrum (EI, 70 eV.) 

calc. for 1 0 2 ~ ~ C 2 5 H 4 9 0 1 2 P 5  (PI, m/e 799, found m/e 794 

(unidentified) also m/e 598 ([P-PCH,(C~H~),]+) and m/e 474 

_([P-PCH,(C,H,),-P(OCH~)~]+); mass spectrum (CI, isobutane) 
/ 

- calc., m/e 800, found, m/e 724 (unidentified), also m)e 599 

([P-PCH,(C,H,),]+); mass spectrum (FAB, sulfolane) calc., m / e  

799, found m/e 685 (unidentified). Anal. calc. for 

C2,H,90,2P5Ru: C, 37.65; H, 6.19. Found: C, 36.60; H, 7.03. 

Preparation of RU[P(OCH,) ,],P(C,H,CN), . A glass Carius tube 

was charged with RU[P(OCH~)~]~(~~-C~H,,) (0.385 g, 0.616 mmol), 

P(c,H,cN),.(O.~~~ g, 0.616 mmol), and toluene (35 mL). The 

reaction mixture was degassed three times and heated, with 

stirring, for 1 h at 55 OC. The colourless solution was 

transferred to a Schlenk tube and s,tripped under vacuum to leave 

an oily solid. This was extracted with toluene (15 m~). The 

extracts were filtered through alumina ( 1  cm). Vacuum removal of 

the solvent left a pale yellow solid which was slightly oily. 

Hexane washing (2x20 m ~ )  af forded RU[P(OCH,), ],P(c,H,cN) 3 (0,350 

g, 72 % )  as an off-white powder: mp 163-168 OC (dec); 'H NMR 

145 



- 
(toluene-d,, 25 OC, 100.0 MHz) 6 3.37 (multiplet, rel. int.= 

36), 6 2.30 (multiplet, rel,. int.= 61, &, 1.65 (multiplet, rel. 

(doublet, Jpp= 24.7 Hz, rel. int.= 41, 6 -96.8 (quintet, Jpp= - 
- > -  

* i ~ r ;  24.7 Hz, rel. int.= 1); - , I  iI1 NMR (CD2C1,/CHFC12 1 : 4  - 1  OC, 

40.54 MHz) 6 18.9 (doublet, Jpp= 26.2 Hz, rel. int.= 4), 6 -95.3 

(quintet, Jpp= 26 Hz, rel. int .= 1 1. The coipound slowly 
- 

decomposed in CD,C12/CHFC12 (1:4) and a low temperature, @ 

limiting spectrum was not obtained; mass spectrum (EI, 70 e ~ )  - 
I 

calc. for 1 0 2 ~ u C 2  ,Hq8N3012P5 (PI, m/e 392, found, m/e 707 

(unidentified), also m/e 598 ([P-P(C~H,?N)~ I+) and m/e 474 

([P-P(C,H,CN)~-P(~CH~)~]+); mass spectrum (CI, isobutane) calc., 

m/e 793, found, m/e 710 (unidentified), also m/e 599 

([P-P(C,H,CN)~]+); mass spectrum (FAB, sulfolane) calc., m/e 

found, (unidentified). Anal. calc. for 

C Z 1 H q 8 N 3 0 1 2 ~ ~ S R ~ :  C, 31.90; HI 6.12; N, 5.32, Found: C, 32-92; H, 
- 

6.09; N I  5.17. 

A sample of RU[P(OCH,),],P(C,H,CN), turned brown during 5 

min exposure to air. The complex was moderately soluble in 

hexane, soluble in toluene, and very soluble in CH,C~, . 

*7 Preparation of Ru[P(OCH3),1,P(OC6H,),. A solution of 

RU[~(OCH,)~I.(~'-C~H,) (0.390 g, 0.624 mm01; and P(OC6H5)3 

(0.164 mL, 0.624-mmol) in toluene (25 mL) was placed'in a glass 

Carius tube. The solution was degassed three times and heated, 

with stirring, for 75 min at 55 OC. The colourless solution was 

= transferred to a Schlenk tube and stripped on the vacuum line to 



c
 

h
i. 

Y
C

 
0
 
' 



heated a t  55 *C for 2-h. The solution (bright yellow) wasr 
&i .., 

transferred t o  s S e l e n k  tuba and cvaporatsd t o  dryness on t h e  

vzcuw l i n e . .  The resultant yellow su?id < ~ . 5 0 5 '  g,  99> 1) was iv . 
- extracted v i i h  hexanc (15-mL). The extracts werefiltered - 

. through slumins ( 0 . 5  cm) . Vacuum - removal of the jolvcnt l c f  t s 

yeliov solid. The alumina filtration prgccas was repeated, 

haffording R ~ ~ P ( O C H , ) , ~ , S ~ ~ C H ~ ) ~  (0.265 g, 5 2  $)  as a yellow, 

! O O . O . l . M r )  6 3.53 .  (multiplet, rel. i n t . .  4 1 ,  6 ' b . W  (singlet. a 

0 L 

. . 
( f  p:SbMe,]' f , and m i c  474  ( f  P-SbHe.3-P(O€)i, ),l'). A n s l  c a l c .  far  - , 

* .2* 

B . 9 .  I 

<- 4i 

C * 
a -- " The pr,oduct was very  air-sensitive,' turning brown during 30 

. - Sca' 
solubl$ i n  hexgne.  to1uene.t and CH2C1,. S o l i d  samples of - .  

rims. Prpwne ( -  -2 k ,  excess)  was condensed i n t o  the tube a t  5 
i \ C-' ? 

> -. WC--. 
%+ 6 'C. ~ f t e r ;  slowly u8rrning. tc 25 'C; tb;' stirred solution was 



heated at 49 OC - f ~ r  2 h.  The excess propene was vented and the 
JY - 

colourless solution was transferred to a Schlenk tube. Vacuum 

removal of the volatiles left a oily, yellow solid, A 'H N ~ M R  

spectrum (acetone-d,r of this product indicated that -80 % of 

the -starting material remained. 

- The resction was attempted again: a $lass Carius tube was 

charged with R~~P(ocH,),].(I)'-c,H,) (0.260 g, 0.416 mrnol) an$ 

hexane (20 mL). The solution was degassed three times and 

propene (-2 mL, excess) was condensed into the tube at -196 "c. 

After warming, the tube was heated at 60 *C for 7 h. The 
9' 

solution slowly %&rned yellow-brown over this period. Af ter 

venting the exce& propene, the solution was tr=nsferred to a 
*@ 

Schlenk tube. Vacuum removal of the wolatiles left a waxy solid 

with some brown impurities. Despite several attempts at 
> 

- 

purification, the final resblr was a brown, oily solid. The 'H 
- 

, NMR spectrum bf this p;oduct revealed, in addition to remaining - 
starting material, a number of unidentified resonances in the 

3 

. ,. ,region. 0-5 ppm. 

Photolysis of Ru[P(OCH,),l, and Prupene. A glass Carius tube 

: was charged with ZG!P(OCH,), 1, (0.280 9, -0.388 rnmol) and Rexane 

( 1 5  mL). The solution was degassed three times. Propene (-2 mL, 

excess) was condensed into the tube ab -196 O C .  After 'sloul; 

warming to room temperature, the stirred solution was irradiated , 

wlth UV light for ,4  h, ;At this point, the reaction mixture - 
cpsisted of a small amount o f  white precipitate under a' 

3 

colourless solution, After venting the excess propene, the 



mixture was transferred to a Schlenk tube.,Vacuum removal of the 
' - 
volatiles left an oily solid. This was dissolved in hexane (10 

mL) and the solution was filtered through a3umina (0.5 cm). The 
P 

solvent was stripped on the vdcuum line to leave a colourless, 
1 

waxy solid. The alumina filtration process was repeated, 

" affording a similar product (9.115 9). 

r 

Although the elemental analysis of this solid was consistent 

with RU[P(OCH~) 1, (q2-C3H,), the low ,temperature "P 'HI NMR 

spectrum (toluene-d,, -43 OC, 40.54 MHz) revealed a number of 
* 

resonances. A doublet (6 35.2, J =  40.0 HZ, rel. int.= 3) and a- -  . 

broad multiplet (6 21.7, rel. int.- 1 )  accounted for i80 % of 

the total intensity. A pair of multiplets ( 6  5 and 15) and a 
b 

weak singlet (-4 % )  due to RU[-P(OCH,)~,I, made up the balance. As 

the temperature was increased, a weaker doublet slowly separated 
, 

from the'original doublet and underwent broadening. At the same 

time, the broad multiplet at 6 21.7 experienced partial col-lapse 

- , although several component signals remained sharp. The weaker 
Y 

multiplets at b 5,and 15 were temperature invariant. 

The 'H NMR spectrum of this solid (toluene-d,, 25 O C ,  100.0 

MHz) featured a major and minor methoxy multiplet (6" 3.51 and 
Z , 

3.7, respectively). In addition, a number of low, broad 

resonances at d 5.4, 1.8, 1.2, and 0.9 ifere observed as was a 

broad triplee at 6 2.55. 
% 

. . 

~hoto1)sis of RU[P(OCH,),], and 1-Butene.'~ solution of 
' 2 .  

R~[P(ocH,),], (0.355 g, 0.465 g) in hexane (20 rnL) was placed in - 



a glass Carius tube. The solution was degassed three limes. Into - 
/ 

the cold' ( - 1  96 •‹c) tube was condensed 1-butene (-2 mL, excess). 

After slowly warming to room temperature, the stirred solution 

was irradiated with W light for 4 h. After venting the excess 
. - -  

" 1-butene, the pale yellow solution (with a small amount of white 
- - 

precipitate) was transferred to a Schlenk tube. Vacuum removal 

of the volatiles left an oily, yellow solid. This was extracted 

with hexane (20 mL) and the extracts w'ere filtered through 
,f 

alumina (0.5 cm). The solvent was removed under vacuum. The 

previous procedure was repeated, affording a pale yellow solid 

(0.115 g) which was waxy. 

Although the elemental analysis for this solid was 

consistent with Ru[P(OCH,), 1, (q2-C,H,). the low temperature 

-- 3 1 P { 1 ~ )  NMR spectrum (toluene-dB, -57c•‹C, 40.54 MHz) revealed a 

number of resonances. Among these were a doublet (6 20.9, J =  
- - 

29.5 Hz, rel.int.= 2) and a triplet ( 6  40.8, J =  29.7 Hz, rel. 

int.= 1 ) .  A singlet due to the starting material ' ( 6  27.8) was - 
7 

also present. As the temperature was increased, the doublet and 

triplet broadened and were near coalescence at 25 OC. The other - 
signals suffered no broadening up to 53 OC. 

0 

The 'H NMR spectrum of this solid (toluene-d,, 25 O C ,  100.0 

MHZ) revealed a complex methoxy multiplet centred at 6 3.5. 

number of resonances (mostly broad and 

1 featureless) were observed between 6 0 and 5.5. 



i 
- 

3 1 ~ { 1 H )  NMR Study: Reaction of RU[P(OCH,),],(~~-C,H,) and 

Cyclooctene A 5 mm NMR tube with a ~eflon-lined scrgw cap-was 

- - filled with a solution of RU[P(OCH~)~],(~~-C,H.,) (0.1 g9 and 

cyclooctene (0 .1  mL) in toluene ( 1  mL)& After sealing, the tube 

was heated at 45 OC. The progress of the reaction was monitored 
P - 
by 3 1 ~ { 1 ~ )  NMR spectroscopy. Theeexchange broadened resonances 

L - 
(25 OC) of the starting material were slowly rep1 d by two 

broad signals (6 32 and 14) 'over the course of 12 h. Cooling the 

soldtion to -37 OC caused these to sharpen into an A2B2 spin -- 

system which was successfully simulated: &A 15.6, 6B 32.4, JAB= 

63.7 Hz. In addition, a weak multiplet (6 5) and a singlet due 
-- - 

to RU[P(OCH,),], (6 28.7) grew in intensity ovsr the 12 h 

period, 



CHAPTER 3 

~hosphite Derivatives of Ruthenium. Reaction of RU[P(OCH,),], as 

a Nucleophile. 

3.1 Introduction 

e 

In chapter 1 it was predicted that RU[P(~CH,),], would 

contain a metal centre with high electron density. The products 

of the reaction between Ru[P(OCH,),I, and CH,I, NH,', and X2 (X= 

C1, Br, I )  are consistent with this hypothesis. This chapter I 

e presents some chemistry resulting from the reaction of 

pentakis(trimethy1 phosphite)ruthenium(O) as a nucleophile. 
_- 

Several of these products have been previously prepared by 

alternate roubes and a number of the analogous iron complexes - 

are known. Consequently, a brief literature survey will be a / 
presented. 

A number of cationic trimethyl and triethyl phosphite 
- 

derivatt~es of gold, silver, and the platinum metalqhave been 

prepared by ligand exchange reactions in polar solvents 1741. 

~ t )  . The precursors to these species bere [RuX2 (C,H, ) I,., (X= C1. 

Br), RU(H)C~[PP~~],, and RuCl,[P~h,l,. The cationic ruthenium 
- 

complexes were characterized by elemental analysis, O 

conductivity, and 'H NMR spectroscopy; no 3'Pf'Hf NMR or mass 

spectral data were measured-. 



/ 
The cationic iron(I1) coqplexes ~xF~[P(oR),~,)+ (X= H, Me, -- 

C1, Br, I; R= Me, ~ t )  have been reported [75]. The reaction of 

F~[P(ocH~),], and CH31 in THF gave ~CH,F~[P(OCH'~)~I~)*, which 

was isolated as the BPh, salt, The treatment of F~[P(oR)~]~x~ 

(R,= Me, Et; X= Br, C1) with excess phosphite in methanol 

(followed by addition of NaBPh,) gave {XF~[P(OR),]~]BP~, (x= Br, 
C1; R= Me, ~ t ) .  The hydride complex ~HF~[P(OCH,)~]~)PF~ was 

obtained by protonation of F~[P(ocH,),], with NH,PF6 in 
-- 

methanol. The reaction of F~[P(ocH,)~]~ with CF,I (in ether) . 
gave {IF~[P(OCH,)~],)+ as the major product. These cationic 

~e(11) complexes were chara%wSzed mainly by 3 1 ~ f 1 ~ )  NMR 

spectroscopy. This technique revealed spectra arising from an 

AB, spin system in all cases. No conclusions were drawn 

regarding the "P spectral parameters of this series of 

complexes. - 
Another group simultaneously found results similar to those 

just presented: the reaction of Fe[P(OCH,),], with NH,PF6 and 

CH31 gave {HF~[P(OCH,)~I~)PF, and {CH,F~[P(OCH,)~]~]*~ 

respectively [26]; the latter species was isolated as the PF6 
I %!r 

salt. The product from FeC1, and excess P'(OCH, ), in methanol 

(after treatment with NaBPh,) was {CIF~[P(OCH,),]~~BP~,. The 

react ion of FeI ,a and, excess P(OC2H5 in ethanol gave 

{IF~[P(OC~H,)~],]+, isolated as the BPh, salt. All of these 

complexes (hydride, methyl, halide) exhibited temperature 
. . 

invariant "P{ 'H) N M  spectra consistent with an AB, spin 

system. Nuclear magnetic resonance evidence ('HI for the 
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The reaction of NH,PF6 and RU[P(OCH~),I~ in THF led directly 

to the formstion of (HRU[P(OCH~),~)PF~. This hydride complex 

was recrystallized from ~HF/hexane, yielding colourless crystals 

which were very soluble in both THF and CH2C1, but nearly 

insoluble in hexane. Crystals of (HRu[P(0CH3),l5)P~, appeared 

air-stable over a two week period. 

* 
The addition of excess CH31 to a hexane solution of 

RU[P(OCH~),], gave a white precipitate; the reaction appeared 

isolated and characterized. Again, metathesis with NH,PF, - 

oallo6ed isolation of the cation as the PF, salt. 

Recrystallization from THF gave white crystals of 

{cH,Ru[P(~cH,),],]PF, which suffered no apparent decomposition 

after two weeks in air. The methyl complex was very soluble in 

CH2C12 but virtually insoluble in hexane. 
I ---- - 

3. The reaction of RU[P(OCH,),], with a number of other 

w e n t i a l  electrophiles did not lead to isolation of themdesired 

products. For example, the reaction of pentakis(trimethy1 

phosphite)ruthenium(O) with excess C,H51 in hexane slowly 

produced a white solid ( 3  days at 55 OC). Metathesis with NH,PF6 

and subsequent recrystallization from THF gave a colourless, - 

microcrystalline product. This was shown to bc an approximately 

equimolar mixture of {IRU[P(OCH,), ],]PF~ and 

{c~H,Ru[P(OCH,),],)PF, by 'H and 3 1 ~ { 1 ~ )  Nm. spectroscopy. 



When RU[P(OCH,)~], and .ally1 bromide were reacted in hexane 

at room temperature, a white precipitate resultea. The nature of . 

this prohct appeared dependent upon the C,H,B~:RU[P(OCH,),J, 

ratio and the reaction time. With a twelvefold excess of C3H5Br 

and a three day reaction petiod, the isolated solid was 

identified as a mixture of {HRU[P(OCH,) ,],)X and : 
{B~Ru[P(OCH~)~],)X (-1:5 respectively) by 3 1 ~ { 1 ~ )  NMR 

P 
spectroscopy. At hn ally1 bromide:Ru[~(O~~,),], ratio of 100:l 

i 

and a six day reaction period, the isolated pr~duct (after 

NH,PF, metathesis) was shown to be exclusively 

Similar results.were found for the treatment of 
-& 

RU[P(OCH,) ,I5 with C,H,CH,B~ in hexane. A white precipitate 

formed over the course of.24 h. Metathesis with NH,PF6 and 

subsequent THF recrystallization afforded -colourless 

microcrystals. These were shown to be' ~ B ~ R U , [ P ( O G H ~ ~ , ] ~ ~ P F ~  by 'H 

and 3 1 ~ { ' ~ )  NMR spectroscopy. 

The reactions of RU[P(OCH,),]~ with NOPF6 and AgBF, were 

attempted. These did not give the desired products (i.e. 

{ONRU[P(OCH~),],)PF~ and (A~RU[P(OCH,),]~)EF,, r e s m v e l y ) .  

The details of these two reactions are given in the discussion 
1 

Section of this chapter. 

accomplished by treatment with NH,PF6 in THF.  the^ resultant 

whiie solid, {HRU[P(OCH,), ],P(OCH, ~CCH.~ ~ P F ~ ,  appeared 



air-stable for'two weeks and was soluble in CH,C12 but insoluble 

in hexane. 
1 

The reader is reminded that some of the results presented in 

this chapter were part of an undergraduate research project; see 
2 

chapter 1 for further details. 

The 

Characterization - and Discussion 

c o r n p l e x e s ~ ~ ~ ~ u [ ~ ~ ~ O ~ H ~ ) ~ ] ~ ~ P F ~  (X= H, CH,, C1, Br, I) and 

{HRU[P(OCH,) l Q ~ ( ~ ~ ~ 2 )  3 ~ ~ ~ 3 ) ~ ~ 6  were all characterized by 

elemental analysis and 'P( 'HI NMR spectroscopy. In addition, 

the mass spectral and 'H NMR data were obtained for most of 

these cationic species. 

The 3 1 ~ C 1 ~ )  NMR spectra of {XRU[P(OCH,),],)PF, (X= H, Cl, 

Br, I )  all result from an ABQ spin system. The qualitative 

pattern for a given spectrum is dependent upon a single 

This fact was used to successfully simulate '4r parameter. J,,/AaAB. 

the spectra (see the experimental section of chapter 2 for 
, . 

details).'~he cal-ed and experimental 31~(1H) NMR spectra 

for (HRU[P(OCH,)~]~)+ and (BrRu[P(0CH3),];)+ are shown in figure 

3.1. The spectral parameters for {XR~J[P(OCH,)~]~)+ (X= H, C1, 

Br, I )  are given in table 3.1. 

The observation of 'H) N?4R data due to an AB, spin , 

- 

with a nominally octahedral structure for these cations. The 
. , 

- variable temperature 'HI NMR spectra of these complexes 



exhibited no line broadening due to chemical exchange. Howeqer, - 

more subtle effects due to different temperature'dependencies of 

the 31P chemical shifts were observed (a more detailed 

discussion of this phenomenon may be found in chapter 6 ) .  The 

p1p{lH) NMR spectrum of {CH3~u[P(OCH3)3]5)* in CD2C12 is a 

% singlet at 25 OC. This behaviour is ascribedto an accidental 

degeneracy of and 6B at this temperature: the effects of J A B  

are not observed in an AB, spectrum under this constrqint. 

Different variations in 6 with temperature for the two 

resonances results in a lifting of this degeneracy. The 3 1 P { 1 ~ ]  

NMR spectrum of (CH.3Ru[P(OC~3)3]5)+ in CD2C12 at - 7 3 0 ~  (at - ' .  

. 

162.0 MHZ) is a tightly coupled AB, pattern. The calculated and , 
(I 

experimental "P{lH) NMR spectra of (CH3R~[P(OCH3)3]5)+ at -73 

OC are shown in figure 3.2. The associated~spectral parameters- 

are given in table 3.1. 

The 

C1, Br, 

3 1 ~ ( 1 ~ )  NMR spectra ~o~~xRu[P(ocH~')~]~)PF~ (X= HI Me, < _ 

I )  and {HRU[P(OCH,) ,] ,P(OCH2) 3CCH33]PF6 all exhibited a 



Figure 3.1 The calculated ( A )  and experimental (B) ' l f i  'HI NMR 
spectra of {B~RU[P(OCH~),),]P.F~. The calculated ( C ?  and .- - 

ezperimental (Dl 'Pi 'I31 NMk spectra of {HRu[P(OCH~), 1, . 
Both experimental spectra in CDC1,. Spettral parameters given 
in table 3.1 (PF,- region not included). 

i 



Figure 3.2 The calculated- ( A )  an.d experimental f B )  "~i'kl )cWR 

spectra (162.0 MHz) of {cH,Ru[P(ocH,!,],]PF, in CD2C1, 
at -73OC. Spectral parameters given in table 3.1 (PF,- region 
not included). 



* 
" . , . ;9.49. ?he- chemical- s h i t t  o f  the .  Jpttcr resonance & c u ~ s  i n  t h e .  

d 
- .  

i 



L 
- 
- 

attacscd to ruthen/* also exhibit resonances in this region of 
h 

.- 
the 'H NMR spectrum [ 76 .77 ,78 ] ,  a .. 

*- 

P - ^ 

Included in the 1-3C( 'GI-NHR spectrum of bb e 

, 

(CH,Ru[P(OCH,)., 1, )PP, (acetone--d69 was a weak rnultiplet a*t 'b 
- r 

0 ,+ 

-22.6. This resonance $as .assigned to the ci(, group attached to . 0 ,a 

i - 
;uthenium;. high field 13C shifts for such &&fry1 groyp have  

@ L. 

previously. been observed ( 771  ., -+ ., 

3 TRe ' Y (  - ' ~ , 1  NMR data for '(HRU[P(OCH,'),].P!PCH,) ,CC.H,)Pf, i s  

-, morecomplex chan t f i a t  for ~XR~[P(OCH,~~],)PF, ( X = H ,  ~e,.Cl, 

Br. I .  This is due t b  ;he possibil'ity of two isqiners f o r  t h e  ': 

P E O C H ~  1 ,~cH, derivative; the hydride and' P(OCH;) jCCH3 1-ibands 

may be either cc s f 3 a )  ,or t r a n r  ( 3 b )  to one another. The ' P I  'H) - - 
B 

NMR' spectrum of (HR"[P(OCH, )', I.P(OCH2 ;CCH, )PF, in ED,C1+ 
t 

shown in figure 3 . 3 A .  The R part of a sp&trum due t~ Hn As. SZT 

spin system is evident bt higher .field and a simulated spectrum 

bdsed on this assumption ils shown in figure 3 . 3 B  ( , b A  -8.8, dB. 

5 . 6 .  JAB. 46.0 Hz). This subspectrum constitutCs approximatsiy . 

25% of the total intensity of the' experimental spectfuz and 

arises from isbrner - 3b. Ther c-I r isomer 3 r .  is expected tp e x h ' i b i t  - 
\ 

a 'Pi 'HI h? &xctrum due to B'n A,BCD spin sysf~m: .a s i m u l a t i o n  . 
., ' 

of* this complex spe'ctium was n p t  sitemptid. 

F a  .. 
ccnsisten: with the "Pi 'HI NHR.* results. The proton spcc:jum . b 

featl!rce a,mkthoxy rgyltiplet(6 3-62), a broad triplet w i t h  - , 

t, ' 

poorly resolved . . shoulders (6 4 - 1 4 ,  4 Hz 1. "and a p a i r  ' 0f 
-, - .  

1 . 7  





124 .2  Hz, I== 20.8 Hz). The A part of another computkr ' , 
0 

- 

- - 
simulation, based on an AW,XYZ spin system (6 -9.57, see * .  

< '  

experimental section for the balance of the spectral parameters) . 
- 

'is shown in figure 3.4C~. These two subspectra account for all 
' 

the'major lines in the experimental spectrum (figure 3.4~). The . 
resonances of athe A part of the AX,Y pattern comprise 

, 
approximately 25% of the total intensity for the experimental 

spectrum. This result is consistent with the observation of two 
t 

Me signals for the F(OCH~)~CCH, ligand (vide' supra). 

2 .  
The 'H and 3'P{ 'H) NMR data for 

- 

{HRu[P(OCH~),I,P(OCH~)~CCH~)PF~ are thus in accord d t h  the 

presence of two isomers. The major isomer 3a is favoured 3:1 - 
e ' 

. , 
over th~e minor isomer 3b: 

3 . - 

' Based on a purely statistical argument, a 4 : l  ratio of -- 3a:3b 
D 

:q expected. The t r q n s  isomer thus appears weakly favoured. This 
I 

> 

could be due to steric effects. The addition of a sixth ligand 

, (a,lbeit a protop) to the already crowded 
8 

ou RU[P(OCH,),].P(OCH,)~~CCH~ molecule is2expected to be sensitive 
8 '* 

. . to steric c~n'st~raints. If the transition state is viewed as 
h .  

1 

4 % ar2sing from'a nucleophilic attack of RU[P(OCH~),].P(OCH,~~CCH~ 
. . 

i: (in a Cqy  conformation^ on a proton, a small bias towards f r o n r  
1 t > " -  

*addition' would b e  ekhected: the dotehtial sixth coordination ' 

:=site wauld be less crowded with the, smaller P(OCH,),CCH, ligand 

(con&ngle 1010 versus 107'  for P(OCH,), [10,51 I )  in the apical - -- 

a position. This suggestion might be tested experimentally. The 
-\ 2 e 

availability of Ru[ P(OCH,>), I .L (L= vaiious phosphines and 
* % 







- - 

phosphi tes) iould likely allow preparation o f  

~HRU[P(OCH,),]~L)+. An analysis of the c i s : t r a n s  isomeric ratios 
J .  

for these cations could permit a more quantitative esti~ation of 

the factors involved, 

The maps spectra of the complexes {XRU[P(OCH,),~,]PF, (X= H, 

CH,, Br, I )  and {HRU[P(OCH~),],P(OCH~)~CCH~]PF~ were measured by 

the fast atom bombardment technique. Parent ions for ' 

{HRU[P(OCH, ),I, (P(OCH1) ,CCH3) I+ and-the hydride, .methyl,. and 

iodide cations were observed. Fragments due to 
a 

< 

"[B~R~(P(ocH~)~)~]+ . ,  . ( x =  4.3.2) were found for {B~RU[P(OCH~),],]'; 
. . 

the characteristic mass spectral pa-tterns due to B and -"Br ' 

were also present. 

The reaction of RU[P(OCH,),], with exc.ess C2H51 in hexane 
E 

did not lead to isolation of the {C~H~RU[P(OCH,~ ,I5] cation. 
9 

After three days at'55 OC, the resultant white soli & k c  ted 

with NH.PF6, allowing isolation of colourless crystals. The 

3 ' ~ 1  'HI NMR spectrum of this solid revealed two sets of 

respnances. One, due to an AB4 spin system, was identified as 

(I~UIP(OCH,)~],IPF~. The other set of resonances appeared as a 
.# 

- very narrow. multiplet, similar to that found in the 31P{'H] NMR - 

spectruin oi {CH~RU[P(OCH, 1, I, ]PF. at low temperatures (figure 
P 

3 . 2 ) .  The two m'ul-tiplets were of approximately equal intensity.& 
u .  

The 'H WI? spectrum of th'is product revealed'a complex methoxy 

mltiplet ( 6  '3.7). A triplet ( 6  1.33) andh'a multiplet '(6 -0.15)' 

of relative intensity 3:2 were also observed. These proton 
5 -  . 

resonancbs occurred in the regions expected for the methyl ahd 
.a .# 



methylene moieties of a C;H5 group attached to ruthenium. The 
\ 

position of the methylene resonance was consistent with that of 

the methyl signal in {CH_~RU[P(OCH,)~]~)+ (6 -0.131.- All of the 

s~bctroscopic evidence was consistent with th'e presence o f - '  

approximately equimolar amounts of {IRu[P(OCH,~~],)PF, 'and 

{ C 2 ~ 5 ~ u [ ~ ( O C ~ 3 ) 3 1 5 ~ P I . , :  the elemental analysis was in accord 
e^ = 

with this result. The 'H and 3'P{'H) NMR spectra were identical 

- before and after metathesis with NHqPF6,. Despite several 

attempts, the two species cou1.d not be seP%ated. 

The presence of {IRU[P(OCH,)~I~)PF, as a product in the 

reaction of RU[P(OCH,),], and.excess C,H51 in hexane was - 

unexpected. The presence bf {HRu[P(OCH, ) ,  1, 1 ' , resulting f rorn 
d 

P-elimination of C2Hq from {C~H~RU[P(OCH,),]~]*, would have .been 
' 

easily explained. A 31P11H) & study of the reaction between 

F~[P(OCH,),], and excess C2H51 (at 25 O C  in CD3CN) showed such 9 

. behaviour [26]. Although resonances dueeto ~C2~,~e[~(O~H3),I,)* 

were observed early in the reaction, the final products were 

C2H, and {HF~[P(ocH~),I,)'. 

A mechanism which can explain the presence of both the. 
i, - 

iodide and ethyl cations in the reaction of Ru[P(OCH~),], and 

I ' excess C2H,I is shown below. 



It has been shown that c2H51 and-other alkyl halides react with - 

'pto-phosphine complexes via a radical pathway [79]. No effort 

was made to exclude light from the reaction of RU[P(OCH,)~], and 

C2H51 or to test fgr a radical mechanism. 

The reactions of ethyl iodide with Ru[P(OCH,),], and the 

iron analogue appear to proceed by di'fferent pathways. Solvent 
4 

b and solubility effects cannot be ignored. The ruthenium reaction 
4 

was carried out in hexane, in which the cationic species are 
. . 

virtually insoluble, while F~[P(oCH~),], was treated with C2H51 
-\ 

in CD,CN, in which the cations *readily dissolve. A different 
l v a  

result might have occurred if (C,H~RU[P(OCH,) , 1 ,--remained 
in solution. 

Another cause of the differing response of RU[P(OCH,),]; and 

F~[P(ocH,), 1; to treatment with C2H,I could lie in the 

requirements of the 0-elimination mechanism. As 

(C2H5~[P(0CH3).,I5]+ (M= Fe, Ru) are coordinatively saturated, a 

vacant site must be generated before hydrogen transfer can occur 

in the subsequent step. If the equilibrium constant for the 

ligand dissociation 

c .  

was considerably smaller for Ru than for Fe, one would expect 

8-elimination to be inhibited 'in the former, potentially 

allowing another process to occur preferentially. 



The reaction of RU[P(OCH,)~I, and excess allyl bromide in 

hexane (25 'C) slowly gave a whhe precipitate over the cour*se 

of several days. The product distrib'ution appeared dependent 

upon the c,H,B~:R~~~P(~CH,)~], ratio an the reaction time. With "\ 
a twe'lvefold excegs of C3HSBr ahb a reaction time of 3 days, thq 

isolated product was identified as a mixture of 1, 

[HRU['P(QCH,),],)X and (B~RU[P(OCH,),],)X (-1:5, respectively) by 

'H and 31~(1H) NMR spectroscopy (X was presumably ~ r ) .  At an 

allyl br~mide:Ru[P(OCH~~~], ratio of 100:l and a reaction time 

,of six days, the isolated product (after NH,PF, metathesis) was 

exclusively ~B~RU[P(OCH~),],)PF,,. Again, no effort was made to 

exclude light from the reaction. 
2 

There bas no evidence for the'expected nucleophilic attack 

of RU[P(OCH,),], on allyl bromide, yielding either 

~C,H,RU[P(OCH,)~I,~B~ ur [(Q~-C=,H~)RU[P(OCH,)~]~)B~.  ith her an 
. 

allyl cation was not formed or upon formation underwent , - 
# ~ 

& r 

immediate reaction. +he presence of the hydride cation is not' 
b 0 

easily'explained. It is possible that fast P-elimination from an . 

allyl'cation could yield (HRu[P(OCH, ),I , I  and propadiene 

(allqne) . However, we could- find no precedent in the literature 
-. 

for allene elimination from an allyl'complex. A gas 
.. 

4 

chromatographic analysis of the reaVktLion mixture would, have d 

1 .  

aided the identification of the organic products. . - 

Several mechanisms may be pboposed to rationalize'the 

presence of (B~RU[P(OCH,) ,I, ) ', the only produc-t isolated' at- 
., - 

high ally1 bromide concentrations and long reaction timje,s. A + - i 



1 L 

-- mechanism involving .free radical attack of the allyl"a@ical*op - 

the hydride cation is plausible. 
- 

,This patlway is consistent with the exclusive isolation of the 

bromide cation at high allyl bromide' concentrations. One-might 

*also postulate ah ionic mechanism in which RU[P(~CH,),], slowly 

reacts'with C,H,B~ in the.opposite sense to that expected. 

fast , -C3H5-  + C3H5Br 

, . 
.- The latter mechanism iS consistent with results found •’or the 

analogous iron reaction.: the 'reaction 9f Fe[P(OCH,), 1, and allyl 
, ' . 

, a 8 .  3 ,  

bromide gave 1,5-hexadiene but 'no propene [26]. The transigion 
/ '. * '* . 

mctaJ product ofJbhis reaction, however, was not reported and * 

. a 
\ ,  " .  .. I , a < 

the relqtionkhip of this result t~'ihe"~resen% discussion is not C 

' .  , . . , - , .  * ' 
1 Y .  . - ' ' , 

, . 

' clear. A more detailed s$dy oiZ.thea'iegction between 
d. . , 

. - , .  * < .  , " 1  R~~[P(OCH,),], +ndC.jH,Br_&buldanswer a key question: is ' , 
* 7 > ,  . ,  

a 
d 

* .  . {HRu[P(OCX~),I~]+ the doler primary pr0duat:and precursor to - P *.  
- . {B~RU[P(OCH,.) 1%;' or are' both -the hpdride and broAi.de cations 

formed siaultaneously?-The operation of a radical pathway could 
, 

\ 

also be tested by'appropriate experiments. It is of interest ' 

1. 

that the reaction between some Pt"-phosphine complexes and- o 

1 
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1 ,  
t 

C , . . . 
9 ,  

- - 

{ H R U [ P ( O ~ H , )  ,.I )PF6. The other - s e t  of resobaneis appeared t o  be 
t - * I , * -- 

an AB, b t t e r 6 .  .Desp,itr seveial  at!tempts, s&p&ratio!, of t h e  two 
\ 

complixes 'was &t Ichieved. 'When the i&ction was" +rkosled i n  
-. , - , , 1 _ 

THF; only the hydride cktion ;as isolated.  ~ h i s - i ~ s  > i k k y  ,due t o  - 
< ' *  . #  

7 

- P .  
i 

-rhe i n s t a b j l i t y  dfNOPFrin 
' \  

reacted ~ i ~ o r o & 2 ~  . I  - - .  i i t h  pure 
* 

1 ,  , -  - 
J -"- - 

i d  ' 'Phe r~ t ion,  b f  RU[P(QCH,),  ]';'with NOPF, 
f .  

- %  

viewed as. a  simple nucl.eophil& attbck,  
. ' 8  . a  ' 

I I O N R U ~ P ( O C H , ) , I , ~ P F ~ , . ,  Whim examined-in r ight  df the  1.8 i l e c t i b n  
% 

I 
L. 

+--- 

ru le ,  t h i s  complex would contain NO ac t ing  a>-\a one e1"ectsoh 
' 

. . 7 ,  b. - * 
dono? ligand. -This sxtuation is 1;ss co&on' tha$ t h e l t e r n . a t e i v e .  

- -- 

bonding mode for a  terminal NO, where i t  a c t s  a s  a 6 t h r e e  
"P * 

1 
P 

electron donor,  hi preparation .of fFeNO[P(OR), 1,  ) B P ~ ,  ( + R ~ M ~ ,  
0 .  7 

E t )  by treatment of Fell2- (x= C 1 ,  Br) and e x h s .  phohosphite i n  . 
- - 

, . ' 
rnethanpl with NO has r ecen t .1~  be ieborted [ 8 1 1. These' 

. ,complexes contain NO i n  its mor'e common ro le  a s  a  three e lec t ron  

dpnpr lxigand. There was no reaction between ~ F ~ N O [ P ( O R ) ,  I , ! B P ~ ~  

, (R= Me', Et) and phosphitti i n  ref luxing- methanol. o s  ethanol.. This 
* 1 

.'res"it i s  evidence tha t  the proposed { O N R U [ P ( O C H , ) , I ~ J +  ipebies . 
?- i s  not the s tab le  form of an M[P&,);NCT~M: F+, '  Ru: R= a l k y l )  

I) 0 .  b 

type cornplei. 

* 3 f 
< i 

. P The addit  ion of RU[P(GCH j ) 3  l p  Q irr tolbene. t o  a; equimolar 
. . 

solut ion -of AgBF, cauped 'an i m e d i e t e  green-brown .precipi&te . -  
. %  
, . '; . $ ' , "  ... I -  

' C 

This so l id  was extra=te&'with e ~ , d l ,  anda the  resu l tan t  
. g. 

ro : 5 . . 
'2 ' ?& . 

heterobene'ous minturc f i-ltered: t h e  'f.ilteS $ a p r  *a- i  c & t e d  with  
.- . . -, L , p r -- 

- i 
a' metallic* slud*. Subsequent r i 1 t t a t i d n A e f t : i  y h l ~ w - b r & ~  

' p - - -.pr . - . -  

d' . ?  
- .= /- . . * .'.. : 

. - 0  
d .  

. . & .  - 
.* - 

. . 
t 7 4  . Y 

- ,  
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Figure 3 . 5  The e x p e r i m e ~ t a l  ( 8 )  and3trnulate.d ( A )  3 1 ~ i ' H j  NWR , 
spec tra  of the  product from r e a c t i g n  of RU[P(OCH,), 1, w i t h  
AgBF,. Spectrum recegded in  CD,Cl,. Spectra l  p a r a w e r s  given i n  
t e x t .  Ib-.  

I 



The yield of this product (0 .100 g) relatiue.to the amaunt - 

- - 

of starting material (i.e. RU[P(OCH~)~]~: 0.450 g) indicated a 

considerable decom~osition of RU[P(OCH,)~ l 5  during the course of 
, 2 

the reaction. Recall the metalli-c sludge filtered out of the 

reaction miqture. This sludge likely contain& silver metal -- 
.arising from the oxidation of Ru[P(OCH,),], by Ag+; thec 

B _ 
silver(1) ion is an oxidizing agent and RU[P(OCH-&], contains a 

metal centre with high electron density. The reaction -of 
/ 

r r a n s - ~ s ~ l ~ ( ~ ( C ~ ~ ) ~ ) ,  with AgPFs in methanol gave metallic . 

The 3 1 ~ { 1 ~ )  NKR spectral parameters for {xRu[P(ocH,),],)+ 

(X= H I  CH,, C1, Br, 1 )  are given in table 3.1. These may be 

compared to the analogous values (see table 3.2) for two related 
- 

systems: {XF~[P(OCH,),~,~+ (X= HI CH,, C1, Br, I )  and 

~XFe~P(CC1Hs),I5~+ (X= HI C1, Br, I )  I751. The most prominent 

feature of the data in tables 3.1 3nd 3.2 is the largerGwe " .@ 
rnagRitude of JAB for X= halogen relative to X= H and C-This 

disparity is more pronounced for the iron complexes. This result. 

is consiskent with Bent's rule, which states that more 

electronegative substituents "prefer" hybrid orbitals having 
cr 

+" 

less s character and more electropositive substituents "prefer" 
d 

hybrid orbitals having more s character [85]. For complexes of 

the type {XM[P(OR),],)*, is rule suggests that the 

metal-pbsphorus bonding bitals have enhanced s character. The 

Fermi contact trerm, generally-accepted to be the major 

contr-spin-spin coupling for .?'P nuclei, is directly 
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3.2 The 3 1 ~ f 1 ~ )  spectral parameters for the complexes 

( X F ~ [ P ( O C H , ) , ] ~ ~ ~ X =  H I  CH,, C1, Br, I and ~ x F ~ [ P ( o c ~ H ~ ) ~ ] ~ ] +  

(X= H, C1, Br, I )  . [ 3 c ] .  All spectra recorded in CH2C12. 



- 
- 

c i s  (3a) - and t r a n s  (3b) isomers in an approximate 3 : l  ratio, 
Y 
- 

respectively. The reaction of RU[_P[OCH,),]~ and C2H51 'led to an 
1 

inseparable mixture of {HRU[P(OCH,),~~~' and ~IRU[P(OCH,),],~* 

while RU[P(OCH,), 1, and C;H,B~ gave {B~RU[P(OCH,) , 1,)' as the 

final product; these cations were all isolated as the PF,-salts 

by reaction with NH,PF6. ~reatment of Ru[P(OCH,), 1, with 
"* 

C6H5CH,Br also produced {B~RU[P(OCH, I,], 1 ' .  The reaction of 

AgBF, and RU[F~OCH,),I, gave a phosphite-containing product 

which remains unidentified. When RU[P(OCH,),]~ and NOPF, were 

,reacted, the major prdduct was {HRU[P(~H~)~]~)PF,. 
'.. 

. In general, the thesis that the high electron density on the 

. Ru centre would lead to the reaction of RU[P(OCH,~,], as a 

nucleophile was validated. The reactign of NH,' with 

RU[P(OCH,),], to yield {HRU[P(OCH,),]~)' implies that 

RU[P(OCH,),]~ is a stronger base than NH,. The results of the 

reactions between RU~P~OCH,),], and RBr (R= C3H5,,C6H5CH,l, 

however, suggest that other reaction pathways ate possible. The 

treatment of RU[P(OCH,),], with Ag' showed that reaction modes 

other than nucleophilic attack are available to 

- - 
3.4 Experimental Section 

Preparation of {CH,RU[P(~~),],)PF, and 
-. 

(cH~Ru[P(ocH,)~]~)I. In a 100 mL Schlenk tube, RU[P(OCH,),], 

(0.71 g, 0.98 A o l )  and hexane (20 rnL) were stirred. To this 



a- 

- 

i -4. - 
-- --A 

clear, colourless solution was added EH31 (1 .0 mL, 16 mmol), s 

dropwise. The resultant reaction mixture was stirred for 24 h at 

20 OC. During this period a white precipitate formed. The 
-- - 

solvent and excess CH,I were decanted away for the white solid, 

which was washed with hexane (2x5 mL) and dried on the vacuum 

line. The product, {CH~RU[P(OCH~)~I~)T (0.83 g, 98%), was - - 
obtained as an analyticallqpure, white powder: mp 185-187 OC 

L 
Ldec.); 'H NMR (CDCl,, 25 OCS 100.1 MHz) &= -0.13 (multiplet), 

..A 

6 =  3.65 (mult'iplet): '-'Pi 'HI NMR (cH,c$\ f 3 5  OC,' 40.5 MHz) 6= 
% T-y., 

' -3.3 (singlet). Anal. dalc. for C,~H,~@,~?&RU: C, 22.26; H, 
i G f i L + *  3? web ,  

5.60; P, 17.94; I ,  14.70. Found: C, 22.05;'~~ $,48; PI 18.36; I, .. 

F 
F *  - 

4 
mL Schlenk tube, {CH,RU[P(OCW~-I~ (0.63 g, 0.73 

"* 

mol) w to 20 mL of.THF. To this stirred mixture was 
* "  

added NH,PF, (0.16 g, 1.0 mmpl). The reaction was stirred for 12 

h at room temperature. The pale yellow suspension was stripped 

to dryness on the vacuum line add the resultanat off-white solid 

was extracted with CH2C12 (2 x 10 m~).. Vacuum removal of CH,Cl, 

from the filtered extracts left the desired'product, 'LJ 

\ ~ecrystallization from THF produced a white, c ystalline solid 

which suffered no apparent decomposition after several weeks 

exposure to air. The product was very soluble in CH,Cl,, soluble 

in THF, but insoluble in hexane. 

facetone-d,, 25 *c, 100.6 MHZ) 6 -22.6 (multiplet), 6 49.1 



(doublet, JPC= 10.0 Hz), 6 52-55 (multiplet); 3 1 ~ { 1 ~ )  NMR 

(acetone-d,, 25 OC, 162.0 MHz) 6.-1-8 (singlet); 3:P(t~) NMR 

(CD,C~,, -73 OC, 162.0 MHz) AB4 spin system, bA= -0.9. 6B= 0.5, 

JAB= 45.8 Hz, also 6 -284.1 (septet, 'PF = 712 Hz); mass spectrum 
-\ 

-(FAB, sulfolane) calculated for 102i?~C16~,,015P5 (P), m/e 737, 

found, m/e 737 (very weak), also m/e 723 ([P-CH,]+), m/e 597 

([P-M~-P(OCH~) ,I+), and m/e 613, 489, 365 ([P-~P(OCH,) ,I' 

n=1,2,3). Anal. calc. for C16H4BF60,,P,R~: C, 21.80; H, 5.49; P, 
{@- 

-I - 

21.08. Fbund: C, 22.13; HI 5.27;P. 20.59. 

Preparation of {HRu[P(OCH,) ;I~IPF,. To a stirred soluiion oi 

RU[P(OCH,),], (0.34 g, 0.47 mmol) in 20 mL THF in a 100 mL 

Schlenk tube was added NH,PF6 (0.24 g, 1.5 mmo>l). The resultant 

suspenslon was stirred,for 24 h. The solution was evaporated to - 
dryne"ss dn the vacuum ne and the white residue-extracted with 

#' 
- 

~H',~i;'4+.x 5 rnL). The extracts were filtered and stripped to 
\ 

dryness to'yield a white solid. Recrystallization of this solid 

from ~ ~ ~ : d $ x a n e  (50:50, v/v) afforded colourless, 

rnicrocrystallinc fiates of {HRu[P(OCH,), 1, ]PF6 : yield 0.36 g 

(88%); mp 247-249 OC (dec.); 'H NMR (acetone-d6, 25 "C, 100.1 

MHz) 6= 3.68 (multiplet), 6= -9.49 (multiplet); 3 1 ~ f ' ~ l  NMR 

(CDCl,, 25OC. 40.5 MHz) AB4 spin system, 2.8, hB1 5.7. JAB= 

46.3 Hz, also 6 -284.3 (septet, JpFZ 712 Hz); mass spectrum 

(FAB, sulfolane) calculated for 1 0 2 ~ ~ ~ i , ~ , 6 0 1 5 P ,  (P). m/e 723, 
' 9  

found ,m/e 723 (strong)\ also m/e 597, 473, 349 ' 

([P-H~-~P(OCH,),]' n=1,2,3). Anal. calc. for C15H46F6015PSR~: C. 

20.77; HI 5.34; P I  21.43. Found: C, 20.68; HI 5.38; P I  21.09. 



a 20 mL hexane solution of RU[P(OC.H,),]~ (0.175 g, '0.243 mmol) , 

4 

in a 100 mL Schlenk tube was added I, (0.062. 9,'-0..243 mmol).,The 

reaction was stirred for 2 h, during which time the iodine = 

dissolved to leave a colourless solution. Removal of solvent 

.under vacuum yielded a pale yellow powder. The solid was washed 

with hexane (3 x 5 mL) to remove any unreacted RU[P(OCH~),], and 

recrystallized from toluene:CH2Cl2 to give {IRu[P(OCH~)~],)I as 

a white, microcrystalline solid which decomposed very slowly in 

air: yield 0.16 g (68%); mp 192.5;193.5 OC; 31P{'H) NMR (see 

below). Anal. calc, for ClsH45I2Oi5PSRu: C, 18.47; HI 4.65; PI 
- - 

15.88. Found: C, 18.98; HI 4.67; PI 16.47. 
-- 

, TO 20 mL of THF in a 100 mL Schlenk tube was added 
d 

{IRU[P(OCH,),]J)I '(0.165 g, 0.184 mmol). To the resultant 

mixture was added NH4PF6 (0.030 g, 0.184 mmol). The reaction 

mixture was stirred for 14 h.   em oval of solvent under vacuum ---- 

yielded a white residue which was extracted with CH2C12 (3x5 

m~). Insoluble NH41 and NH,PF6 were removed by filtration. 
. - 

Removal of the solvent under vacuum gave a white solid which was 

recrystallized from THF to yield colourless, microcrystalline 

plates of {IRU[P(OCH,),],)PF.~. The yield was not measured but 

appeared >50%. 

- -- - 

{IRU[~P(OCH~),]~)PF,: mp 212-214 OC (dec.); 3 1 ~ { 1 ~ )  NMR 

(CDCl,, 25 OC, 40.5 MHz) AB, spin system, -13.2, 6B= -16.1, 

'AB = 53.6 Hz, also 6 -284.3 (septet, JpF= 712 Hz): mass spectrum 

( F A B ,  sulfolane) calc. for '02RuC,sH,5015P5 (PI, m / e  849, found, 
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{B~RU[P(OCH~)~]~)PF~: mp 214-217 OC (dec. 1; 'H NMR (cDc~,,~ 

25 "c, 10C.0 MHZ] 6 3.77 (n;ult,iplet);, 3 t ~ { t ~ 3 '  NMR (CDCl,, 25- OC, 
C . 

40.5 M H Z )  AB. spin system, 6A -8.5, aB -15.7, JAB= 56.0 Hz, also - 
6 -284.3 (septet, JpF= 712 Hz): mass spectrum (FAB, sulfolane) 

calc. for 102~ue1~rC15H,5015P5 (PI, rn/e 803, no parent ion 

observed but m / e  679, 555, 350 ([P-~P(ocH,),]+ n=1,2,3) and m / e  

598 (IP-B~-P(OCH,),]+). (iharacteristic mass spectral patterns 

due to 79Br and OIBr were observed. Anal. calc. for 

C1SH,5BrF601SP6R~: C, 19.04; HI 4.79; P, 19:64; Br; 8.44. Found: 

C, 18.'64; M, 4.77; P, 19.28; Br, 7.40. 

- 
Preparation of {C~RU[P(OCH,), ],)PF,. A solution of , 

RU[,P(OCH,),], (0.75 g, 1.04 mmol) in 15 mL hexane was prepared 

in a 100 mL Schlenk tube. With vigoro,us -stirring, a thin stream 

of C1, gas was passed over (not in) the solution quickly. A pale 
- 

yellow precipitate formed immediately. This process was repeated 

until no more precifiitate formation was observed. AfteL 15 min 

stirring, the solution was, decanted away from the solid, which 

was washed with hexane:(5x5 mL) 'and dried onthe vacuum line. 

The resultant, pale pink powder was extremely sensitive to the 
" .  

\ air, decomposing to a colourless liquid on a few seconds 

exposure. The yield (which assumed the product to be -. - 
(C~RU[P(OCH,), ]:,)Cl) was 0.79 g 496%). 

A 100 mL' Schlenk tube was charged with (C~RU[P(OCH~) ,],)~1 

(0.76 g ,  0.90'mmol), NH,PF6 (0.20 g; 1.20 mmol), and THF (15 

m ~ ) .  The reaction mixture was stirred far 15 h. Vacuum removal 
i '. 

of the volatiles left a white solid which was extracted with 



- 

CH,C~, (3x5 m~). The filtered extracts were stripped on the - , 

- vacuum lin'e to yield a white solid, which" was recrystallized 
<- - - 

from THF to afford colourless, mi~rocr~stalline plates of 

- (C~RU[P(OCH, ) , I  ,)PF,. The yield, was not ' measured but appeared 

>50%. T h  product slowly decomposed in air.over the course of 

two weeks. 

,{C~RU[P(OCH,),]~]PF~: mp 204-208 OC (dec.); 3 1 ~ { 1 ~ ]  NMR 

(CDC~,, 25-OC. 40.5 MHZ) AB, spin system, 6A -8.0, bB -15.0, 

JAB= 56.8 Hz, also 6 -284.3 (septet, JpF= 71'2 Hz). Anal. calc. 
Y 

for Cl5H4fC1F6O15P6R~: C, 19.98; H I  5-03. Found: C, 20.04; HI 

Attempted Preparation of IC,H,RU[P(OCH,), I,  JPF,. A g l a s s  

Carius tube was charged with Ru[P(oCH,),], (0.47 g, 0.65 mmol), 
P 

C2H51 (1.5 mL, excess), and hexane (20 mL). The solution was 
'-- +,. 

degassed three time-s and stirred for 3 days at 50 OC. A white 
i 

precipitate slowly formed during this period. The reaction 
- 

e 
mixt;rq "is transferred to a Szhlenk tube and the supernatant '. .+- 

sol.dt'4';n removed. Hexane washing (3x5 r n ~ )  left a pale yellow 

powder which was extremely air sensitive4   he 'H and 3 1 ~ f i ~ 1  NMR 

' 2. spectra of t h k  solid were measured, The balance b4 the product 

was isolated as the PF, salt by metathesis with-NH,PE, as 

described previously. Einal purification was by 

recrystallization from THF'at -15 OC, yielding a colourless, 

micr~cr~staili-ne solid. 



- -  

The 31P{'H) NMR spectrum (CDCl,, 25 OC, 40.5 MHz) of this 

product revealed 2 sets of resonances. One, due,to an AB,bspin 

-system, was identified as (~IR~[P!oCH,),'],]PF~. The other set of 
* ' -  

f 

resonances appeared as a very narrow multiplet, similar to that 

observed for {CH~RU[P(OCH~)~]~)I at low temperatures [5]. This 

was consistent with a tightly coupled AB, multiplet with 6A and 

6B both within the range of -2.6 to -3.2 ppm and JAB -45-60 Hz. 

,The two sets of resonances were of approximately the same 
I_ 

intensity. 

The lH NMR spectrum (CDCl,, 25 OC, 100.0 MHz) of the final 

product revealed a complex methoxy multiplet witb two major 

peaks (6 3.'77 and 3 . 6 8 ) .  a broad triplet (6 1.33, J =  7 HZ), and 

a multiplet Lbr0.15). The triplet and-multiplet had relative 

integrations of ca. 3 : 2 ,  respectively. '- 

All the spec'troscopic evidence was 'consistent with the ' 

presence of ,approximately equal amounts oc ~IRU[P(OCH,),]~)PF~ 

a n d  (c,H,Ru[P(ocH,),]~]PF~. The elementalanalysis was in accord 

with this result: Calc: C, 20.47; H, 5.0gs-ound: C, 20.55; HI 

4.97. The 'H and 31~(1H] NMR spectra were identical before and 

after NH,PF6 metathesis. 

The Reaction of RU[P(OCH,),~, and C3H5Br. Stirreg hexane 

solutions of Ru[P(OCH,),], and allyl bromide slowly yielded 

brilliant white precipitates over the course of several days at - 
room temperature. The distribution of products appeared - 
dependent upon the allyl bromide:~u[~(~~H,),]~ ratio and the 



0 c 1  
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*- 

i .  O a . ,  'iD -- 

r e a c t , ' ~ *  time. Wit& d tw.lvetbld exceqs 'of~,W,B-r  and a t h r e e  
I % 

* .  
d 

, day r(?action p e f ? o ~ ,  t h e  i s o l a t e d  s o l i d  was i d e n t i f i e d  a s  a . 
4 1 

I .  

b, "mixture of ( l ~ ~ u [ ~ ( ~ ~ ~ 3 i 3  J , . I ~ ~ ' ~ ~ ~ ~ - ~ B ~ R u [ P ( o c H ~ ~ ~ ~  , I ~ ~ I X  ( - 1  i :5 1 

r~espe~ctFive ly)  by 3 1 ~ ( 1 H ]  NMR spectroscopy ( X  asqume@ t o  be B r ) .  
. . . , 

' .  
, \ '  . * 

a ,  

, . 

time of 6 days,, t h e  i s o l a t e d  product ( a f t e r  NH.BF, 
. ./ - a * c 

I .  

was show? t o  b e  e x c l 6 9 i v e l y  .[BFRU[P(OCH,) ,-I, I P F , : ~ ~  ' ~ ~ ~ n d '  
\ " * 

> - 

.* 
e .  

i C .  

A t t e n p t e d ~ r e e a r a l i o n  of , .  (c~H~cH~Ru[P-(ocH:-)~']~)PF~..A a hexang 
*. 

(10 mL) s o l u t i b n  of C;H,TH,B~ ( 1  &L, ekcess )  was added dropwisc ' . . 
. .. 

t o  a  s t i r r e d  s o l u t i o n  of  R U [ P ( ~ C H , T , . ] ,  (0,-20 g, 0.28 r@ol) i n  ., 
5 - .  : ,  'L 6 - a . .  

hexdne (25  m L ) .  Over t h e  course  oaf 2 4  h ,  a  ;hitee p r e c i p i t a t e -  - ., 
< .  . 

s. * 

fo,rmed. The c . o l o u r i ~  a t r n t s o l u t i o q  &r r.moved and t h e  
. o x  

s o l i d  d i s s o l v e d ,  i n  THF (15  ), TO' t h i s  s ' t i r r e d  s o l u t i o n  was. =. z . 
~~, - .  

added NH,PF6 ' (0 .11-g- ,  0.7 mmol)<. Af te r  5 h ,  t h e  r e a c t i o p  mixtore '  

was s t r i p p e d  o'n' t h e  vacuufi l i n e .  The r p s u l t a n t  white * s o l i d  was , . 

e x t r a c t e d  with C H , C l ,  ( 3 x 1  0  my): The f i l t e r e d  e x t r a c t s ' v e r e  
. 4 - 

again evaporated. on the.  vacuum l i n e  t o  y i e l i  a white so1,id bhich 

was r e c r y s t a l l i z e d  from . THF - a t  - 1  5  OC: The % r e s u l t a n t  - co?our les s ,  

m i c r o c r y s t a l l i n e  s o l i d  (0.07 g )  was ideht , i f  ied.,as 
- * 

Attempt,ed Prepara t ion  of ~ O N R ~ ~ P ( O C H ~ ~ ) , ] , ~ F , .  A soluti .on of 

-. 
prepared.. To t h i s  s t i r r e d  s o l u t i o n  was added fiOhF, (07;048 9, , 

0.277 mmol). The r e a c t i o n  solut i ,on immediately t'urned pa le  
. .  . 

brown. Af te r .  1 h; t h e  so lven t  wa9 removed tinder vacuum t o  yield . - 



- z- 4 

. 
, - 2 

-e 
- + 

d 

a mixture of white and broun solids. This product was extraci2d 

with CH,CI, ( 1 5  mt). T k  filtered e x t r a c t s  were stripped on the 
, '  

vaiuurn line to afford a pale brown powder (0.22 g ) .  The "P('H) 

NMR spectrum of this solid in CD2CIz revealed two-species. The 

major product (-80 % )  was {HRU[P(OCH,)~]~)PF,. I n  addition, 

another AB, multiplct was present ( b a a  - 1 5 ) .  Despite several 

at-tempts, separation of the two complexes was not achieved. 
L 'LI - F - - 

When t h e  reaction was performed in THF, only 

(HRU[P(OCH, 1 ,  ] \ )PF, was isol~ted: Nitrosyl hcxaf  luorophosphate 

reacted vigorously with pure THF but appeared stable in CH,CN. 

THF I20 r n ~ )  was added Hji,PP, t0.005 q, 0.03 mar01 1. ?if ttr I h ,  

the solvent was removed under vacuum to yield a white solid. 

This was extracted with CK,Cl, (21~10 m ~ ) .  The filtered extracts 

rcrc stripped an t h e  vsc.uum like to g i v e  a white solid. This was 

washed v i t h  h c x s n c  ( i x 1 0  mL) and' dried on the vac,uum line. The i 
- 

y i e l d  o t  ~HRu~P(ocH,),],P(OCX~)~CCH,~PF(. was 0.021 g (88  8 ) :  mp 

194-200 "C f d e c f ,  'H NHR fCD,C12, 25 "C, 100.0 MHz) 6 4 . 1 4  

- {broad triplet w i t h .  poorly resolved shablders, I- 4 Hz, r c l .  
v 

i n r . =  6 ) .  6 3.62 tmultiplet, rel. int., 3 6 ; .  6 0.78, 0.76 (broagt 

- overlappihg singlets;. t ~ t s l  rcl.' int . = 3 ,  high field signal -3 

r i m s  integral of low field signal), d centred at  - 3 . 2  (complex 

m u ~ t ' i p l e z .  rel. int.= I ) .  The high field rnul t ip l t t  contained a 

doublet of  quintets at 6 -8.72 which was successfully simulated: 
5 

/ 

7 2 4 . 2  Hz, I c,., pHE 20.8 HZ). All of the major remaining 



resonances in this multiplet were simulated reasonably 
- 

accurately based on an AW2XYZ spin system with 5A= -9.57 and 

JAW= 2 0 . 2  Hz, J k X =  7 5 . 8  Hz, J A Y =  19 .9  Hz, J A Z =  1 9 . 4  Hz JWg= 20 
P 

Hz, J M =  20 Hz', J y Z =  70 H Z  , J X P =  20  Hz, J X Z =  70  Hz, - J y Z =  200 Hz. 

The doublet-of quintets subspectrum comprised approximately I , 4  

_ of the total integration of the high field multiplet, consisten: 

with the intensity of the two Me ~ignals;,~'P{'~] NMR (CD,Cl,, 

25 "C,' 40.54 MHz) A complex speckrum between 6 10 and - 10  was 
C 

observed. This multiplet contained resonances due to an AB, spin 

system and 'these were successfully simulated: b A =  -8.8, b B =  5 . 6 ,  
& 

J~~ 

= 46.0 Hz. This subspectrum comprised ca. 25% of the total 
a 

intensity of the complete multiplet.  the.)'^ spectrum measured - 
b 

with only the merhoxy protms decoupled ( i . e .  "P~OCH,-'H~) was 
B 

noticeably broader than when the methoxy and hydride protons 

. were decoupled. Also 6 -285.3 (septet, J p F =  710 Hz): mass 

spectrum (FAB, sulfdlane) calculated for 'O'RUC, ,H.,O, ,P,, rn/c 

747, .found m / e  747. Anal. calc'. for C,,H,,F,O,,P,Ru: C, 22.91; 
. . 

H, 5 . 2 0 .  Found: C, 23.01; H, 5.16. 

 he ionic complex was soluble in CH2Cl, but insoluble in 

hexane and toluene. There was no apparent decomposition of 
L 

(HRu[P(oCH~ ,].P(OCH~ 3 ~ C ~ 3 j ~ ~ C  after two *weeks exposure to a i r .  

, .  - 
,. . < *  

The Reaction of Ru[P(OCH,),], and AgBF,. A solu~ior, of AgBF,  .i.-' .- 
( 0 . 12C  g ,  0.61 mmol) in toluene ( 1 5  m ~ )  was prepared. To this 

was slowly added RU[P(OCK,),], (0 .450  g ;  0.624-mrno:) i n  roiuene 

5 m .  An immediate green-broun was formed. The 

colourless supernatant was decanted away and the solid washed 
- 



- 4 - with toluene (3x10 mL). The product was extracted with CHZCl2 

(3x10 mL) and the extracts filtered. The filter paper was coated . 

with a dull, metallic sludqe. Removal of the solvent from the 

filtrate under vgcuum left a yellow-brown solid with some dark 

r impurities. This was again extracted with CH2C12 ( 2 x 1 0  m ~ ) ,  

followed by filtration through Celite. After vacuum removal of 

the solvent, a yellow-brown solid remained. Further purification 

vas  done by slow addition of hexane to CH2C12 solutions of the 
-- - 

solid (performed twice) to give the final product (0.100 9). The 
"\ 

following data were obtained from this sample: mp 183-?,85 O C  

(dec); 'H NMR (acetone-d6, 25 O C ,  100.0 MHz) 6 3.95 (multiplet); 

"P('H) NMR (CD2C1,, 25 ' C ,  40.54 MHz) AB, spin system, 6A -4.8, 

b g  - 1 6 . 9 ,  JAB= 6 0 . 5  H i :  ''F NMl? (CD,Cl2. 25 OC, 9 4 . 2  MHz, 6 

relative to external CF.,COOH) b -75.19 (singlet, rel. int.= 11), 
I 

6 - 7 5 . 2 4  (singlet with fine structure, rel. int.=.4); mass 

spectrum (FAB, sulfolane) m/e 617 (unidentified), m / e  598 

In addition, an X-ray fluorescence analysis indicated that 



CYAPTER 4 

Attempted Preparation of Ru[P(OR),], IR= Et, i-Pr, n-Buj, 

OS[P(OCH~)~],, and RU[P(OCH~Z,CCH~],. B 

4 . 1  Introduction 

The problem introduced in this thesis was twofold: Selected 
I 

studies concerning the chemistry of RU[P(OCH,),], have been \ 

presented in chapters 2 and 3. The second aspect of the problem 

was the generality of the synthesis of pentakis(trimethy1 

phosphite)ruthenium(O). This will be the topic .of chapter 4. 

W have previously reported evidence (IR and l ~ f   HI^ 
spectroscopy) for the step-wise formation of 

R ~ [ P ( O C H , ) ~ ~ ~ ( C O ) ~ - ~  (x= 1-5) during the synthesis of 

RU[P(OCH,),], [5]. ~lternative syntheses for the complexes with 

x =  1 -4  were.reported along with the assoc,iated IR v ( C 0 )  and 

-- 
- -- 3 1 ~ { 1 ~ )  NMR -data. The 31P{1H) NMR spectra of 

----- --- 

RU[P(OCX~ I- 
a 5-x. \ =1-5) all exhibited single resonances. We 

believe that these five complexes 
I 

the NMR time scale. With this IR a 

ultraviolet irradiation of Ru3(C0),, and excess P(OR), (R= Et, 
- 

r ,  n-Bu) in hexane was studied. - , 



4.2 Results - and Discussion 

For these three reactions, IR (~(co)) and 3 1 ~ { ' ~ )  NMR 
/ 

spectroscopy r e v d e d  the step-wise formation of 
0 

RU[P(OR) 31x(CO)5-x (x= 1 - 4 J .  However, no' signals due to the 
- 

pentasubstituted products were observed. Instead, four complex 

multiplets (three weak and one strong) grewin intensity as the 

W irradiation continued. These multiplets were qu$k-itatively 
-. 

similar to the 'Pi 'HI & NMR spectra of 
CH,RU[P(O)(OCH~)~I(P(OCH~)~)~ (formed by thermolysis of - - 

RU[P(OCH,),], at 100 OC in hexane) and the products from 
- 

--exhaustive W irradiation of Ru3(CO),, and excess P(OCH,), in - 

hexane [5]. It appears likely that Ru[P(OR),], (R= Et, iPr, 

n-Bu), if formed at all, rapidly undergo an isomerization 

.similar to that observed for RU[P(OCH,),J,. 

* 

The reason for this apparent enhanced stability (under the 

reaction conditions) of the pentakis(trimethy1 phosphite) 

complex versus those with the other alkyl phosphites is unclear. 

An explanation based on steric arguments may be advanced.'The 
\ 

1. larger cone angles of P(OR), (RE Et, i-Pr, n-Bu) versus P(OCH,), 
;------_. . 

[ 1 0 , 5 l  1 2-d- to an increased steric pressure for ligand 
1 1 

dissociation from R ~ [ P ( o R ~ > ~  have shown [5] that the 
1 

ll. 
isomerization (with mkthyl migrbt'rpn) of RUMCH,?,), to 

-. 
CH,RU[P(~)(OCH,)~](P(OCH~)~), likely occurs via the 16 electron 

~ 

\ 

s-pecies Ru[P(ocH,),],, arising from the equilibrium 



The shift of this equilibrium to the right for phosphites of 

larger cone angle than P(OCH3), could explain the apparent ease 

with which the complexes RU[P(OR)~], (R= Et, i-Pr, n-BU) undergo 

rearrangement, relative to RU[P(OCH~)~]~. For the case of 

P(OCH(CH~)~)~ (cone angle 130'  [11,51]), one might postulate 

that the pentasubstituted product is not formed to any 

appreciable extent in solution. Loss of CO •’rod 
- 

R~[P(ocH(cH~)~)~)~cO would give RU[P(OCH(CH~ ) , I  3 I,, which would 

be sterically inhibited from coordinating the fifth bulky 
, > 

-.- 
P(OCH(CH,),.), ligand. 

\ 

The available data for stability of the free ligands is not 

consistent with the trend found here for the coordinated 

ligands: it has been shown that P(OC,H,), is thermally-m~re 

stable than P(OR), ( R = M ~ ,  i - ~ r )  1911. 

The ultraviolet irradiation of Os(CO), and exkess P(OCH3), 

in hexane was studied. The IR (~(co)) and 3 1 ~ E 1 ~ ]  NMR evidence 

were very similar to that observed for the corresponding 

reactions of Ru,(CO),, with P(OR)3 (R= Et; i-Pr, n-Bu): the 

step-wise formation of OS[P(OCH~), ]x(CO)5-x (x= 1-4) was - - 
indicated. However, the ' 3 1 , ~ { ' ~ ]  NMR spectrum revealed a weak 

singlet in the region expected for OS[P(OCH,)~]~. The intensity 

of this resonance did not increase as the irradiation continued. 

Instead, a set of four complex multiplets grew in intensix 



Similar behaviour was observed for the photolysfs of 

OS[P(OCH,), lx(C0)5-x (x= 1 or 2 )  with excess P(OCH3), in hexane. 

The weak singlet just described is assigned to OS[P(OCH,),], 

on the basis of the literature data for this complex. Given the 

temperature dependence of ,'P chemical shifts and the different 
. . 

, sol-vents used, the literature value of the chemical shirt for 

OS[P(OCH,),], 6 1 in toluene-de/CC1F2H) 161 agrees we151 
\ 

with the value found.here: 6 -12.4 (hexane, 25 OC). 
' j  

The difference between the reactions of Ru3(CO),, and 

0s(C0)~ with excess P(OCH,), is noted. When RU,(CO),, and 

P(oCH,), are photolyzed in hexane, RU[P(OCH~)~]~ is the major 

product after 48h; continued photolysis causes slow conversion 

of the penta(phosphite) species to other products. The 

corresponding reaction between Os(CO), and P(OCH,),- has a 

different outcome: the concentration of OS[P(~CH,),], never 

becomes appreciable. The 31P{'~) NMR evidence suggests that 

Os[P(OCH3),I5 undergoes an isomerization similar, to that 

observed for Ru[P(OCH,),], [5]. A steric argument based on the 

formation of the coordinatively unsaturated M[P(OCH,),], species 

(M= Ru, 0s) cannot rationalize the different characteristics of 

the two reactions. For de complexes within group VIII, it is 

known that the tendency to undergo oxidative-addiotion reactions 

increases both down the periodic -table and to the left [91a]. 
C w Complexes containing Os(0) are thus relatively.activated towards 

I 

oxidative-addition; the CH, migration in RU[P(OCH,),], (giving 

CH,RU[P(O)(OCH,),](P(OCH~)~),) is an example of such a reaction 





methylene chloride.. 

This complex was only sparingly soluble in 

Further exhaustive heating of -- 

RU[P(OCH~)~CCH~]~(CO)~ and excess P(OCH,),GCH,, in either 

toluene or CH2Cl2, was unproductive. -- 

The photolysis of RU[P(OCH~)~CCH~I(CO)~ and excess 
- 7 

P(ocH,),CCH, was a so examined.   he W irradiation of these two \ 
reagents in hexane for 24 h gave off-white crystals of 

* 

Ru[P(OCH,)~CCH,~,(CO)~. These crystals and excess P(OCH2),CCH3 

were subsequently photolyzed in toluene. A slow conversion to 

the tris(phosphite) species was observed over the course of 72 

h. The irradiation of RU[P(OCH~),CCH~]~(CO)~ and excess 

P(OCH,),CCH, in CH2C1, for 6h resulted in a colourless solution. 

Infrared and 3 1 ~ ( 1 H )  NMR spectroscopy indicated the presence of 

several products, none of which appeared to be' .. 
Ru[P(OCH~)~CCH~]~CO Or Ru[P(OCH~)-~CCH~]~. 

The failure to isolate the penta(phosphik?ie) .product appeared 
7 

partially due to the extreme insolubility of the mixed 

P(OCH,) ,CCH,-CO derivatives. Further reaction of 

Ru[P(OCH,),CCH,],(CO), was likely inhibited by its near . - 

insolubility in toluene. The mixture of products derived from 

the photolysis 

CH2C1, was not 

UV irradiation 

and is thought 
7 

of RU[P(OCH,) ,CCH, I , (co), and P(OCH,) ,CCH, in 
pl 

suprising: thiso resu'lt has been observed in the 

of otherbRu-phosphite complexes in CH2C1, [94] 

to be due to free radical chlorination. 



The "P('H) chemical shifts of.the various species observed 

in the W irradiations of Ru3(CO) with ~(6~1, (R= Me, Et, - -- 

i-Pr, n-Bu) an$ Os(CO), with P(OCH3), (in hexane) are shown in 
- - 

table 4.1. The chemical shifts of the free ligands P(OR), (R=- 

Me, Et, i-Pr, n-BU) are 6 0, 72.6, -2.8, -2.2, respectively 
-- 

[ 9 4 ] .  For the Ru complexes, the chemical shift of the phosphite 

moves downfield upon coordination; this is reversed for the case 

of osmium. This result is virtually general for the Ru and 0s 

complexes studied i n  this thesis (some exceptions are se-a1 

cationic Ru species discussed in chapter 3 ) .  Results consistent 

with this observation have been found for similar, systems: an 

upf ield shift df the 'P resonances ior M(CO) ,L iM= Cr, Me, W: . 
- ~ 

L= various phosphines) and several related series was observed 

upon descending ,the periodic table [ 8 8 , 9 5  I. 

'Some gener-a1 trends are evident .from the ata in tab1.e 4.1. 

For'all the series of complexes, the 3 ' ~  chemical shifts move 

downfield as the degree of phosphite substitution'increases from 
> 

x= 1 to x=  3. With the substitution of the fourth CO sroup for a 
- 

P(OR),t ligand, the chemical shift is either upfield or1 

- unchanged. Fer the two series of complexes wher'e the 

penta(phosphite) member was observed, the "P chemical shift 
G 

continues to move upfield upon coordination of the fifth It.' 
-- 

p(OCH3), ligand. 

These changes in the chemical shifts with increasgd 

phosphite substitution for the five series of complexes in table 

4.1 are clearly not random; a rationale for this behaviour, 



Compound Chemical Shift 

Table 4.1 3 1 ~ { 1 H 3  chemical shifts for some of the complexes 
M[P{OR),],(CO)S-~ (M= Ru 0s; R= Me, Et i-Pr, n-BU). a 6  values 
are for the complex in hexane plus an -tenfold exces3 of ligand. 

however, is not apparent. The theory of "P chemical shifts is 

poorly understood [89,90]. Several theoretical studies based on 

the free phosphine and phosphite ligands have been undertaken. 
- 

These implicated intraligand bond angles, ionic and double bond 

character, and hybridization as important determinants for 'LP 
chemical shifts. Up to 1978, there had been no reported - 
calculations of "P shifts for coordinated trivalent phosphorus 
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excess P(OCH,)~ in htxaneg-in this case, hawever, there was some 

evidence (31Pf1H) NMR) for the formation of Os[P(OCH,),], in 

I :  small amounts. In both the Ru and 0s cases, the P{'H) 

results suggested that the ultimate products were rigid, 

six-coordinate species arising via alkyl migration from ligand 

to'metal. Both the t-hermal and photolytic activation of Ru(CO), 

in the presence of excess P(OCH~),CCH, were examined. The - 
/ 

anticipated penta(phosphite) product was not formed although 

there was strong evidence (IR v(.CO) spectroscopy) for the 

formation of RU[P(OCH,)~CCH,]~(CO)~-~ (x- 1,2,3). The 

preparation of RU[P(OCH,),]~ from the UV irradiation of 
c .  

Ru,(CO),, and excess P(OCH,), in hexane did not appear to be a 

general route to M[P(OR),], (M= Ru, 0s; R= a l k y l )  complexes. 

4.3 Experimental 

Attempted Preparation of Ru[P(OCH,),CCH,],. To a stirred 

solution of Ru(CO)~ (0.57 mmol) in hexane (20 mL),was added 

P(OCH,),CCH, (4.8 g, excess). The mixture was stirred at room 

temperature- for 22 h. ,An IR spectrum (carbonyl region) of the 

very pale yellow solution showed complete conversion of the 

Thr reaction mixtufe was split into two equal portions, each - 
transferred to a glass Carius tube. Both solutions were degassed 

three times. 



One tube was'heated at 100 "C for 3 h.:The tube'contained a J  ' \.- . . . r 

. 
pale yellow solid under a~~colourless~.solution. .The 1atte.r . < I  - 

6 

exhibited virtually no .v(CQ) absorptions in the .IR spectrum 

while the> soiid (in CH2C12) featured a si*cjie ikirared , band in 
'3 -- 

the carbonyl region -( 1938 cm- I 1. ~ h e  $~lid whs =denti•’ied as , r 

RU[P(OCH,) ,CCH3 1 (CO), by analogy to tie IR results i i for ' . . 

" * -, 

The bis (phosphi te) complex and ercsss P(OCH, ) ,CCH, were 

subsequently heated for 16 h at 180 O C  -in a' sepairate Carius 
- 2 ,  - - *. 

tube, using toluene as a solvent. The tube contained a pale 

brown, supernatant solution over a' tan solid. An IR spectrvrn 

(cH~c~,) of the solid. showed two v(C6) absorptions 4 1961. (m) ,/ 
1907 (s) cm") which indicated thc product w&s p&babiy' 

. b 

b 

Further heating of the tris(phosphi-te) cprnplex and exqess 
-< 

P(OCH2) ,CCH, in either CH,C~, or toluene was unproductive. 
a 

. . 
The second portion of the original RU[P(OCH,~,CCH,](CO), 

solution was irradiated with ultraviolet light for 24 h. The 

/ 

resultant white cry;tals .were shown to be the bis(phosphi te) 

complex by.IR spectroscopy (CH2Cl2). This precipitat.e was 

subsequently irradiated in the presence of excess P(OCH-2),CCH,, 

in a separate Carius tube, using toluene as a solvent. A- slow 
I 

o conversion to the "tris(phosphite) species, ove5 the cotrrse of 72 
a 

h, was observed. Further UV irradiation was unproductive. 

~hoto1~s.i~ of Ru[P(oCH,) ,cCH, 1, (co), abd excess P(OCH, ) ,.ccH,' in 



2 t ~ i  'HI WWR ' s t u d < @ ~ :  Rhrctian of Ru, fCO) ,  , with PIOR], (R* 
P 

/' Et, i -Pr ,  n-Su). The previously described. NMR t u b e s  were charged 

dbqassing, t h e  t u b s  were irradiated with UV light. The 

I reactions were monitored by IR ( ~ ( ~ 0 1 )  and ''P~'H] )SMB 
0 

sjxctroscopy;  the  results are givcn in t h e  t e x t .  

1 

& H , C t ,  for 6 h resulted i r  a c~lourltss solutionl Infrared and 
C 

I ' ? f  'Hf #HR spectroscopy indicated t h e  presence of several 

products, none of which  appeared to be R U ~  P~OCH; 1 ,CCH', f ,CO d r  
4 

performed in a msnnir-analogous to that;, just described and t h e  
t 

resu:  t a  are' givcn i n  t h e  t e x t .  





literature search revealed no further mention of this~complex.. 

~hgdisubstituted OS[P(OCH~)~I~(CO)~ has been reported [98] and - 
the IR ~(co) data presented, but again no further reference to 

this complex has appeared in othe literature. The two previously @ 

mentioned 'complexes were isolaTe13 as side products of synthetic 

routes focused in other directions. The binary, osmium-phosphite - f '  - 
complv OS[P(OCH,), 1, [6] ias been discussed in chapter 2.3   he 

tri- and tetrasubstitute8 phosphite complexes of the parent 

0s(CO), have not been reported. 

A ccnsiderable number of phosphite, phosphine, and arsine 

derivatives of Os,(CO),, have been described in the literature. 
. . 

The mclnosubstituted tjiasmium complexes 0s3L(CO) '(L= PPh3, 

AsPh,, PMePh,, PMe,Ph, PEt2Ph, PEt3, P(OCH,),) have been , 

- reported [99,-1051. Triosmium derivatives of the type O S ~ L ~ ( C O ) ~ ~ *  
- 2 

(L= PPh,, PPh,Me, PHelPh, PEt,, PEt2Ph. P+,, P(OCH3),) 

[ 99, ! 00,102-104,106]'have been described in the literature, as-. 

have trisubstituted species such as Os3L,(CO), (L= PPh,, PMePh,, 

PEt,, PPhEt,, P(~-M~C~H,),, PMe,) [99,100,102-1041, The 

bistphosphite) complex, ~ S , [ P ( O C H ~ ) ~ I ~ ( C O ) ~ ~  has been briefly 

.mentioned in a communication [lo61 but the promised 

characterization and structural data have not subsequently 

appeared in the literature. We have prepared this complex and 

part of this thesis. 

several major routes- have been utilized in tKe preparation 
> 

of the three series of complexes OS,L~(CO),~-~ (x= 1 , 2 , 3 ) .  These 



-- - 

include reflux of OS,(CO),~ and the appropriate ligand in 

aromatic solvents f99,100,102,104], displacement of NCMe by L 

from OS,(NCM~)~,(CO) ,2-X (x=1,2) [101,105,106], and radical 

- - ion-initiated cleavage of an osmium-osmium bond in OS,(CO),, 

followed by iubst i t6t ion and bond retormat ion% [ 103 1. 

The spectroscopic evidence was consistent with the 

phosphorus ligands being attached to different 0s atoms for all 

the previously discussed di- and trisubstituted triosmium 

complexes. There has also been a report conceding mixed 
0 

derivatives of the type 1,2-[Os3L~'(C0),,], although only the . 

example- where L , L 1 =  P(OCH,),, ~(p-tolyl) was discussed in detail 

[ 1 0 6 ] .  For this complex, L and L' were also on different 0 s  

atoms. A very recent publication gave details of 

1 , 2 , 3 - [ 0 ~ ~ L ~ [ ~ ( O C H ~ ) ~ ] ( C 0 ) 9 3  (L= PPh3, PMe2Ph), where the three 

phosphorus ligands were bound to unique osmium atoms [107]. , ~ 

--Another recent rep0r.t featured new isomers of 

O S ~ [ P M ~ ~ P ~ ~ ~ ( C O ) ~ ~ - ~  ( x =  2 , 3 )  [1081; both 

~ , I - { o s ~ [ P M ~ ~ P ~ ] ~ ( c o ) , , )  and 1 , 1 , 2 - { 0 s 3 [ ~ ~ e 2 ~ h ] , ( ~ 0 ) ~  were 

prepared. 

All of the spectroscopic and currently 

available suggests that adopt 

equatorial positions in these substituted derivatives of 

OS',(CO),,. X-ray crystal structures of OS,[P(OCH~),](CO),, I1091 

and the related ruthenium complexes Ru3[P(C,~,,),](CO), , ,  

the group 5 ligands occupy equatorial sites in the solid state. - - 



The low temperature -A 13C and "P NMR spectra for. 
, > 

[ 107,108i~ 'and ~.,~,~-[OS~[.P(OCH~)~]L~(CO)~] (L= PPh,, PMe2Ph) 
i - 

[ 107 1 are all con,sistent with the phodphorus ligands occupying 

equatorial sites in the slow exchange limit in solution. Our own 

work is in complete agreement with these results [112]. 
'= 

'TO our knowledge, there have been no literature reports of 
--  

substituted OS~(CO),~ derivatives containing more than three 
- ~ 

group 5 ligands, except for our very recent report [112]. 

Several complexes of the type OS,[L-L]~(CO),, where L-L is a 

bidentate, group 5 donor ligand such as Ph2PCH2CH2PPh2, have 

been prepared [113]. There has also been a report of 

OS~[L-L]~(,CO), and OS~[L-LI(CO)~~, where L-L are fluorinated, . 

bidentate, group 5 ligands 11141. Again, the available evidence 

suggested the donor atoms were in the equatorial plane. A very 

small number of tetrasubstityfed derivatives of RU~(CO),, such 

as Ru3L,(CO;, (L= PMe,; EP~(OM~),) have been.prepared / 

[115,116,117]. 

In this chapter, the synthesis and characterization of the---. 

complexes ~ S ~ [ P ( O C H ~ ) ~ ~ ~ ( C O ) ~ ~ ~ ~  ( x =  1-61 and related compounds 

are discussed. The structure and stereochemical nonrigidity of 

these compounds in solution, as deduced from their multinuclear 

variable temperature NMR behaviour, are presented in the 

following chapter. 



5.2 Synthesis 

The ultraviolet irradiation of OS,(CO) ,, and P(OCH,) in b -. 

hexane did not yield the anticipated OS[P(OCH,),],. Prolonged 

photolysis had very little effect, and the bulk of the 

dodecacarbonyltriosmium was recovered unchanged [118]. 
- 

In an effort to cause osmium-osmium bond scission and 
1 .  

subsequent phosphite substitution, 0s3(CO),, and excess P(oCH,), 

in hexane were reacted thermally. The nature and distribution of 

products from this reaction was critically depenaent upon the 

temperature. Heating a~t 115 OC for one week produced a golden 

yellow solution, which was shown by IR spectroscopy to contain 

OS[P(OCH,),] (CO),. OS[P(OCH~) 3 ~ 2 ( ~ ~ j  3 ,  and smalper amounts of 

the complexes O ~ ~ [ P ( O C H ~ ) ~ ~ ~ ( C O ) , ~ - ~  (x= 2-5). The mono- and 

disubstituted monomers were separated by fractional sublimation; 

both the resultant white solids were very soluble in polar and 

nonpolar solvents. 

The ultraviolet irradiation of either the mono- or 

bis(phosphite) complex in the presence of excess P(OCH,), gave 

disappointing results. The reaction was monitored by 3 ' ~ { 1 ~ )  NMR 

spectroscopy, which clearly indicated the stepwise formation of 

O S [ P ( O C H ~ ) ~ ~ ~ ( C O ) ~ - ~  (x= 2,3,4). A very weak signal, tentatively 

identified as OS[P(OCH,)~], from 31P{'H) NMR literature data 

[6], was observed but di.d not grow in intensity. Instead, a set 

of 4 complex multiplets were noted; these increased in height as - - 

the irradiation proceeded. The latter behaviour is similar to 



that observed when Ru[P(0CH3 ) 1, was heated [ 4,5] or phogolyzed 

[94]. The evidence suggests that, as OS[P(OCH~)~I, is formed, it 

quickly undergoes an intramolecular rearrangement to a six 

coordinate, rigid species. The photolysis of OS(CO)~ and excess 

P(OCH,), in hexane produced results identical to those just 
s 

described [118]. The experimental data for and a more - 
comprehensive discussion of the series OS[P(OCH,), ]x(~~)5-x were 

presented in chapter 4. 

By far the most extensive chemistry derived from the 
$ 

OS,(CO),~/P(OCH~)~ system was that associated with the 

substitution of the carbonyl ligands from the parent by - 
, 

\ 4 trimethyl phosphite. When Os,(CO),, and P(OCH,)~ (1:2 mole 

ratio) were heated at 125 OC in hexane for 8 h, a yellow-orange 

solution resulted. An infrared spe'ctrum (carbanyl region) 

indicated the presence of 0s,[~(0CH,),]~(C0)~, and 

OS~[P(OCH,),](CO)~,, in an approximately 4:1 molar ratio, in 

addition to a small amount of OS,[P(OCH~),]~(CO),, The ratio of 

the mono- and disubstituted products was strongly dependent-upon* 

the reaction time; the same reaction after 2 h gave high yields 

of 0s3[~(OC~,),](C0), ,. Chromatography allowed separation of the 
mono- and bis(phosphite1 triosmium clusters as yellow and 

yellow-orange crystals, respectively. Both complexes were 

so?-uble in hexane although 05, [ P(OCH, ), I ,(CO) was less so. - 

Adjustment of the mole ratio of Os,(CO),, to P(OCH,), and 

the reacti-on time caused another product to be favoured. With a 

threefold excess of the ligand in xylene, a reaction time of 20h 



at 125 O C  produced an 'orange-yellow solution. An IR spectrum 

(carbonyl region) revealed an approximately 2:1 molar ratio of 

Os,[P(OCH,~,],(CO), to 0s3~~~OC~3)3]2(CO)lo,~ in addition to 

small amounts of the mono- and tetrasubstituted triosmium 

complexes. Separation by chromatography resulted in the 

isolation of OS,[P(OCH~)~]~(CO), as bright yellow-orange 

crystals; these were only moderately soluble in hexane. 

-, - To maximize the yield of triosmium derivatives with higher 

substitution, excess P(OCH3), and higher temperatures were 

required. Thus, heating OS~(CO)~, and a large excess ~f 

trimethyl phosphite iA heptane for 24 h at 145 "C gave an orange 

solution. Cooling to room temperature overnight rzsulted in the 

precipitation of orange crystals. The infrared spectrum 

(carbony1 region) of these crystals indicated a high percentage 

of OS,[P(OCH,),],(CO), with a minor amount of 

OS~[P(OCH,),],(CO),. Separation by chromatography gave 

OS~[P(OCH,),],(CO), as light orange crystals. This 

tetrakis(ph0sphite) complex was only sparingly soluble in hexane 

but extremely soluble in CH2C1,. 

To affect penta- and hexasubstitution of Os,(CO) by 

P(OCH,),, a combination of thermal'and photolytic techniques 

were required. A heptane solution containing a high percentage 

of OS~[P(OCH,),],(CO), was prepared as described in the previous - - 

paragraph, The reaction vessel was heated to dissolve the orange 

solid. The stirred solution was subsequently irradiated with W 

light for 8 h at 25 OC. At this time, the reaction mixture 



consisted of an orange solution over an orange solid. Analysis - 

of the solid,by IR spectroscopy showed strong carbonyl 

absorptions corresponding to OS~[P(OCH~),],.(CO)~, in addition to 

weaker signals due to OS~[P(OCH~)~I~(CO)~ and 

OS~[P(OCH~)~]~(CO)~. Chromatographic separation of this mixture 

allowed isolation of OS,[P(OCH,)~],(CO), as orange* crystals that 

were virtually insoluble in hexane but,quite soluble in CH,C12. 

The hexasubst i tuted triosmium complex was prepared as 

described for the pentakis(phosphite) species' except with an 
- - 

irradiation period of 48 h. A small OS~[P(OCH,)~],(CO)~ impurity 

was removed by washing the resultant orange solid with 

hexane/toluene. This produced analytically pure 
- 

0 5 3  [P(OCH,) , I 6  (~0) 6 without the use of chromatography. The 

orange-red crystals were insoluble in hexane, slightly soluble 

in toluene or acetone, and solub1.e in CH2Cl2. 
s 

The ultraviolet irradiation of OS~[P(OCH,),],(CO)~ and 

excess P(OC,H,), in hexane produced 

, O S , [ P ( O C H ~ ) ~ ] ~ { P ( O C ~ H ~ ) ~ ] ( C O ) ~ ,  although the yield was poor and - 

product isolation was difficult (see chapter 5 experimental 

, section for details). These complications appear to be a 

function of relative solubilities and the physical process 

involved in the photolytically induced substitution. The 

replacement of CO by P(OCH,), in OS,[P(OCH~)~],(CO),~ (x= 4,5) 

is believed to occur by the sequential dissolLing of the 

reactant, substitution in solution, and precipitation of the - - 

substituted product. This assumption is based upon visual 



-- 

inspection of the reaition mixture with time, IR spectroscopy, 

and relative solubilities of ' the series 0s3 [P(OCH3 )., Ix(c0) - 

(x= 4-6) in hexane or heptane. 1 t  appears that the decreasing' 

solubiIity with increasing substitution in these clusters (in 

heptane) is an important factor in a2lowing. the suc=essful 
- 

isolation this serles of compounds. The solubility of 

- ~ S , [ P ( ~ C H , ) , ~ ~ I P ( O C ~ H ~ ) ~ ~ ( C ~ ) ~  in heptane is codsiderably 

greater than that of o~~[P(OCH,),],(CO),. The failure of 

05, [P(OCH, 1, I ,  {P(OC~H~ 1 I (CO) to precipitate upon formation is 

felt to be a key element influencing the low yield of'the 
d 

complex (vide infra). 

The marked variability of the product distribution from the 

thermal reaction, of OS~(CO),~ and excess P(BCH,), may be 
4 

summarized as follows. At 100 OC (in xylene or toluene) thb = 

stepise formation of ~S,[?(OCH~),~~(CO)~~-~ (x= 1 - 3 1  was 

observed. The mononuclear products O~[P(OCH,)~~~(CO)~-~ ( x =  1-2) 

were favoured when the reaction was carried out at -:25 'C in 

hexane (small amounts of the substituted trinuclear species were 

also present)% When performed at 140-145 O C  (in heptane) m e  

major product was OS,[P(OCH,),],(CO),, although significant 

amounts of OS[P(OCH,),]~(CO), were also present. The 

mechanism(s) by which these thermal substitutions occur 

remainis) unclear. 

The observation of a mixture of products from the thermal 

is not limited to this thesis, The reaction of F~,(co),, -with -- 



excess PPh, led to F~[PP~,](cO), and F~[PP~,]~(CO), [119] while 

the same reaction with phosphites P(OR), usually gave 
e 

f?e3 [,P(oR), I , (co~, 120aI. The reaction of RU, (CO) , , with 
P(OC6HS), or P(OCH2),CEt led to the stepwise formation of 

Ru3Lx(C0) 12-x (x= 1-3) [121,122]. The same reaction, utilizing 

P(OC2H, or PBU", , gave trisubstituted clu'steis and 

RUL~(CO),~-~ (x= 1,2) [122,123]. The distribution of products 

from the reaction of OS,(CO)~, a& P(n-c,~,), was found to be 

dependent upon the temperature and the concentration of 

P(n-C4H9), [124]. High temperatures and low [P(n-C4H9)~,] led 

--, exclusively to substitution products (i.e. 
r 

x= 1-3). In contrast, low temperatures O S , [ P ( ~ - C ~ H , ) ~ ~ ~ ( C O ) ~ ~ - ~  

and high [p(n-C.H,), } gave the-mononuclear species 

OS[P(~-C~H~)~](CO), and OS[P(~-C,H,)~]~(CO), almost exclusively. 
x .  - 

J = There has been little attempt to rationalize these results 

in the literature. The thermdl reaction of M,(CO),, (M= Ru, 0s) 

with P(n-C,H,), was shown to follow the-rate equation 

k : = k ,  obs 

where kobs is the pseudo first order rate constant for loss of 

the reacting cluster [124]. The k 1  pathway, favoured by high 

temperatures 'and low concentrat ibn of 'P( n-c4H9 I,, led only to 

x= 1-31. Lower substitution prodicts (i.e. M3L (C0)12-xr 
X L 

temperatures and high,[~(n-C,H,),] favoured the k, route which 

gave almost exclusively mononuclear products (i.e. ML(CO), and - 
bfL,(CO),). It was originally proposed that the reaction of 



Ru3(CO),, and P(~-C,H~), took place by homolytic fission of 

Ru, (CO) , to give Ru(CO), units [ 1231 .  These could-then undergo 

CO exchange with p(n-C,H9), and trimerize to generate the 

required mono- and trinuclear products. 
- 

A more satisfying mechanism for the substitution of 

carbonyls by group V donor ligands in M,!CO),, (M= Fe, Ru, 0s-1 

clusters has recently appeared in the literature. It  was 

proposed that the primary step (although not necessarily rate 

determining) involved the heterolytic fission of a metal-metal 

bond; this generates a trimetal unit containing one 18 electron, 

saturated metal atom and one 16 electron, unsaturated metal atom 

[ 1201. The next step involves addition of the incoming ligand, 

L, to the unsaturated metal centore. All of the required -products 
+ 

(both monomeric and trimeric) may be generated by subs-equent 
- 

mono- and bimolecular processes. This mechanism can explain, a t  

least qualitatively, m u c b f  the observed diversity in the 

thermal-reaction between M,(CO),, (M= Fe, Ru, 0s) and group V 

donor ligands. 
4s 

The reactions of OS,(CO)~~ and P(OCH,), carried out in this 

thesis were all performed with a large excess of the ligand. 
, * - - 

Although careful control of the temperature allowed mono- or 

trinuclear species t o  be favoured, quantitative yields of any 

one product were not-obtained. By analogy to the kinetic study 

of the reaction between M,(CO),, (M= Ru, 0s) and P(n-C,H,), 

-- --- --- 
%- 

[124], it would appear that both the k1 and ~,[P(oCH,),] 

pathways were operating in the present case. The previously 



discussed mechanism involving heterolytic cleavag'e of a 

metal-metal bond is the most reasonable one yet proposed to 

rationalize substitution by phosphorus donor ligands in 

OS,(CO),~'. Additional kinetic work is required, however, before 

- the quantitative aspects of this mechanism are more clearly 

understood. 

Attempts to increase the phosphite substitution in 

OS,[P(OCH,)~],(CO)~ were unsuccessful. Neither the photolysis of ' 

' -  

OS,[P(OCH~),~,(~)~ in tol~ene/P(OCH~)~ 5 1 ,  v/v) nor the-- 
-. 

,heating of the same complex in he~tane/P(OCH>)~ (1:1, v/v) at a 

110 "C produced aqy observable amounts of O S ~ [ P ( O C H ~ ) ~ ~ ~ ( C O ) ~ ~  

(x>6). In both cases, the solid OS~[P(OCH,)~],(CO), slowly 

disappeared as the solutions ,became pale yellow in colour. 

Infrared spectra of the solutions exhibited a number of 

absorptions in the carbonyl region: the only identifiable ones 

were those due to OS[P(OCH~)~I~(CO)~. 

Although the substitutional reversibility of the series 
6 

O S ~ [ P ( O C H ~ > ~ ~ ~ ( C O )  12-, (x= 1-61 was not studied in detail, an 
w 

examination of OS~[P(OCH,)~I,(CO)B was performed 
t 

spectroscopically. A solution of the tetrasubstituted triosmium - 
c o e e x  in toluene was pressurized with 2 atm of carbon monoxide 

and irradiated with ultraviolet light. The reaction was 

monitored by 3 1 ~ { 1 ~ ]  NMR techniques, which revealed that no 

observable change had occurred after 8 h. 



. , 

d ' ' , 
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' _  
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5.3 Characterization and  iscu cuss ion 
- 

- 
i 

1 

All the complexes described in thelprevious section, with - , I 

-- , 
-- - the exception of OS, [P(oCH,) ,,I (CO) , , aAd 

O S ~ [ P ( O C H ~ ) ~ ] ~ { P ( O C ~ H ~ ) ~ ) ( C O ) ~ ,  were fully characterized by 

elemental analysis, mass spectrometry, IR spectroscopy', qnd 

nuc'lear magnetic resonance methods ('H, 13C, and ='PI 'HI): The 

previously described OS~['P(OCH~),](CO) ,, [125] was characterized . , 

by infrared spectroscopy (carbonyl region) alone, and the mass 

spectrum of the mixed phosphite complex was not measured. 

The u(C0) absorptions from'the IR spectra of ~ 

and OS, [P(oCH,), 1, iP(OCZH5 1 (C0) are shown in table 5.1. The 

IR spectra (carbonyl region) of OS[P(OCH,),](CO), and, 

OS[P(OCH~),],(CO)~ are shown in figures 5.1 and 5.2, 
/- 

respectively. The spectrum in figure 5.1 very closely resembles 

- .. . - 

that for RU[P(OCH,) ,] (co), [58]. The x-ray crystal st;ucture of 
, . 

-.. 

the ruthenium complex was determined, revealing an approximately 
I .  

trigonal bipyramidal geometry about the metal atom with the 
4: 

P(OCH,), ligand occupy'ing an. axial position (see figure 5.3). 
, 

The trirnethyl phosphite ligand was found not to possess 

threefold symmetry. This fact was used to rationalize the ' ' - 
presence of an extra IR carbonyl band; an axially substituted, 

trigonal bipyramidal M(CO).L molecule with Cgv symmetry would be q 
ri 

expected to exhibit only three IR active absorptions in the , , 

carbonyl region p931. It  would appear likely, then, that the 





Fi use 5 . 1  The IR spectrum (v(C0) region) of 
0s ? P'(OCH,),](CO), in hexane. 



- 
Fiqure-%P3?he IR spectrum I v ( C O )  region) of 
OS:P(OCH,),],(CO), in hexane. 



F i g u ~ e  5.3 The molecular structure of RU[P(OCH, j 3  1 (CO), . :. , 

instantaneous solution structure of Osk(OCH,),](CO),, as 

inferred from data obtained on the IR time scale, is very 

similar to the solid state structure of RU[P(OCH,),](CO),. This 

asymmetry of the trimethyl phosphite ligand is a ubiquitous 

feature of metal-P(OCH,), complexes and has been documented 

f 5 8 a , ! 1 0 ] .  

Similar considerations may be applied to OS[E!&OCH~),]~(CO)~. 

The carbonyl portion of the infrared spectrum (figure 5.2) shows 
- - - 

absorptions at 1925 and 1915 cm-'. These are in excellent 

agreement with the only previous li-terature values [ 9 8 1 .  The 

X-ray structure of the anaiogous F~[P(OCH~),],(CO), showed the 

phosphite ligands occupying axial sites in a trigonal 



bipyramidal geometry. In addition, an asymmetry very similar to 

that just described was noted for both the P(OCH,), ligands of 

this complex [127]. Two strong IR v(C0) absorptions were also - 
- 

observed for this iron complex, separated by approximately 10 

cm-I [128]. An X-ray crystal structure of OS(CO)~[PP~~], has 

a1s.o revealed a diaxially substituted, trigonal bipyramidal 

An M(CO),L~ molecule with Dgh symmetry would be 

expected to exhibit only a single IR active u(C0) absorption 

[93]. The alternative structural possibilities for this 

stoichiometry, such as an axial-equatorial (Cs) or diequatorial 
/ 

(Cpv) trigonal bipyramidal structure [1261, or a square-based 

pyramidal M(CO),L2 molecule with apical-basal/cis-basal (both 

C,) or trans-basal (CZv) geometry would be expected to exhibit 

-three IR active ca-rbonyl absorptions [93,130]. The available 

evidence, then, clearly suggests that the Lnstantaneous solution 
- -  - 

structure of OSIP(OCH, 1, ), (co), may be described as a diaxially 
,- 

substituted, trigonal bipyramid. The extra carbonyl absorption 

may be~explairred as a result of the asymmetric nature of the 
uY 

P(OCH3), ligands, reducing the idealized Dgh symmetry. 

The trend in IR v(C0) values for the series I 

- mention. A stead; decrease in the energy of these absorptions 

w'ith hcreased phosphitc substitution is observed. This is an 

expected result. As the number of phosphite substi-tuents on the 

triosmium framework increases, the better o-donor and poorer 

a-acceptor properties of the P(OCH3), ligand fversus carbon 



mord$ide) results in more electron density in the, r* orbitals of 

the remaining CO ligands. This causes a decrease in-the values 

of v(C0). Detailed analysis of the IR spectra for this series 

was not attempted. 1; solution,. both 05, [~(OCH,), I ,  (CO) , , and 
OS,[P(OCH,),]~(CO), were found to exist as interconverting 

isomers at ambient temperatures by'NMR methods (see chapter 6). 

These isomers would be easily detected by IR spectroscopy. In 

addition, it is possible that the previously discussed asymmetry 

of the P(OCH,), ligand could c~use spectral complexity. For 

complexes with several phosphite groups, rotation about the 0s-P 

bonds could lead to a number of inequivalent conformations. This 

would be expected tc broaden the IR spectrum. The IR spectra 

(carbonyl region) o,f 'OS~[P(OCH~)~]~(CO)~ and Os3[~(OC~,),I6(C~), 

are shown in figures 5.4 and 5.5, respectively. Both IR spectra 

consist of broad v(C0) absorptions with unresolved shoulders. 

This is in contrast to the sharp absorptions exhibited by 

typical metal carbonyl complexes. 

The mass spectra of Os[P(OCH,),](CO),, OS[P(OCH,),],(CO),, 

and O S ~ [ P ( O C H ~ ) ~ ~ ~ ( C O ) , ~ - ~  (x= 2-61 were generally as expected. 

For all except 0s3[P(OCH3)3],(CO)6, parent ions in excellent 

agreement with computer simulated P+ patterns were observed. 

Daughter ions due to simple loss of carbon monoxide and/or 

P(OCH,), from the parent were also present in the mass spectra. 
* 

Although the spectrum of O S ~ ~ P ( O C H ~ ) ~ ] ~ ( C O ) ~  exhibited a group 

of peak.s in the region expected for P', they were not in . 

agreement with the computer simulated parent pattern. The 
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Figure 5 . 4  The IR spectrum (v(C0) region) of 
O~,[P(OCH~)~I,(CO), in CH2C1,. 
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Figure 5 . 5  The IR spectrum (o(C0) region) of 
Os3[P(OCH,),I6(C~ in CH,Cl,. 



4 
highest mass group displaying the correct pattern corresponded 

to t h ~  [F-P(OCH,)~-~M~]* ion; the corresponding ion in the mass 

spectrum of OS,[P(OCH,)~]~(CO)'~ was also intense. 

The nuclear magnetic resonance data.for OS[P(OCH,),](CO)~ 

and OS[P(OCH~)~]~(CO), are unremarkable. The 'H NMR chemical 

shifts for the mono- and disubstituted complexes occur at 3.60 

and 3.81 ppm, respectively. These are typical values for the 

protons of P(OCH,), when bonded to a transition metal [5,25,26]. 

The 'H NMR signal for o~[P(oCH~),](CO), appears as a doublet 

( 'PH = 12.0 HZ); this coupling constant is characteristic for 

P(OCH,), in an organometallic complex [5,58]. The analogous 

resonance for o~[P(ocH,),],(CO.)~. is an apparent triplet ( J =  6 

Hz), with the central signal broader than the two outer ones. 

This type of behaviour has also been noted for 

R U [ P ( O C H ~ ) ~ I ~ ( C ~ ) ~  E51 and other complexes [I311 and is 

attributed to strong spin-spin coupling between magnetically 

inequivalent phosphorus nuclei t r a n s  to one another; this effect 

is oft,en called virtual coupling [132]. 

The resonances in the 31P{1H) NMR spectra of both 

o~[P(OCH,),](CO), and OS[P(OCH,),]~(CO)~ are singlets. The 

positions of these resonances with respect to those of the free 

ligand have" been discussed in chapter 4. Although a single 

signal for both the mono- and disubstituted complexes is - 

expected, no information regarding any dynamic properties of 

these species in solution is directly derivable. Stereochemical 

nonrigidity is a common feature of fivg-coordinate transition 
1 



metal complexes 171.  he",^ NMR spectrum of Ru[P(OCH,),](CO), 

exhibited only a single resonance due to the carbonyl groups 
--- 

even at -120 OC [58]. The "PEIH1 NMR spectra of both 
- - 

RU[P(OCH,),I(CO), and Ru[P(OCH~)~I~(CO), consisted of a single 

line at -120 OC [5]. It is predicted that both o~[P(ocH,),](co), 

and OS[P(OCH,),],(CO), are stereochemically nonrigid in solution 

at ambient temperatures. A variable temperature 13c NMR study of 

- - 
OS[P(OCH,),](CO), w~uld~provide further evidence. 

)The 'H, I3C, and 3 1 ~ { 1 H 1  NMR data for OS,[P(OCH~),]~(CO),~ 

(x= 1-6) are intimately related to the question of 

stereochemica~-nonrig-idity in the series. As such, the nuclear 

magnetic resonance parameters for these complexes will be 

discussed in chapter 6. 

The changes in solubility of the series 

O S ~ [ P ( O C H ~ ) , ~ ~ ( C O ) , ~  (x= 1-61 in hexane have been noted in an 

earlier section of this chapter. It is tempting to put forth a 

qualitative explanation of the decreasing solubility with 

increasing phosphite substitution in terms of changes in dipole 

moment. No clear pattern emerges, however. The factors causing 

the dramatic incr,ease in hexane ,solubility on going from 

OS,(CO)~~ to OS~[P(OCH,),](CO),, and the subsequent steady 

decrease in solubility with increased phosphite substitution are 

not obvious. - - 

8 

The complexes OS~[P(OCH,)~]~(CO),~-~ (x= 9-61  represent the 

most highly phosphite-substituted derivatives of 0s3(CO),, 



+ v -- 

prepared to date. All the previous literature findings are 

consistent with group V donor ligands adopting exclusively 

equatorial positions in derivatives of M3(C0)12 (M= Fe, Ru, 0s) 

199-1091. The present results are in ~omplete's~reement with 
' 

this conclusion (see chapter 6). A considerable amount of steric 

congestion might & expected in these cpmplexes (particularly - 
--- -- 

for OS~[~(OCH~)~]~(CO)~) given that the cone angle for ~(OCH,), 

is 107' 1 1 1 1 .  Suprisingly, there was no NMR evidence for 

phosphite dissociation from any of these three complexes in 

solution even at elevated temperatures. 

One might also expect some electronic implications of a 

highly phosphite-substituted triosmium complex. The better 

rdonor and poorer n-acceptor properties of P(OCH3),, vsrsus CO, 
- 

- are predicted to confer a high electron density on.the comple~xes 

O S ~ [ P ( ~ C H ~ ) ~ ] ~ ( C O ) , ~ - ~  (x= 4-61. Several experiments performed 

to verify this expectation were uns&cessful. The,attempted 

protonation of 0s3[~(OC~3)3],(CO), by NH,PF6 in THF did not 

proceed and the tetrasubstituted triosmium complex was recovered 

unchanged. This may be contrasted to the behaviour of 

R~[P(ocH~),], and NH,PFs in THF, where (HRU[P(OCH,)~]~]PF~ (and 

presumably N H ~ )  were formed virtually withi.n time of mixing (see 

chapter 3 ) .  

The attempted protonation of oS~[P(OCH~),]~(CO)~ with 

HBF,*Bt,O was not straightforward. IR spectroscopy revealed the 

presence of several products which were not easily separable. A 

variable temperature 3 1 ~ { ' ~ )  and 'H NMF4 study of one paetially 



0 

separated product mixture was conducted. The 'H NMR spectrum (25 

OC) revealed a complex methoxy multiplet in addition to several 

weak multiplets in the M-H region (-15 to -25 ppm). These - 
resonances were all temperature invariant. The 3 1 ~ { ' ~ )  NMR 

spectrum (25 OC) featured a number of complex multiplets which 

were also temperature independent. In addition, selective 'H 

decoupling of the methoxy protons and broad band decoupling of 

all protons resulted in identical 3 1 P  NMR spectra. These results 

argue against the presence of { H O S ~ [ P ( O C H ~ ) ~ I ~ ( C O ) ~ ~ B F ~  as a 

major component of the product mixture. 

~daitionally, a 3'P{1~) NMR investigation of 

OS~[P(OCH,)~],(CO)~ and CH31 in toluene was performed. No 

apparent reaction was observed after 24 h at 25 "C. 

5.4 X-Ray Crystal Structure of OS~[P(OCH,),],(CO),. - 

Crystals of OS~[P(OCH,)~I~(CO)~ suitable fo r  X-ray 

diffraction were grown by slow diffusion cf hexane into a CH2C12 

solution of the complex. The crystal structure determination was 

done by Dr. Richard Jones and Prof. F. W. B. Einstein; theif 

work was greatly appreciated. The molecular structure of 

OS~[P(OCH,)~],(CO)~'~S shown in figure 5.6. 

The crystal structure determination revealed a random 

disorder between two orientations of the molecule. These two 

orientations are related by a 60" rotation of the cluster about 

an axis normal to the OS, plane. The high symmetry of 



Figure 5.6 The molecular structure of 0s3 [P(OCH,) 3 1, (C_O) c.- 
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i n  accord v i t h  t h e  short osmium-pbospharvs bon& distance i n  

P ( I S C p I i ,  ligands on each 0s atom is expected t o  cause incrgascd 

r back-bondi'ng"ro ?he phosphitc groups, t h u s  dccrtsdirq the  0s-P 

The  osmium-carbon bond lengths in O ~ , ~ P ~ O C H , ) , ] , ~ ~ D ) ~  A 

h 

11,89(23  and 1.934214) are not significantly different from the 

U S - ~ ~ ~ =  1.946(6;13 f1371. This is nut the case f o r  t h e  
c- 

mat,al-metal bond lengths. The 0s-0s distance in 
6% 

I O~,~P~OCH,),]~(CO), ft.927I118) is considerably longer than  that 

, foand in Os,(COl,, {average  0s-Os= 2 . 8 7 7 1 / 2 7 f & f  [ t 3 7 ] .  These  

values may also be compared to the av_erage osmiurn-asmium bond 

co be a trend towards tonger 0s-0s bonds as the P(UCX,), 

substitqtion increases on the t r i o s w i m  framework. Although 

eltctronic effects cannot be ruled out, t h e  steric congestion in 

the'equatorial plane of & 3 1 ~ ( ~ ~ , ) 3  ] ,{f0).  likely plays a 

significant role in the long metal-metal bonds for this complex: 
, , 

the P { & ' H , ) ,  ligands ci r to each other on adjacent 0s atoms arc 

in c l ~ s e  proximity (see figure 5 . 6 ) .  

Evidence for t h i s  lengthening-of the osmium-osmium bond with 

increasing degree of phosphite substitution my be observed by 

*fl-visible spectroscopy The W-vis ib le  spectrum of 0s) (co), in 

Cfl, at 2 5  'C revealed two absorptions a t  3 3 0  and 385 nm. These 

values a re  consistent vith those found in the literature 



ft38,139]. The two bands in question have been assigned to the 
* * * 

u-> u and the a ->u transitions, respectively [ 1 3 8 ] .  The 

former involves a transition between bonding and antibond-ing 

mole~ular orbitals with considerable metal-metal a-bond 
- , ,  

character. The W-visible spectrum of OS~[P(OCH~),],(CO),.~~ 

C C I ,  at 25 "C revealed that these two bands had shifted to-lower 

energy (350 and 414 nm, respectively). This shift continued •’or 

tlfe case of Os3fP(OC~~f,],~C0),: the absorptions in question , 

appeare+jat 412 and 475 nm, respectively, in the W-visible 
u 

1 

spek&hm of- this complex at 25 OC in CH,Cl,. This decrease in 
c 

t 
energy of;thc' o to o transition with increasing phosphite 

subslitution implies a weakening, and thus lengthening, of the 

osmium-osmium bond. This result is, of course, consistent with 

the X-ray crystal structures of Os,(CO),, and 

0s3[~fOCH3)3]6(CO)6. This weakening of the metal-metal bonds in 

O S ~ ~ P ( O C H ~ ) ~ ~ ~ ( C O ) ~  is also in accord with the observation of 

0s-0s bond scission upon attempts to increase the phosphite 

stitutim, although steric effects are likely an important 

factor here as well, 

* * ' * 
The effects of this shift in the a-,o and o ->o 

transition encr,gies may. be observed more qualitatively. k - 
gradual change in colour is observed a A , x  increases from O to 6 

OS~IP(OCX~)~),(CO)~, is orange-yellow, O S ~ [ ~ A ~ ) ~ ] , ( C O ) @  is 

orange, and crystals of the hexa(phosphite) complex are 

orange-red, These colour* changes are a consequence of the s h i f t  



- -- 

of absorptions in the visible region of the electromagnetic 

spectrum. 

Experimental Section 

Preparation of OS~[P(OCH~)~](CO)~ ,. Two methods were used to 
prepare - this compound. A literature preparation [125] involving 

initial formation of OS,[NCM~](CO),, and subsequent reaction 

with P(OCH,), gave reasonable yields of the desired product: IR 

Y(CO) (hexane) 2111 (w), 2056 (s), 2040 (m), 2022 (s), 2003 (w), 

1993 (m), 1983 (w), 1970 ( w )  cm-I. Lit. [101]: 2111 (m), 2055 

(s), 2038-(m), 2021 ( 5 1 ,  2002 tw),,1992 (m), 1981 (w), 1967 (w) 

c m -  ' . 
A more direct and preferred route is descrjbed below. 

,A glass Carius tube containing O S ~ ( C ~ ) ~ ~  (0.50 9, 0.55 rnrnol) and 

P(oCH,), (D.15 mL, 1.3 mmol) in hexane (15 m L )  was evacuated at 

-196 "C'and the solution degassed with three freeze-pump-thaw 

cycles. The m b e  wassated at 125 OC for 8 h. An infrared ' 

- h 
spectrum (carbonyl region) at this time indicated the presence 

of  OS~EP(OCH~)~I(CO),, and OS~[P(OCH~)~],(CO),~ in an - 
approximate 1 : 4  ratio, with a small amount of 

OS,[P(OCH~)~I~(C!Q), also present. The homogeneous reaction 

mixture was yellow-orange. , 

P 
The ratio of the mono- a8d disubstituted products was 

8 I 

strongly dependent on the reaction time.  he' same reaction, 



after 2'h, gave high yields of OS,[P(OCH,) ,] (CO) , , . 
The mono- and bis(phosphite1 complexes were separated by 

chromatography on P(ocH,),-deactivated Florisil, the preparaticn 

of which is described in the experimental section, chapter 2, 

I Vacuum removal of the hexane and excess P(OCH,), from the 

reaction mixture yielded an orange oil, which was dissolved in 

toluen* (3 mL) and chromatographed on the deactivated Florisil 
# > 

column .(3.5xll cm). Elution with hexane caused separation of a ,  

yellow band, which was collected. Re~moval of solvent under 

vacuum afforded OS~[P(QCH~)~](CO)~~ (0.05 9, 9%) as bright 
U 

yellow crystals. Further elution with hexane:toluene (4:1, V/V) 

caused development of a second yellow band. Vacuum removal -od 

solvent from the collected fraction yielded orange-yellow 

Both products may be recrystallized from hexane an'd are 

soluble in common brganic solvents. Crystals of 

0 s 3 [ ~ ( ~ ~ ~ 3 ) 3 ] 2 ( ~ O ) l o  were stable for several weeks in air and 

melted without decomposition: mp 96 .5 -97  OC; IR v(C0) (hexane) 

JpH= 1 2 . 2  Hz): 'H NMR (toluene-d,, -47  OC, 4 0 0 . 1 3  MHz) 6 3 . 7 2  
\i 

(doublet, JPH= 12.4 Hz, eel. int.= 3). 6 3 . 6 9  (doublet, JpH= 

12.4 Hz, rel. int.= 3 ) .  6 3.68 (doublet. JPH= 12.3 Hz, 'eel- 

int.= 2 ) ;  I'c NMR (toluene-d,, -66 OC, 100.6 MHZ) [measured on a 

, sample approximately 50% enriched with ' 3 ~ ~ ]  6 1 9 2 . 5  (doublet, 

~ P C  = 10.8 Hz, rel. int.- 3 2 ) , 6  1 9 1 . 7  (doublet, J p C =  1 1 . 7  Hz, 

a, 
234 



(singlet, rel. int.= 32);-6 179.6 (singlet, 

178.7 (singlet, rel. int.= 111, 6 177.1 

16), 6 176.2 (singlet, rel. int.=16), 6 175.0 (singlet, rel. 

int.=ll), 6 173.9 (singlet, rel. int.=16); NMR (toluene-d,, 
1 

87 "C, 100.6 MHz) [l3CO.enrichme-nt as above] 6 184.4 (broad 
'i 

singlet); 3 1 ~ { 1 ~ )  NMR (toluene-ds/toluene (1:5), -59 OC, 40.5 
d 

MHz) 6 -42.7 '(doublet, Jpp= 1.8 Hz, rel. int.= 71, 6 -40.8 

(singlet, rel. int.= 51, 6 -39.6 (doublet, Jpp= 1.9 Hz, rel. 

int.= 7); 3 1 P { 1 ~ )  NMR (toluene-d,/toluene (1:5), 79 OC, 40.5 

MHz) b -42.6 (singlet); mass spectrum (EI, 70 eV) calc. for 
- - 

C 1 6 H 1 8 0 1 6 0 ~ 3 P 2  (P) (computer simulation of P+ pattern), m/e 

1100, found, m / e  1100, also m/e 1072, 1044, 1016, 988, 960 

'([P-~P(ocH,),]+ n=1,2,3,4,5). Anal. calc. for C16H180~60~3P2: C I  

17.48; H, 1.65; P I  5.64. Found: C, 17.19; H, 1.61: P, 5.74. 

.NMR Data for OS~[P(OCH~)~](CO),,. 13C{'~] NMR (toluene-d,, 
f-' 

-53 OC, 100.6 MHz) [measured on a sample approximately 50% 

enricged with 13C0] 6 189.8 (doublet, JpC=,12.3'~z, rel. into= 

2),_ 6 185.1 (singlet, rel. int.= 21, 6 184.2 (singlet, rel. 

int.= 2), 6 176.0 (singlet, rel, int.= I), 6 174.5 (singlet, 

rel. int.= I), 4 172.9 (singlet, rel. int.= 11, 8'171.8 
b 

(singlet, rel. int.= I), 6 170.8 (singlet, rel. int.= 1); 

3 ' ~ ( ' ~ ]  NMR (toluene-d,/toluene ( 1 :5 ) ,  25 OC, 162.0 MHz) 6 -43.7 

(singlet). - - 

Preparation of OS,[P(OCH~)~]~(CO)~. A glass ~ a r i u s  tube 

containing 0s3(COf-,-i f0 .250  g, k g 7 6  mmol) and P(OCH3 ), (0.10 



mL, 0.85 mmol) in xylene (15 mL) was evacuated at -196 "C and 

the solution degassed three times. The 'tube was heated to 125 O C  

for 20 h, at which time the reaction solution was a clear 

orange-yellow. An IR spectrum (carbonyl region) indicated a 

mixture of OS~[P,(OCH~)~]~(CO)~~ and Os3~P(OCH3),I3(~O), in an 

1:2 raLtio with small amounts of OS,[P(OCH,),],(CO), 

\ also present. Solvent and excess and OS,[P(OCH,)~ 

1 P(OCH,), were removed on the vacuum line and the resultant 
1. 
\ 
1 

bright orange oil was dissolved in toluene ( 4  mL). This solution 
1. 

was chromatographed on a Florisil column (11~3.5 -1 c &prepared as 
1 

previously described. Elution with hexane: toluene ( 1 : I., v/;)"-- ,, -. 
-\ 

removed OS~[P(OCH~)~](CO)~, and 3s3[P(OC~3)3]2(C~)l,, leaving an 

orange band near the top of the column. ~lution with pure 

toluene caused development of a yellow-orange .band,'which was 

collected, while an orange band remained at the top of the 

column. Vacuuv removal of the toluene afforded a yellow-orange 

crystalline solid (0.11 g, 33%). The product appeared stable in 

air for a several week period. Hexane recrystallization at -15 

OC produced bright yellow-orange crystals of a 

OS,[P(OCH,) ,],(CO),: m p  158-159 OC (dec)~; IR ~ ( c o )  (hexane) 2072 

(vw), 2010 (m), 1992 (s), 1954 (mbr) cm-l; v(C0) (CH,C~,) 2068 

(vw), 2002 (m), 1985 (s), 1948 (mbr) cm-'; 'H NMR (acetone-d6, 

25 OC, 100.1 MHz) 6 3.67 (doubletT-Jpw= 12.2 HZ): 'Ic NMR 

(toluene-d,/toluene (1:4), -65 OC, 100.6 MHz) 6 193.3 (doublet, 

IPC = 10.3 Hz, rel. int.= 2), 6 179.9 (singlet, rel. int.= 1 ) ;  

3'P{ 'H) NMR (toluene-d,/toluene (1:2), 31 OC, 40.5 MHz) 6 -40.7 

(singlet): 3 1 ~ { 1 ~ )  NMR - = .  (toluene-d,/toluene (1:2), -91 OC, 40.5 



MHz) 6 -39.4 (singlet); mass spectrum (EI, 70 eV) calc. for 

C11H270,80~3P3 (P) (computer simulation of P+ pattern), m/e 

1196, found, m/e 1196 (good agreement with computer simulated - 

pattern), also rn/e 1168, 1140, 1112, 1084, 1056 ([P-~P(ocH,)~]+ 

- n=1,2,3,4,5). Anal. .calc. for C1aH27Ol~Os3P3: C, 18.09; H I ,  2.28; 

P, 7.78. Found: C, 18.18; HI 2.29; PI 7 . 9 7 -  

Preparation of 0s3 [P(OCH3 ) , 1, (CO) a . ~odecacarbon~l triosmium : - 

(0.50 9, 0.55 mmol). P(OCH,), (4 mL, excess), and heptane (20 
mL) were placed in a glass Carius tube. The solution was 

degassed three times and subsequently heated at 140-145 OC for - 
24 h. At this point, the solution was medium orange in colour 

> 
and clear. An infrared spectrum (carbonyl region) of the 

. , reaction solution in heptane exhibited a strong absorption at 

1971 cm-I due to 0s3[P(OCH3)3],(CO)a, two--~trG~ bands at 1925 
, 

and ,915 c m -  ' caused by 0s[P(OCH3), 1, ((201, , is well as sevekal 
\ 

weaker absorptions at higher energy. Cooling of the reaction \, 
\ 

solution at room temperature overnight resulted in the \ 
\ 

\ 

precipitation of orange crystals. The yellow-orange supernatant 

solution was decanted off. The crystals were washed with hexane 

(4x 10 mL) , and 'dried on the vacuum line. The yield ;?\the crude 
\ 

(Os3[P(0CH3),],(CO), impurity), was 0.33 g (46%). The crude 

product was~dissolved in toluene (4 mL) and placed on a 

P(OCH,),-deactivated Florisil column (3.5~14 cm). Elution with 

toluene or toluene:CH2Cl2 mixtures allowed collection of an 

orange band (the pentasubst ituted impurity descended only. a few 

'I 



t cm). Vacuum removal of the eluant yielded OS,[P(OCH,),],(CO)~ as 

an analytically pure, orange solid. 

The product distri-bution of this reaction was crucially 

dependent on the temperature. At temperatures lower than 140 OC, 

considerable amounts of OS[P(OCH~)~](CO.), (v(C0) (hexane) 2073 

(s), 1997 (m), 1963 (vs), 1950 (vs) cm-'1 remained in solution 

and yields of 0s3[P(OCH3),],(CO), were poor. At temperatures 

above 145 OC, the tetrasubstituted triosmium compound underwent 

metal-metal bond'rupture:..the,reaction solution became pale 
6 

yellow. 
\ 

The desiihroduct was stable in air for a several month 

period. Although sparingly soluble in hexane, 

OS,[P(OCH~)~],(CO), may be recrystallized from hexane:toluene or 

hexane:CH2C12 mixtures at -15 OC, yielding light orange plates: - 
mp 163-165 OC (dec.); IR v(CO), (CH2C12) 2049 (vw), 1989 (m), , 

1969 (s), 1941 (msh), 1909 (wsh) cm-'; 'H NMR (cDc~,, 25 "c, 

400.13 MHZ) 6 3.62 (doublet. JPH= 12.2 Hz, rel. int.= I), 6 3.61 

(doublet, JpH= 11.8 HZ, rel. int.= 1): 'H NMR (toluene-d,, -78 

OC, 400.13 MHZ) The spectrum was not in the slow exchange limit. 

At least four sets of broad doublets centred at 6 3.42 (IpH= 

-10-12 HZ) were observed; 13C NMR (toluene-d,,, -83 OC, 100.6 

MHz) [measured on a sample approximately 50% enriched with ' 3 c ~ ]  
r 

6 200.2 (poorly resolved triplet, JpC= 10.8 Hz, rel. int.= 4 ) .  6 
- - 

198.8 GSzzlved triplet, JpC = 10 Hz, rel. int.= 3), 6 

195.1 (broad singlet with poorly resolved satellites, e l .  int .= 

lo), 6 194.1 (doublet, JpC= 6.4 HZ, eel. int.= 4 . ) ,  6 181.9 



C -- 

(singlet, rel. int.= 21, 6 180.8 (singlet, rel. into= 3), 6 

178.7 (singlet, rel. int.= 2 ) ;  1 3 C  NMR (toluene-d,, 80 OC, 100.6 

MHZ) [13c0 enrichment as above] 6 198.4 (triplet, JpC= 11.2 Hz, 
-- - 

rel. int.= I), 6 189.1 (singlet, rel. int.= 3); 13c NMR 

(toluene-d,, -70 OC, 25.2 MHz) The two poorly resolved triplets 

(-83 OC, 100.b MHZ) appeared as well resolved triplets: 6 200.4 

(triplet, JpC= 11.0 HZ), 6 198.9 (triplet, JpC= lpr5 Hi); 
- - 

3 1 ~ { 1 d )  NMR (toluene-d,/toluene (1:5), -81L0C, 40.5 MHZ) 6 -33.4 

(doublet, Jpp= 4.4 HZ). 6 -33.6 (singlet) 6 -35.0 (singlet), 6 A 
-36.4 (doublet, Jpp= 4.2 HZ), 6 -36.7 (broad singlet), 6 -39.6 

(doublet, Jpp= 3.9 HZ); " P ~ H )  NMR (toluene-d,/toluene (1:5), 

53 OC, 40.5 MHz) 6 -38.5 (singlet, rel. int.= I), 6 -40.1-- 

(singlet, rel. int.= I). 

The 3 ' ~ { 1 ~ )  variable temperature NMR spectra measured at 162 MHz 

showed analogous behaviour except for the couplings, which were 

not resolved, The individual resonances, however, were better 

resolved and detailed analysis of several low temperature (-91, - 

- 
-84, -76 OC) spectra allowed calculation of accurate integrals 

for all signals: 31P(1H) NMR (toluene-d,, -91 OC, 162.0 MHz) 6 

-33.2, -33.3 (overlapping singlets, total rel. int.= 37raivided 
-- - -- 

as 22 and 15, respectively), 6 -34.7 (-singlet, rel. int.= 14), 6 

-36.1 (singlet, rel. int.= 24), 6 -36.7 (singlet, rel. int.= 

1 4 ) ,  6 -39.6 ~- (singlet, rel. int.= 14); 3 1 ~ $ ~ )  NMR 

(toluene-d,/toluene : 4  93 OC, 162.0 MHz) 6 -39.3 (singlet, 

rel. int.= I ) ,  6 -40.8 (singlet, rel. int.= 1 ) ;  Mass spectrum 

(El, 70 e W  calc. for C 2 0 H 3 5 0 2 0 ~ ~ 3 ~ 4  ( P I  (computer simulation of 

P'.pattern), m / e  1292, found, m / e  1292 (excellent agreement with 
-.. 



computer simulated pattern), also m / e  1264, 1236, 1208, 1180, 

1152 UP-nP(OCH,),I+ n=1,2,3,4,5). Anal. calc. for 

C2,H3602,0s3P,: C, 18.61; HI 2..81; P I  9.60. F v d :  C, 18.46: H, 

2.67; PI 10.55. 

Preparation of OS~[P(OCH~)~I~(CO)~. A glass Carius tube was 

charged with OS,(CO),~ (0.50 g, 0.55 mmol), P(OCH,), ( 4  mL, 

excess), and heptane (20 mL). The solution was degassed three 

times. The tube was heated at 140-145 "C as for the 

OS,[P(OCH,),],(CO), synthesis. The reaction mixture was cooled 

and degassed with one freeze-pump-thaw cycle and then reheated 

to dissolve.the precipitated orange solid. After partial 

cooling, the tube was irradiated with ultraviolet light. -The 

reaction appeared to involve successive substitution of - 
carbonyls for phosphites by photolytic activation. The speed at 

which this occurred was affected by the particularoUV source and 

the glass tube used. Thus, the wtim-wa-s-best monitored by 

infrared spectroscopy (carbonyl region) to determine when the 

product distribution favoured OS~[P(OCH~),]~(C~),. A typical 

reaction time was 8 h. A s  the reaction proceeded, an orange 

solid precipitated from the orange solution. The reaction - 
mixture was transferred to a Schlenk tube and the supernatant 

solution decanted away. The remaining orange solid was washed 

with hexane (5x10 mL) and dried on the vacuum line. This crude 

mixture (0.36 g) contained small amounts of OS~[?(OCH,)~~,(CO), 

and o~~[P(ocH,),],(co),, in addition to the desired product. The 

crude product was dissolved in toluene (5 mLf and placed on a 



~~~ 

P(OCH3),-deactivated Florisil column (3.51114 cm). Elution with 

t 0 1 u e n e : ~ ~ ~ ~ l ~ ~ ~ r n i x t u r e s  or pure CH2C12 allowed removal of 

OS~[P(OCH~)~],(CO)~. A large orange band remained at the top of 

the column. A ~ h a n - ~ e  of eluant to CH2C12:P(OCH3), (6: 1, v/v) 

caused development of an orange band, which was collected. A 

Ceep orange-red band was left on the column; the band had moved 
- - 

only a few centimetres. Removal of solvent from the collected 

fraction on the vacuum line leit OS~[P(OCH~)~I~(CO), as a 

crystalline, orange solid (0.26 g, 34%). The product was stable 

in air over a several week period and appeared stable in water 

for a 48 h time span. Although insoluble in hexane, 

OS,[P(OCH~),],(CO), was recrystallized from toluene or 

hexane:toluene at -15 OC to yield orange plates: mp 162.5-163 "C 
, " 
d.); IR v(C0) (CH2C12) 2033 (w), 1952 (sbr), 1902 (w), 1889 

(wsh) cm-'; 'H NMR (CDC13, 25 OC, 400.13 MHz) 6 3.620 (doublet, 

J~~ 

= 11.6 Hz, rel.int.= 21, 6 3.615 (doublet, JpH= 11.5 Hz, 

rel. int.= 21, 6 3.610 (doublet, JpH='12.3 Hz, rel. intd.= I); 'H - -  

NMR (toluene-d,, -57 OC, 400.13 MHz) 6 3.57 (doublet, JpH= 11.6 - 

Hz, rel. int.= 11, 6 3.56 (doublet, JpH= 11.5 Hz, rel. int.= 1). 

6 3.54 (doublet, JpH= 11.7 Hz, rel.. int.= I), 3.49 (doublet, 

/ JpH= 11.5 Hz, rel. int.= 1). 6 3.44 (doublet,/ JPH= 12.5 Hz, rel. 

int.= 1); 13C{'~) NMR (toluene-d,/toluene (1:5) plus -5% (moll 

Cr(acac),, 75 OC, 25.2 MHz) 6 198.5 (singlet, rel. int.= 41, 6 

188.8 (singlet, rel. int.= 3); 13CC('H) NMR (toluene-d8/toluene 

(1:5) plus -5% (mol) Cr(acac),, 2 OC, 25.2 MHz) 6 198.8 

(triplet, JpC 
--- - - - - = 10.9 Hz); l3cV~) NMR (toluene-dBjtoluene (1:5) - 

plus 5% (mol) Cr(acac),, -50 0Pt'25.2 MHz) b 199.7,199.2 



(overlapping triplets [see data at 100.6 MHZ], JpC= 1 1  ,$,11.4 

Hz, total rel. into= 41, 6 194.1 (doublet, JpC= 11.4 Hz, rel.> 

into= 2), 6 179.2 (singlet, rel. int.= 1); "C NMR (toluene-d,, 

-44 OC, 100.6 MHz) 6 2C0.7 (pooaly resolved triplet, rel. int.= 

21, 6 200.1 (poorly resolved triplet, rel. int.= 2), 6 195.1 
/ 

(doublet, JpC= 10.5 Hz, rel. int.= 2)' 6 180.2 (singlet, rel. 

into= 1). It is noted that these chemical shifts differ by 

approximately 1 ppm from those at 25.2 MHz, This difference is 

likely attributable to an improper chemical shift reference in 

the 100.6 MHz data; ''P( 'H) NMR .(toluene-d./toluene ( 1 5 ,  69 

OC, 40.5 MHz) 6 -38.6 (singlet, rel. int.= 1 1 ,  6 -39.3 (singlet, 

rel. int.= 21, 6 -42.6 (singlet, rel. int.= 2); 3 1 ~ i 1 ~ )  NMR 

(toluene-d8/tolume (1:5), -55 "C, 40.5 MHz)  6 -34.5 (doublet, 

Ipp= 6.4 HZ, rel. int.= 11, -36.2 (doublet, Jpp= 6.1 Hz, 'rel. 

int.= 1). 6 -37.9 (doublet, Ipp= 7.6 Hz, rel. int.= 1). 6 -38.2 
- 

(singlet, rel. int.= 1 1 ,  6'-43.0 (doublet, Jpp= 7.3 Hz, rel. 

int.= 1 ) .  The variable temperature ''P{'H) NMR spect??Eat 162 
7 

MHz were identical except for the 3Jpp couplings, which were not 

as well resolved as those at 40.5 MHz. Mass spectrum (El, 70 eV) 

calc. for C2ZH450220s3P5 (P) (computer simulation of P* 

m/e 1388, found, m/e 1387 (excellent agreement with 
J 

2 ,' 
computer simulated pattern), also m/e 1235 [P-P(OCH~)~-~M~]' and 
- - 

m/e 1207, 1179, 1151 (corresponding to successive. loss of three- 

carbonyl ligands from the previous ion). ~nal. calc. for 

C22H450220~3PS: C, 19.05; H, 3.27; PI 11.17. Found: C, 18.94; H, 



prepatation of O S ~ [ P ( O C H ~ ) ~ ~ ~ ( C ~ ) ~ .  Dodecacarbonyl triosmium 

(0.50 g, 0.55 mmol), P(OCH3.l3 ( 4  mL, excess), and heptane (20 

mL) were placed in a glass Carius tube. The reaction mixture was 

degassed three times and subsequently heated, with stirring, at 

140-145 O C  for 24 h. The tube was cmled and the solution , . -  

degassed once. The precipitated orange solid was redissolved at 

100 "C. The stirred solution was then irradiated with W light 

for 48 h. During this period, an orange solid precipitated. The 

reaction mixture was transferred to a Schlenk tube and,the 
' 
orange solution was decanted off. The remaining orange solid was 

successively washed with hexane (5x10 m ~ )  and hexane:toluene 

( 1 : 1 ,  v/v, 3x10 mL), affording analytically pure 

OS~[P(OCH~)~],(CO), as an orange soiid (0.25 g, 31%). 

As described previously, this reaction appeared to proceed 

by successive substitution of tfimethyl phosp,hite.. for CO. 

Sufficient time must be allowed for the tetra- and 

pentasubstituted species to react. .Upon prolonged irradiation, 

however, Os, [P(OCH3 ), I, (CO) , slowly underwent metal-metal bond 
scission, yielding monomeric phosphite-carbonyl products (vide 

inf ra). 

The hexasubstituted product slowly decomposed in air over a 

two week period. Recrystallization from toluene or slow 
- - -- 

diffusion of hexane into concentrated CH2C1, solutions of 

OS,[P(QCH~)~]~(CO)~ yielded nicely formed, red-orange crystals. 

The hexa(phosphite) product was only moderately soluble i n  L.. 

acetone and hot toluene and insoluble in hexane: mp 166.5-1 68 OC 
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Schlenk tubes. The IR spectra (carbonyl region) of the  solution 

'snd solid in CH2C1, indicated that t h e  solid was a mixture of 

~ s , ~ P ( ~ H , ) ~ ] , ( c o ) ~ . ~ ~ ~  O~~IP(OCH,)~I~~P(OC,H~)~)(CO)',, -- while 

washed w i t h  htxane:tolwne (5 :1 ,  v /v , '  3 x 1 5  rziL) and dried on the 

vacuum line overnight. The supernatant solution was evaporated 

under ;iscum and the resultant orange oil redissolved 9 hexane 

(20 rL). This process was repeated three-times, yielding an 

orange oil with sonie orange solid evident. ~hez~iil and solid 
- - - 

were dissolved' in h exGe ( 5  mL) and-cooled t q  -?8 OC for 12 h. 
a 

The pale yellow mother liquor was decanted a b y  from a Cacky 

orange s o l i d ,  w h i d  was washed with hexane 1 3 x 1 0  mL) and dried 

ol the vacuum line. An infrared spectrum (carbonyl region) in 

CH2C12 indicated both OS~[P(OCH,),]~(CO), and 

% O S ~ [ P ( O C H ~ ~ , ] ~ ~ P ~ O C ~ H ~ ~ ~ ~ - ( C O ) ' ~  were'present, the latter being 

the major component.  his solid uas combined with that from t q  

original reaction mixture. 

These combined orange solids were dissolved in toluene - ( 3  

mL,) and chromatographeA on a Plorisil column ( 3 . 5 ~ 7  cm) prepared 
i -. 

as before. Elution with toluene:P(OCH,), (10:1, v/v) caused 

development of an orange band, which was discarded, A red-orange 

band remained at the top of the,column, The adsorbent from the 

top 2 cm of the column w3s physically transferred to a 500 mL 

flask and repeatedly extracted with CH2C12:P(OC~3), (1:1, v / v ) .  

The combined yellow extracts were stripped on the vacuum line to 



leave an orange-red oil containing a small amount of orange 

solid. This material was sublimed at 60 OC onto a -78 O C  probe 

( < I O - ~  torr) for one week. During this period, small amounts 3 f  

clear liquid impurities sublimed, leaving an orange semi-sol id 

- as  a residue, ~bTh$s solid was dissolved in CH2C1,, filtered, andp 
- 

evaporated to dryness under vacuum, This product was -- 

recrystallized from hot hexane at -15 O C  to give orange 
'Is. 

- 
~ r y s t a l s .  The crystals were dried on the vacuum line to yield 

-- 

analytically pure O ~ , I P ( O C H , ) ~ ] ~ I P ( O C ~ H ~ ) ~ ~ ( C O ) ~ .  The yield was 
;* 
., 

approximately 25 mg (-10%): mp 151-152.5 "C (dec.); IR u(C0) 
- 

fw,Cl,) 1935 (sbr), 1879 (wbr) cm-l; 'H NMR It-oluene-do, 25 OC, 

I .  W z )  6 4.1 1 (broad quartet with fine structure, J =  -7 Hz, - > - "  

. . rel,&z.int.= 2 ) '  6 3.59 (broad multiplet, rel. i n t . =  1 6 ) ,  d 1.29 

(triplet, JHH= 7 .0  Hz, re--fit.= 3): 3 1 ~ { 1 ~ )  NMR (toluene-d,, 

25.OC. 162.0 MHz) 6 -41.4 (doublet, Jpp= 10.5 Hz, rsl. into= 1). . 
& -41.8 (doyblet, Jpp= 9.0 Hz, rel. int.= I), d -42 .7  (broad 

singlet with $symmetric shoulders, rel. int.= 31, 6 -47.6 
v 

(doublet, Jpp= 10.4 Hz, rel. int.= 1): ."P{~H) NMR (toluene-do, 

00 OC,l62.0 MHz) 6 -41.4 (doublet, Jpp= 10.6 Hz, rel. int.= 1); 

-- 
I , 6 - 4 1 . 9  (ill-resolved doublet, rel. int.= I), b -42.7 (singlet 

with asymmetric snorildcrs, rei.' int.= 3 ) ,  6 -47.5 (doublet, Jppa 

9.6 Hz, rel. int.= 1). Anal, Calc. for C27HS00200~3P6: C, 21 .26 ;  

H, 3.96. Found: C, 21.72; H, 3.81. 

Preparation of OS[P(OUI,),](CO); and OS~P(OCH,),~~(CO)~. 
.. 

A glass Carius tube was charged with 0s3(CO)12 ( 0 . 6 0 . 9 ,  0.66 
% 
mmol), P ( O C H ~ ) ~  ( 4  mL, excess), and hepfane ( 1 5  mL). The 



- -- 

solution was degassed three times. The stirred reaction mixture 

\ was heated o 115 OC for one week. An IR spectrum (carbonyl 
3 

region) of the go%-en A yellow solution indicated* 'the presence of -- 
o~[P(ocH,),](CO), - - and OS[P(OCH~)~]~(CO)~, in addition to smaller 

pp ---- -- - - -  - - - - - - --- _-_ - 
amounts of the complexes O S ~ ~ P ( O C H ~ ) , ~ ~ ( C O ) , ~  ( x =  2-5f.  The ---_ . 

\ 

solvent and excess p(OCH,), were removed under vacuum at 0 OC 

and the resultant orange oil sublimed at 0 OC onto a -78 OC 

probe (<lo-' torr) for 24 h. An IR spectrum fcarbonyl region) of 
- 

the sublimate (white solid) indicated the presence of an 

O S [ P ( , O C H ~ ) ~ ~ ( C O ) , : O ~ ~ P ( O C H ~ ) ~ ] ~ ( C O ) ~  mixture in an approximate 
(9 

1 0 : l  molar ratio. An analytically pure sample of 

OS[P(OCH, 1, I (CO). was obtained from a subsequent sublimation of 

t'he probe material under the same conditions. Further - 

sublimation of the original residue, at 35 OC onto a -78 OC 

probe torr) for 24 h, afforded a white solid sublimate. ' 

The infrared spectrum of this material exhibited .carbony1 

signals due to 0s[P{OCH3) , 11~0) and OsJP(OCH,), 1, (cQ), j n  an 

approximate 1:10 ratio. ~ecr+tallization of the sublimate from 

hexane at - 1  5 OC yielded analytically pure OS[P(OCH,), I, (CO) ,. 

Although both the mono- and disubstituted phosphite 

derivatives may be recrystallized from hexane, the high 

solubility of OS[P(OCH,), I (CO), results in poor yields for this 

complex, When pure, both OS[P(OCH~),](CO), and 

OS[P(OCH,),],(CO), are colourless crystals which are very 
I 

soluble in pol r and nonpolar solvents alike. Both yellow upon 

+ exposure to air, although the disubstitute9 complex is 

- 



- - 

considerably more robust. - 

o~[P(ocH,),](CO),: mp 45.5-46.5 OC (dec.); IR ~(co) (hexane) 

2073 (s), 1997 (m), 1963 (vs), 1950 (vs) cm- ' ; "H NMR (CDC~, , 25 

"C, 60 MHz) 6 3.60 (doublet, JpH= J2.O- Hz): 'Pi ' k J  NMR (hexane, 

25 OC, 40.5 MHz) 6 -23.3 (singlet); mass spectrum (EI, 70 e ~ )  

calc. for C,H~O,OSP (PI (computer simulation of P' pattern), m / p  

428, found., m/e 428 (excellent agreement with computer simulated 

pattern), also m / e  400 ([P-~01'). Anal. calc. for C7H,070sP: C, 
/. - 

20.69; H, 3.47. Found: C, 20.89: HI 3.53. 

(hexane) 1925 IS), 1915 (s) cm-'; 'H NMR (acetone-d,, 25 OC, 

100.13 MHZ) 6 3.70 (singlet, rel. int.= 91, 6 3.64 (broad 

singlet, rel. int.= 181, 6 3.57 (singlet, rel. int.= 9); 3 ' ~ { ' ~ }  

NMR Lhexane, 25 OC, 40.5 MHZ) 6 -16.5 (singiet); mass spectrum 
." 

(EI, 70 eV) calc. for CgH180gOsP2 (P) (computer simulation of 'P* 

pattern), m / e  524, found m / e  524 (excellent agreement with 

computer simulated pattern), also m / e  496 ([P-CO]'). Anal. c a b - -  

for C9H,,090sP,: C, 19.72; H, 2.13. Found: C, 19.92; H, 1.99. 
- - 

Preparation of OS~[P~(OCH~)~CCH~](CO)~ and 

O~~[P(OCH,),CCH,IZ(CO)~O:A glass Carius tube was charged with 
8. 

0s3(CO) 1 ,  (0.500 g, 0.551 mmol), . .. P(OCH,),CCH, (0.735 g, ,4.96 

mrnol), and hexane (20 mL). The solution was degassed three 
e 

times. The stirred solution was heated at 130 .OC for 2 h. At 

this point, the reaction mixture consisted of yellow and orenge 

solids under a yellow solution. The mixture was transferred to a 



Schlenk tube and the solution discarded. The solids were 

sublimed at 25 OC ont-o a -78 OC probe torr) for 2 h to 

remove excess P(OCH,),CCH,. The residue was dissolved in 

toluene:C~,~l~ (10:1,_10 mL) and placed on a 

P(OCH,),-deactivated ~lorisil column packed in hexane. Elution 

with hexane:toluene (1:l) caused separation of a yellow band - . 

whicfi was collected. Subsequent elution with toluene:CH2C1, 

t5: 1 ) $llowed collection of a second. yellow band, leaving a 

small yellow-orange band near the top of the column. 

The first fraction was stripped on the vacuum line to give 
/T 

yellow crystals. These were dissolved in CHzC12 (15 mL) and the 

soluti?on~filtered. Remov.al of the solvent under vacuum gave 

OS,[P(OCH,)~CCH,] (CO), , as yellow crystals (0.180 g, 32 %)which 
were recrystallized from to1uene:hexane at -15 OC: mp 174.5-176 

(dec); IR v(C0) (hexane) 2114 (w), 2058 (s), 2048 (s), 2026 

(YS), 2004 (m), 1995 (s), 1977 (w) cm-'; 'H NMR (acetone-d6, 25 
' " 

o r .  L ,  400.13 MHZ) 6 4.47 (doublet, JpH= 5.3 Hz, re1 int.= 21, 6 
e, 
' I  

. . < I )  0.89 (singlet, rel. ~nt.= 1); 31PE1H) NMR .(toluene-d,/toluene I . b 

J 

1 : 4  25 OC, 40.54 MHZ) 6 -58.3 (singlet), )'P-('-H] NMR-(-~O~*C) : 
d -58.9 (singlet); mass spectrum calc. for C15H90130s3P (PI 

- \ 

(computer simulated parent ion pattern). m / e  -1028, found, m / e  

>, 

1028 (excellent agreement=with simulated pattern), also m / e  

'1.000, 9'72, 944, 916, and 888 ([P-pC0]+ n=l-5). Anal. calc. for 

Crystals of O~~[P(OCH~),CCH,](CO),~ appeared air stable for 

several months. The compound was moderately soluble in hexahe, 
% 



Y 

soluble in toluene, grid very soluble in CH2C12. 

The second fraction was stripped on the vacuum line to give 

an oily, yellow-orange solid. This was dissolved in CH2C12 (15 
- .  

m ~ )  and the solution was filtered. Vacuum removal. of the solvent 

gave a yellow-orang9 crystalline solid (0.210 g, 33 % ) .  
0 

Recrystallization by slow diffusion of hexane into a toluene 

solution of the solid gave orange-yellow crystals. These 
a 
% crystals gave an elemental analysis consistent with 4 

o ~ ~ [ P ( o c H ~ ) ~ C C H ~ ] ~ ( C O ) ~ ~ ~ ~ / ~ C ~ H ~ .  Heating these at 100 "C for 24 

h under vacuum left an orange-yellow powder which gave a 

satisfactory analysis for ~ s 3 [ P ( O ~ ~ 2 ~ & ~ ~ 3 1 2 ~ ~ 0 ~ 1 0 :  mp 265-268 

(vs) ,- 19'76 (mbr) cm-'; 'H NMR (acetone-d6, 25 "c, 100.0 MHz) 6 

4.39 (doublet, JPH= 5.1 Hz, rel. int.= 2). 6 0.9 (singlet, rel. 

Int.= 1); 31P(1~) NMR (toluene-ds, 97 OC, '40.54 M H z )  6 -58.9 

(very broad.singlet), 3 1 ~ f 1 ~ )  NMR (toluene-d,, -37 "c, 40.54 
-, 

MHZ) 6 -57.9 (doublet, Jpp= 3.6 Hz, rel. int.= 5). 6 -59.5 
0 

(doublet, Jpp= 3.7 Hz, rel. inti= 5). 6 -60.4 (singlet, rel. 

int.= 2); mass spectrum calculated for C20H180160~3P2 (P) 

(computer simulated parent ion pattern): m / e  1148, found m / e  

1148 (excellent agre'ement with simulated pattern), also m / e  

1120, 1092, 1064, 1036, 1008 ([+~co]+ n=1-5). Anbl. calc. for 

C20H180160,~3P2: C, 20.95; HI 1-58. Found: C, 2 1 . 0 4 ;  H, 1.51. 

After several months exposure .to air, 

o ~ ~ [ P ( o c H ~ ) ~ c c H ~ ] ~ ( c o ) ~ ~  sufferred not apparent decompostion. 

The complex was sparingly soluble in hexane, moderately soluble 



in toluene, and very soluble in CH2C12. 

~ttempts to Synthesize 0s3[~(OCH3)31x(CO)12~x ( x>6 ) .  A 

sample of OS~[P(OCH,),],(CO)~ (-0.1 g) was dissolved in 

toluene/P(OCH,), (15 mL:4 m ~ )  and placed in a glass Carius tube. 

After three freeze-pump-thaw cycles, the reaction solution was 

photolyzed for 48 h, the results of which were monitored by IR- 

spectroscopy (carbonyl region). The absorption due to 

OS,[P(OCH~)~],(CO)~ slowly disappeared during this period, as 

the solution color changed from orange to pale yellow. Although 

a number of carbonyl bands were present in t7ie infrared spectrum 

at this time, the only ones assignable were due to 

In a further attempt to increase the phosphite substitution 

of OS,[P(OCH~),]~(CO)~, a g.lass Carius tube was charged with 

thsis reactant (-0.15 g) in heptane/P(O~~,), (15 mL:15 m ~ )  and 
- - 7  

t 

the mixture degassed as before. The stirred reaction mixture was 

- heated for 1 week at 110 OC. Over this period, the orange solid 

slowly dissolved, leaving a bright yellow solution with a small 

amount of white, flocculent precipita~'xn IR spectrum of the 

solution revealed a number of carbonyl absorptions; the only 

,bands assigned were again those due to OS[P(OCH~),],(CO),. 

Attempted Reaction of o~,[P(OCH,),],(CO), with CO. A 

solution of OS,[P(OCH,),],(CO), (.05 g) in toluene (2 m ~ )  was 

introduced into a glass NMR t$pbe fitted with a Teflon valve. The 
= 

solution was degassed three times, pressurized with CQ ( 2  atm), 
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(carbonyl region) of these solids showed little chang.e from that 

of the initial product; The second fractkn afforded a dark 

orange solid after vacyum removal of the solvent. An IR spectrum 

of this solid (in CH2C12) showed two strong v(C0) bands (2032 
-- (s), 1993 (s) cm-') anda number of shoulders. These two 

- 

absorptions featured prominently in the IR spectrum of the crude 

product . 

An elemental.arralysis of the product from the second 

fraction was consistent with the expected product (Calc. for 

{HO~,[P(OCH~)~],(CO)~]BF,: C,18.35; HI 3.53. Found: C, 17.68; H, 

3.26). The variable temperature 'H and 3 1 ~ { 1 ~ 1  NMR data, 

however, were inconsistent with this formulation. N,either the 'H 

nor the 3 1 ~ { 1 ~ ]  NMR spectrum were temperature dependent. The 

3'~{1H1 NMR spectrum (CD2C1,) revealed four multiplets in 

addition to severalo impurities. A spectrum obtained by 

selectively decoupling only the OCH, protons was identical to 

that measured with both the methoxy and.hydride regions 

decoupled. The 'H NMR spectrum (CD2C12) showed a complex methoxy 

multiplet (6 3.77) and several weak multiplets in the region 6 

-15 to -25. None of these multiplets were consistent with any 

rational coupling scheme expected for {HO~~{P(OCH~)~],(CO),)BF,. 

'PI 'HI HlIR Study: Reaction of O S , [ ~ ( O C ~ ) ~ ~ C O ) ,  and CH31. 

A 5 mm NMR tube with a screw cap and Teflon u ling $ was charged 
with a solution of OS,[P(OCH~)~],(CO), (0.03 g)  and CH31 (0.1 

mL) in CD2C12 ( 1  mL).The tube was sealed and the contents were 

monitored by "P{'H] NMR spectroscopy. No apparent reaction 
0 



- 

occur red  over  t-he c o u r s e  of 72  h. 



CHAPTER 6 
+- 

Phosphite Derivatives of osmium. Structure an'd Stereochemical 

-6.1 Introduction 

- 
A number of studies concerning the stereochemical 

nonrigidity of 0s3(CO),, and its derivatives have been reported 

(vide infra). Theqe results indicate that several different 
u- 

fluxional processes are possible, dependent upon the identity of 

the complex in question. I additi , the evidence suggests that 
\'/ 

two or more distinct exchange processes may occur for the same 

compound at different temperatures. Much of the experimental 
P 

support for these conclusions. comes from variable temperature * 

NMR data. 

What appear to be lacking are systematic studies where a 
\ 

closely related group of compounds are examined. Such 

experiments can potentially allow important conclusions~to be 

drawn regarding the factors which control' the individual 

fluxional processes; the elucidation of the relative influence 
'++, 

that steric, electronic, and geometric elements play may be 

facilitated. , 

It was felt that variable temperature 'H, 13C, and 3 1 ~ { 1 ~ )  

NMR data for the series OS,[P(OCH~)~],(CO),~-, ( x =  1-61 would 

satisfy these criteria. Before examining these results, a brief 

summary of the literature regarding stereochemical nonrigidity 
- 

- . 



in OS~(CO)~, and related derivatives will be presented, 

Of the trfnuclear carbonyls of the iron triad, only 

OS~(CO),~ (6a) - exhibits a low temperature limiting 13C NMR 
spectrum at accessible temperatures; both the iron and ruthenium 

congeners give rise to a single resonance in the carbonyl region 

at -100 OC [140;141,1421. ~ndeed, Fe3(CO),, has been shown to 

undergo rapid axial-equatprial carbonyl exchange at -150 OC 

The 13C NMR spectrum of Os,(CO),, at room temperature features 

two signals of equal intensity (axial and equatorial carbonyls). 

As the temperature is increased, these resonances broaden and 

collapse; the rapid exchange of axial and equatorial lfgands 

causes only a single line to be observed at 150 OC [,dl. 142). 

Some recent and very elegant work, involving a variable 

temperature 13C NMR study of 1e70s3(1xCO) ,,, has shown that the 

exchange process occurs via an internuclear mechanism where all 

CO groups have a c c e s A t h e  three osmium atoms [ 1 4 5 1 .  

An examination of stereochemical nonrigidity in 

O S ~ [ P E ~ ~ ~ ~ ( C O )  , Z - x  ( x =  1-3) by 13C NMR techniques has been 



undertaken [ 1 1 1 ] .  For both the mono- and disubstituted 

derivatives, two distinct fluxional processes were shown to 
I - 

occur at different temperatures. The one with the lowest energy- 

caused temperature dependent NMR spectral changes consistent 

- with a mechanism involving an .intermediate with a double 
- -- 

carbonyl bridge. This mechanism was first postulated by Cotton 
- *  

[ 1 4 3 3  (figure 6.1). A digher energy process caused broadening, 

collapse, and coalescence of all carbonyl signa1s;'this resulted 

in a single resonance at -40 OC. No firm conclusions were drawn 

regarding. this behaviour-. -- 

' . . 
\ 

The variable ternperat&= 'C and 'P{'H] NMR dzta for 1,l- 

and 1 , ~ - ~ O S ~ [ P ( C H ~ ) ~ C , H ~ ~ ~ ( C O )  - been reported i1081. The 
13C NMR results for the 1,1 isomer indicated two successive 

stages of fluxionality, the lower energy one consistent with the 

Figure 6.1 A general representation of axial-equatorial 
carbonyl exchange v i a  a double carbonyl bridge intermediate. 



0 

exchange mechanism shown in figure 6.1. The process occurring at 
d higher energy was attributed to a "turnstilew mechanism, 

although there,was no speculation on t h ~  permutational details. 

The P H NMR spectra of 1 ,~-{OS~[P(CH,) 2 ~ 6 ~ r ] 2 ( ~ ~ )  , , I  were 

measured over the temperature range -80 OC to 100 OC [107,108]. 

- The presence of,twa isomers was indicated. The changes to the 

spectra with temperature were attributed to the exchange of the 
< 

inequivalent PMe,Ph ligands in one isomer, followed by 

interconversion between the two isomers. The isomers were 

assigned to the structures shown *in figure 6.2. The low 

temperature 13C NMR spectrum of this complex showed carbonyl 
L signals due only to the major isomer ( a ) ,  precluding a more 

detailed investigation of the exchange processes involved. Some 

of these results concerning the 1 , 2  isomer are closely related 

to the findings presented in this thesis *and will be discussed 

further later. --- 
i 

The variable temperature 'P and ' NMR spectra f'or 

~ , ~ , ~ - { o s ~ [ P ( o c H , ) , ] L ~ ( c o ) ~ ~  (L= PPh,, PMe2phj were measured.and 

.details of the PP.h, complex described 11071. It  was claimed that 

the changes in these spectra with temperature were in accord 
,d 

with a coupled "tu.rnstileW mechanism,. involving all three osmium 
1 

atoms.  gain, these results are related to our work and will be 

commented upon in more detail later- in this chapter. 

Another site exchange mechanism-has been proposed for 

substituted derivatives of CS,(CO),~. The norbornadiene complex, 

Os,(CO),,(C,H,), has been prepared and studied by variable 



5 d 

temperature I J C  and 'H NHR p c h n i q u e s  [ 1461. Two successive 

fluxional processes were inferred from the NMR data. The 

spectral changes due to the one occurring at the lowest 

tenperatwe ,weie consistent w i t h  a mechanism involving' three 
0 

single, ca{bonyl bridges; this i s  pictured in figure 6.3.- % 

P 

This type of exchange -has been proposed [ 1 4 7 , 1 4 8  1 and discussed 
* .  

f l 4 6 , 1 4 9 + ]  by other w o r k e r s  and is commonly called the 

. "merry-go-qound' process. I t  is of interest to note the 
1 * .  

d i  f fcrcncc betwtien t h i s  process and.  t h a t  in figure 6.1.  - 



B 

7 

Both involve bridging carbonyls but the latter causes 
9 

axial-equatorial CO exchange wbile the "merry-go-round" involves 
'a 

only equatorial ligands. - 

e 
A third type of fluxionality.proposed fcr substifuted 

derivatives of Os,(CO), may be generally described a s  localized 
> 

exchange at an osmium atom. Various specific examples have been 

labelled "turnst ilen exchanges [ 1 0 7 ~  08 I, polytopal 

rearrangements [40,150], and "twistn mechanisms [ ~ 4 8 ] .  One early 

description of this type of exchange was presented as a possible 

mode for axial-equ-atorial carbonyl scrambling in M,(CO) ,, ( M = .  

Ru, 0s) [ 14 1 1. The -detai.ls- ate shown in figure 
2 ,  

6.5. In essence, this might-be' labelied a pseudo-fbbrj$ld 
1 .  

- rotation of four carbonyl oligands about a slng - * *  
+ / 

' &a1 centre. 

It is relatively simple to picture suc9 a process involving only 
d' I 

- one axial and tho equatorial ligands; this mig,ht be desc~ibed as 
a 

L 9c 

a pseudo-threef old rotation. The description df 'the& two 
d .  

processes as rotations is illustrated in,figure 6.4 [ 1 4 0 1 . ; .  . 
'C r. 

9 

There is co~~siderable precedent in the literature for these .i, - 

localidzed processes at a sing'le metal .centre f 140,149,l. 
P - ., 

-Figure 6 .4  ~seudo-t6raefold and -fourfold rotations .cf carbonyl a 

ligands a t  a singla metal centre af a trinmtallic ~ l u s t e r . ~ .  
1 

I 



4 

Figure 6.5 A localized-process proposed to explain 
axial-equatorial site exchange i'n M3(CO),, .[M= Ru, Os]. 6 \ 

9 .  

Temperature dependent changes in the 3C HMR spectra of 

OS,(CO)~~HX (X= SEt, SPh, N(H)Bu, OH, Cl, Br, I, CO,Meo, C02CF,) 
I .  

[ 1511 were consistent .withfourfold, polytopal rearrangefents of 

M(CO) ,o units.   tie re have been reports of pseudo-threefold 

[ 1551, and Os, (CO) ,, (Ce6He) [ 1481, based on variable temperature 

' IC N M R  data. The case for Os,(CO) ,,(CIH.) was ambiguous, and 

either a threefold or  fourfold process appeared 'capable of  
-6 

explaining the spectralo changes. Polytopal rearrangemeit of 
- ' 

yr ., 

M(CO), units has been progoSed for H20s3(CO)loL (L= PR3, PLOR)~, 
' 

i 

;b ' 
i 

5 - 
[159], and H2FeRuOs2(CO)l, [159J, although bridging carbonylq* , . ,  

and bridging hydrcdes were belieLed to .be involved <in these 

trigonal exchange processes. ' 

\ 

4 

i t 6 r a  . *i 

e 

T h e ~ c o m ~ l e ~ i t y ,  somet ides- obqerved for site exchange in- c 

h 

' "* 

.̂ 9. a, 

E - 

,. derivatives of -Os3 (cQ), , is iLlustrated by the dynamic behqviour* 



- -0 

--+ slow: exchange limiting ' 3C data suggested that the 
1,3-cyclohexadiene,li,gand occupied an axial and equatorial site , 

A . .  

on tho see osmium atom [148].taThe spectral changes with 
F a  

a *  
"-- _I . . temperature 'revealed the esi stence of four independent , dynamic 

-. '4 - ? 

B 

processes i d r  Os, (co).~~~c~H,J involving site exchange of both 
. a  

, b * \ 

.the orga~ic moiety and tYie various carbonyl ligands. 
* -  

Our result> concernin& the stereochemicil noir igidi ty of 
- _ 
B s J [ ~ ( ~ ~ ~ 3 ) 3 . ~ 5 ( ~ ~ ) ,  have been pub~ished'[l12~. A restrkcted . * 
threefold twist of an .OsbCO) ,P(ocH,), unit was proposed to I.  I 

.* _ 
Ye * ' - .  9' " 

- .  
rationalize the variable tempe-atqre 13C and 3e!~{'~1 NMR d a t a . -  % 

. - .. , 

. - 
other workers havb c"oncurreiitly arriveq at a similar (alt'hsugh , .< 

. * ~- _--2 - - -  I i. ." , 
1. , 

- .  less w e l l  defined) con~lusion for the f lux'iona.? 6ehaGiout of a 
< I / . *E 

,~-(OS~[.P(CH~)~C~H~],(CO) , ~ , ? I  and"'1 .2,3-(0s3[P(OCH3-1, 1L2 (CO).,] 
' , 

(L= PPh3;P~e2Ph) [ 1 0 7 , 1 0 8 ] .  To our knowledge, these wcre me - 5 

first reports of a p&udo-threef old exchange invol~ing an 
f 
- .  M~(CO), moiety attaclied to an M,(co);~ aerivative. 

sw '* 
I 4' 

U In this chapter, results .of 'the variable temperature :H, 

, <  - * s .  

P 
.. OS~[P(OCH:, lxkO) t 2 - x  . ( x =  1 - 6 ;  are reported. Two different - 

" *  . - .  
*fluxional are piopoied. when *invoked individually or' 

9 , . 
in combinatian, these can completely explain the observed 

9 

0 temperatdre dependent NMR data. The factors wfiich appear to 
7 

. .i 
./ 

affect the activation. energies of these two processes are 
- II 

" 4disc.ussed. The 'overall results are also compared to those from 9 

\ . a *  . 
b 1 * * 

I , .  , 9 
9' 

. , similar, ster'eocherpically nonri.gid system's. *- 



- \ 

- 
/ 

- 
- * - - 

6.2 Structure - and Stereochemical Nonrigigity 
--> 

- - 
J ' 

The interpretation of the variable temperature NMR data for 
1 .  

each-member of the series O S ~ [ P ( O C H ~ ) ~ ] ~ ( C O ) , ~ - ~  (x= 1-61 was 

aided by information d e r w - f  ram the--results for the other . - 

members. The analysis of "the temperature dependent 13C and 

3 1 ~ { ' ~ )  k 4 F t  data for O S ~ [ P ( O C H ~ ) ~ I ~ ( C O ) ,  was reasonably 
< 

.straightforward and led to,some firm conclusions regarding the 
% 

site exchange mechanism involved. Consequently, this complex 

will be discussed Sirst, followed by the other members of the 
+-% 

series in.hn order which builas on the results obtained from the 
e 

." 

previous members. 

4 

* 
6. 2. 1 O S ~ [ P ( O C H ~ ) ~ ~ ~ ~ C ' D ~ ,  

" 

.The exclusive adopi ion of equatorial sites by phosphorus 
- 

donor ligands in sbbstituted derivatives of 0s3(CO).,, h3s been ' 

discus& in chapter 5. Based on this premise, the only possible 

structure for OS,(,P(OCH,)~],(CO),, in the slow exchange limit, 

is 6b. - 
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Figure 6.6 Low and high temperature 13C[1H) NMR spectra of 
OS,,~P(OCH,)~]~(CO), in toluene-d, measured at 100.6 and 25.2 m 

.KHz respectively. 



behaviour was found to be part of a useful empirical . 

relationship for the series O S ~ [ P ~ O C H ~ ) , ] ~ ( C ~ ) , ~  ( x =  1-61 and 

will be discussed later in this chapter. 

The 3 1 P { 1 ~ 1  NMR spectrum of OS~[P(OCH,)~],(CO), in . I 

toluene-d, at -57 OC. (-see figure 6:7) is also completely in I:',, 

accord with the proposed static solution structure 6b. Five - 
signals of equal intensity are observed, four of which are 

-doublets. The chemical shifts and coupling constants (in 

brackets, HZ) are: b -34.5 (6.4). -36.2 (6.1), -37.9 (7.6). 

-38.2, and -43.0 (7.3) ppm. These values are taken from the 

'P[ 'HI NMR data measbred at an operat ing frequency of 40.5 MHz 

(as opposed to 162.0 MHz- for figure 6.7). ~he'couplin~s are 

cons.iderably better resolved at the lower frequency. The 

broadening at the higher operating frequency is attributed to 

chemical shift anisotropy [ 1 6 0 ] .  The,couplings are not identical 

but are divided into two pairs of eq a1 magnitude, within 7 
I 

experimental error. This result,is, olf course, very useful in . s 

. I 

making the spectral assignments. I 
J 

There are two reasonable as's.ignments for the slow exchange 

limit 'PI 'HI NMR spectrum of OS~[P(OCH~)~];(CO),, based on 

different assumptions concerning the observed couplings.,, 
. I  - . 

,' * 

Interp-reting the spectral splittdngs as due to two bond cis 

coupling of magnetically inequivalent phosphorus nuclei on the 

same osmium atom, the singlet (at 6.-38.2) might be assigned to1 

the ligand attached to Osa of 6b-4i.e. P .  This assignment. - . . 
P 

I 

however, is inconsistent with spectral chaqges as the o . . . 
, . 

+ .  



I I I 
-35, -40 ppm -45 . 

Figure 6.7 The variable temperature 3 1 ~ f 1 ~ ]  NMR spectra of '. 
OS,[P~OCH,),J,(CO), in toluene-d, measured at 162.0 MHz. 



temperature is increased: theis resonance broaqens, ~ccllapses, 

andaultimatelg coalesces with another signal (vide in•’:-a). 

0 
This behaviour was not due to an intermolecular phosphite 

exchange. The resonance due to added free P(OCH3), did not 

broaden d&ing the collapse of the 05, [P(ocH,), I, (co), 'Pi 'H) 

NMR spectrum. Intermolecular P(OCH3), exchange is thus 

eliminated as a possible &use for the collapse of the singlet. 

The only process, then, that could cause magnetic 

equivalency between P I  and any other phosphorus nucleus of 

OS~*[P(OCH, ),I5 (CO) , would have to involve phosphi te exchange 
between two osmium atoms. It is difficult to imagine this type 

of exchange occurring by a mechanism other than one involving a 

bridging phosphite intermediate. To our knowledge only two 

reports suggesting such an intermediate have appeared in the 

literature [161,162], both involving aryl phosphines as opposed 
-. 

to P(OCH,), . In neither report was any expe:imental evidence 

proposed to support the contention. It is possible that the 

phenyl substituent on the phosphine could be involved in the 

exchange of the phosphorus ligand between two metal atoms. We 

are of the view that phosphite ligands are incapable of bridging 

two metals and are supported by other researchers in the field '\ . 
[107,108,111]. It is noted that a definitive answer to the 

question of bridging phosphite intermediates in 0s3(CO) ,, . 

derivatives might be available, based on an experiment simil>ar 

to that performed by A .  A .  Koridze et a1 on 1B70s3(13C~),2 

t 145,1631. In summary, then, an assignment of the 3 1 ~ {  'HI NMR 



resonances $f OS~[P(OCH~)~I,(CO)I based on cis-'Jpp couplings is 

inconsistent with any reasonable exchange process. 

The alternate assignment of the five "P signals due to 

0s3 [P(OCH3) 1; IC0l7 interprets the spectral ings as three 

bond coup1 ings betweeen magnetically inequivalent phosphorus 

nuclei tr.ans to one another (i.e. on dif.ferent 0s atoms). The 

empirical observation that spin-spin coupling constants between 
I 

3 1 P  and other spin 1/2 nuclei are often considerably larger for 

a trans orientation, relative to cis, has been noted and 

utilized by many researchers [1641. The \a ,  resent case appears to 

be a dramatic example of such behaviour, where cis-'Jpp is 
4 

considerably smaller (i.e. unobservable) than  trans-'^^^. 
Similar results have been found'for o~~[P(oc$)~I,(co)~ (vide 

~ased on this premise, the previously discussed paiwwise 

coupling constants; and the changes in the 3 1 ~ { 1 ~ )  NMR' spectrum 

with temperature, the resonances of OS;[P(OCH~?~I,(CO)', may be I 
, 

readily assigned and a fluxional process proposed. The variable 

temperature 3'P{1H) NMR spectra of the pentasubstituted 

triosmium coMplex are shown in figure 6.7. As a toluene-d, 

solution of this complex-was heated from -57 O C ,  four signals 

(three doublets and a singlet) broadened, collapsed, and 
b 

coalesced-to two singlets above 80 OC. The remaining double* 
- $,< - 

sufferred only the loss of its coupling during this process. The 

resultant three singlets were of relative intensity 2:2:1, 
b respectively. These chanj- were completely reversible and, 



C7 
-- 

. -  clearly, exchange between ,'P nuclei was indicated. It is 
Q 

stressed that the resonance due to added free P(OCH,), did not 

broaden during the collapse of the OS,[P(OCH,)~],(CO)~ spectrum, 

ruling out an intermolecular P(OCH,), exchange process. The fact 

that the' two coalescing signals were of equal intensity krgue<' 

for two pairs of- resonances each"collapsing ts a singlet.' 
i 

The observationj that the low field resonance" (6 -34.5) lost 

only its coupling dbring this process leads $0 the assignment of 

' *  k PI (see - 6b). In light* of the previous disquss~on oncerning 
i I 

bridging phosphites, no reasonable exchan e mechanism can render 9 
P, equivalent to any other phosphorus nuciei sf 

OS,[P(OCH~)~],(CO(~. The size of ~ r o n s - ~ l !  for this low field qp 
resonance, in concert with the previous discussion concerning 

! 

I 
these coupling constants, allows the assignment of the signal at 

6 -36.2 as P,. The ligand labelled P3 in- CI b may be ascribed to* 
t 

the lone singlet in- the low temperature 3 1 1 ~ ( 1 ~ ]  NMR spectrum ( 6  
I , 

-38.2.); it is the only P(OCH,), ligand in ~s~!P(OCH,)~],(CO), 
I - 

with no phosphorus atbm in a t r a n s  three bbnd position. The two 

remsi-ning resonances are attribu-to P2 gnd P,. The available 

spectral evidence does,not7 allow differentiation,' but this is 
I 

not essential to the following discussi-on regarding the site 

exchange proc:?ss. In fact, the succeeding calculations allow 

individual assignments of this pair.. a . 
. . 

I 

An examination 'of digure 6.7 indicates the conside,Pable . 
. temperature dependence of the .~~!?'=~hemi&-l shifts for . 

' -  
i 

* - c _ , -  'I,$$ ;,i2'. , . . . . .  ..' 0 .  . . .  , . 
-.--a- ".. P .  2 - - ,. -,+ - ' 

0s,[P(OCX3 j 3  lL, (CO) ,. This .is . '  . a  .a geheral-.-f-tur'e -. of the. variable . ' 
I - ;.- ~. 



temperature 31PE1Hl NMR data in this thesis and has been 

observed by others [6]. It was necessary to plot txe-vayiation 

'in 3 1 ~  chemical shift versus temperature, for each resonance, at 

or near the slow exchange limit where the individual signals 

were observable. These plots were then extrapolated into the 

temperature region of interest. A typical plot is shown in 

appendix 1. Ncte the nonlinearity of the plot and the consequent : 

potential for large error when extrapolating to high 

'temperatures. None the less, calculations basedoon this type a+ 

data were very useful. Calculating weighted average chemical 
d 

shifts for all possible pairwise permutations of Px (x= 2-51, it 

was found that the calculated and experimehtal data (fast 

exchange limit) were in e~celienta~ieement only for the 

exchanges: P,<-,P,, P3<->Pa. The simplest process which would 

result in the observed variable temperature 3 1 ~ { 1 H )  NMR 

behaviour of Os3[>P(OCH3),],(CO), is a shift of P, between 

equatorial positions of Osa, as indicated in figure 6.8. 
3 

The l3CI 'HI NMR da.ta for 0s3 [P(OCH3-) 1, ( ICO) , (see 
experimental sect ion, chapter 2, for details of 3C0 enrichment 1 

over the te-mperature range -80 O C  to 75 OC is completely 

consonant with the site exchange shown in figure 6.8. Over this 

temperature span,. the two triplets broadened and coalesced to a 

broad singlet (figure 6.6). The spectrum measured 9 2 O C  . 

* .  
clearly shows.this tesonance to be a single triplet (JpC= 10.9 

' .  

Hz). At the same t-ime, the singlet and dcublet collapsed,' . 

coalescing into a s.ingle signal. That the resbltant signals 
e 

. 



Figure 6.8 Proposed mechanism for site exchange in 
os,~P(OCH,),l,(Co),. 2 

-- - a appear at the +qui'red weighted average position maye be 

qualitatively observed in figure- 6.6. It may- be dscertained that 
. - .  

w' 

the proceis in f igclre 6.8. would cause averaging- of the signals . .  
, , 

due to the axial carbonyl ligands on ssmium'atoms b and c. In 
0 . " 

addition, axial-equatorial carbonyl site exchange woul2 occur on 
d v 

.> Furthermore, these two exchanges were qua1 i tat ively *shown, OSa . 
to occur at the same rate, taking in'to account chemical shift 

3, ' differences. This suggests that a single arrangement was 
. , 

responsible. The onset of signal broadening to the resonances of 

both the 13C11H3 and 31P{'H3 NMR spectra of QS,[P(OCH~),]',(CO), 

was observed to occur at qualitatively the same temperature 

(4-35 c this is further evidence that the same prbcess was 

responsible for changes to the two sBts of spectra. 

The line shape for the portion of the 1 , 3 ~ f 1 ~ I  NMR spectrum 
, . 

of 'OS, [P(OCH, 1 I (co), due to thelaxial and equatorial co 



ligands af Osa was calculated (based on the mechanism in figure - 
-: 4 

- - 

6.8). This acelculated line shape was matched to an experimental 
a s  

\ 

jpectrurn in the intermehate rxchange region (-20 C .  The 
. 

agreement between the simulat~d and cbserved data was good. The 

. . rate constant for this simulated spectrum ( k =  4022 sec-l) was 

-used to calculate a value for the free energy of activation at ' . 
the temperature '0-f th.e expe;imental ipectrum (253k2 K : AG*- 

12.9+O;+ kcall m ~ l -  ''. The details of this calculation a.re 

~ltho"~h the 'H NMR spectrum of Os, [P(OCH,), 1, (CO), was not 

measwred over;,$ full temperature .range, the slow and fast 

exchange limiting spectra were iq accord with the proposed 

,static solution str,ucture and fluxional m&chanism. A t  -57 "C, 

the spectrum (measured- in toluene-dB at 400.1.3 MHz) exhibited 

'*five doublets (gPH=. i 1 . 5  to fk5'W. This type of behaviour was 

observed for other members oc O ~ , [ P ~ O C H ~ ) ~ ] ~ ( C O ) , ~ - ~  :x= 1-6) 
'r 

. > 
' t  

(vide infra)~~no virtual coupling effects were apparent and each 
X 

P(OCH$, li-gand acted like an isolated AX, spin system. The 

chemical shift of the protons appeared to be related to the 

magnetic environment of the local "P nucleus. A magnetically 
- - 

uniqge phosphorus (i .e. a resolved lP NMR resonance) led to a 

resdlved doublet in the 'H NMR specf rum. The 'H NMR spectrym of 

OS,[P~~CH,),J~$~O), (400.13  toluene-d,), measured at 25 "C, -- 
featured three'boublets (IpH= 11.5-12.5 HZ) in a relative 

/ intensity ratio of 2:2:1. The averaging of two pairs of "P NMR 
r, 

'resonances by the process shown in figure 6.8 would lead to this 



CkL ' 
BY 

observed simplification o f  the proton spectrum. 

I A 4 

A discussion regarding the uniqueness of the site exchange ' 

pictured in figure 6.8 is,considgred necessary. We have labelled I 

+h . - -r 
. <+ . 

this a "trigonal twist" mechani&n, and-present it as the3 
1 

simplest rearrangement capable 06 accounting for the observed 

-spectral changes in 0s3[P(OCR3)3]Z(C0)7. Note the difference 
i-f$ i 

z - between the3specific trigonal twist, in figure 6.8 .and a 
'I ei 

rotation. For the former, the P(OCH,), ligand never occupies an- 

axial position but simply moves from one equatorial site to" the 

other. A11 of the nuclear-qaghetic resonance data presented for 

OS~[P(OCH,),]~~CO), may also be.. rationalized on the basis sf a . 

trigonal or -tetragonal rotation of the O~[P(OCH,) ] (CO) 3,unit. 
B - 

8 '  

These two processes (for M(CO), moieties) are shown in figures -g 

6.4 and 6.5. Both these require the phosphitdigand to assume 

an axial position in some of the rotational conformations.,We do 

not favour this situation; simple models have shown that a 
A 

' I - ?  

trimethyl phosphite ligand in an axial position of an M3(COII2 /*#; 

\ 

derivative would suffer severe steric interactions with the .. - 
axial carbonyl groups & t h e  same side of the triosmium plane. 

Other workers have found similar results [125] and reached the 

same conclusion 1165,1661. It wokld appear reasonable that the 

activation energy required for the formation of an 
k. 

axial-phosphitc intermediate or transition state would-be 

prohibitively high. 
- 

4 

In summary, then, the nuclear magnetic resonance data is 

completely consonant with - 6b as the solution structure of 
.. i 



:> ,"* ;> '-3 
OS~[P(OCH~?*~ 1 ,  (,CO), in the slow exchange limit. The changes to 

- .* 

the 'H, 14"C, !'and 'P( 'HI NMR spectra with temperature may be 
- / 

fully explained' by the operation of a single, localized exchange - 
I' 

f -+ 

process. 9he~yimplest, and favoured, mechanism is the tr igonal' 

,,twist showrn&i figure 6.8. Although the available evidence 
i- 

cannot &equivocally rule but a trigoel or tetragonal rotation, 

these are considered unlikely alternatives. 

4 In .light of the previous discussion concerning site 

preference for phosphorus ligands in M,(@o'),~ derivatives ( M =  

Fe, RU, Os), the only feasible geometry for O S ~ [ P ( O C H ~ ) ~ ] ~ ( C O  

is &. This is, of course;consistent with the solid state 

structure. 

The nuclear magnetic resonance data obtained in toluene or 

toluene-d8/toluene ( 1 : 5 )  was in complete accord with this 
-3 

structure. The 'P . { 'H}  NMR spectrum qf the hexa(phosphite) 



- 

complex in the latter solvent at -89 OC showed a single . 
resonance: the pseudo-Djh symmetry of makes tLis the expected 

result. The signal di8not broaden- as the temperature was 
t 

increased to 25-OC. A resonance. due to added P(OCH,), remained 
B 

sharp over this temperature range'; this argued against a rapid, - d 
intermolecular phosphite exchange in solution. The 'H NMR 

spectrum of Os3[P(OC~,),I6(CO), in toluene-de at 25 OC revealed - 
,a doublet (6 3.61, JpH= 10.9 Hz). Again, this is the expected 

result based on the high symmetry of the complex. A tlr,iplet (6 
- 

- 

203.4 ppm, ipC= 12 Hz) was &served in t h ~ - + ~ C {  '.HI TIAK-specfrr 

of OS,[P(OCH~)~]~(CO)~ in CD*,Cl, at -57 OC. This result is 

consistent with the' 1 3 ' ~ ( 1 ~ )  NMR findings for 0 5 ,  [P(OCH>) , ,15(C0)7 
-- 

and the chemical equiv$<i;ency - * of the three 0s[P(OCH3) ,I2 (cO), 
42 
< = 

units in the hexa(phosphite) species. Ln contrast to the results 

just discussed, the- 'H and 3 1 ~ { . 1 ~ ]  -spectra of 
.&&,L-- - 

05, [P(OCH, )c;~;n& in CD,G2 and CD€&dizplayed anornaous 
a 

behp6iour; these, wili be discussed later in this section. 

The detection of stereochemical nonrigidity in * a 

Os, [P(OCH,), 1, (CO), would be considerably more diff iiult than 

for the pentasubstituted congener. From arguments based on the 

ina.bility of a phosphite ligand to bridge two metals and,the 

instability of an axial-phosphite intermediate, dynamic 

behaviour analogous to that observed for 0s,[P(OCH,)3]5(CO)7 in 

solution is not considered a likely possibility for 

OS~[P(OCH,),],(CO),. However, one could envisage a mechanism 

based on pairwise exchangeofcis phosphite ligands on the same 



osmium atom, via--a high energy transition state involving 

-- tetragonal rotation of one or all of ~~~~OS[P(OCH,),],(CO), 
- 

units. Indeed, such- a process involving.the two corresponding 
+-- 

moieties of OS~[P(OCH~)~I~(CO), was considered a possibility 

early in the investigation of the temperature dependent 3 1 ~ { 1 ~ ]  
\ 

NMR befiaviour of this complex. - 

- ... 

Accepting To- the moment that such a pairwise exchdnge of 
- 

cis phosphite ligands in OS~[P(OCH~),I~(CO)~ might occur, the 

- - nature of the problem becomes apparent. Such a process would be 

- - invisible by 31P{'H) NMR spectroscopy: the chemical shifts of 

each member of an exchanging pair would be identical due to the 

high symmetry of 0s3[P(OC~,)3]6(C~)~,. In an attempt to'ascertain 

whether such a process might occur, the complex 

O S ~ [ P ( O C H ~ ) ~ ] ~ { P ( O C ~ H ~ ) ~ ) ( C O ) ~  was prepared. The presumed 

-- 

---- 
--- ~ k ~ ~ c - t u r e  of this derivative (six equatorial phosphite ligands) 

has the required asymmetry to allow observation of any fluxional 

behaviour, of the type previously proposed, by 3'~{'Hf NMR 

techniques. No such behaviour was observed. Although a 

definitive assignment of the resonances was precluded: by a 

degeneracy, the presence of six inequivalent 3 ' ~  nuclei was 

indicated by the- 3 1 ~ { 1 ~ )  NMR spectrum of - 
OS~[P(OCH~) 3 I ~ {P(oc~H~) 3 3  (CO) 6 (toluene-d8) at 25 "C .  All 

resolved resonances appear as doublets. Althougk spectral 

changes due to temperature dependencies of the chemical shifts 

were apparent, there was no indication of broadened signals due 

to chemical exchange up to 80 'C. This result clearly argues 



- - % 
against the occurrence of any localized rotation of an 

Os[P(OCH,),],(CO), rnoiety,'at least at accessible temperatures. 
i 

  he nuclear magnetic resonance behaviour of 

OS~[P(OCH~)~]~(CO)~ in CD2C12 .- and CDC1, was considerably 

different than that observed in toluene. The 'H NMR spectrum of 

this complex in CD2C12 at -50 &C revealed a doublet (6 3.53, 

~ P H P  11.2 HZ); as .the;temperature was increased, this signal 

undkrwent collapse to a broad singlet (6 3.60) at 25$~.4imilar 

behaviour was observed in the 31P{1H) NMR spectrum of 

OS~[P(OCH~)~]~(CO)~: the relatively sharp singlet (Av -5 Hz) at 

-50 OC was broadened sixfold at 25 OC. Recall that this was 
c- 
tqtally'inconsistent with the corresponding temperature 

i R - 

dependent results for the complex in toluene. 

A number of NMR experiments were performed in an effort to 

identify the process causing these temperature dependent 

changes. A hypothesis based on the occurrence of'phosphite 

dissociation in solution was nat in accord with the experimental 

evidence. Such a process should be 'inhibsed by the addition of 

free P(ocH,),; the " P ~ ~ H I  NMR signal for OS~[P(OCH,),]~(CO)~ 

was found to broaden as the amount of added ligand was increased - 

at 25 OC. In addi,tion, there was no line broadening of the free 

ligand singlet which suggested that it was not taking part in 

the process in question. Similar behaviour was observed when* 

this experiment was performed in CDCl,. In an0the.r experiment, a 

solution of OS,[P(OCH,),]~(CO)~ and P(OC2H5)3 ( -1:5)  in 

CD2C&/CH2C12 ( 1 : 4 )  was allowed to sit at 25 OC for 24 h. A 





, ' 

in the former solvent: The effect of added P(oCH,), may,also be 
0 

explained in terms of solvation; -- it was generally observed that' 
Y .  ? 

the phosphitq derivatives of ruthenium an@,osmium presented in _ 
4 - % *% 

this thesis were considerably more soluble in a'solvent when 

free P(OCJ%), was added. The temperature dependent broadening o'f 
* 

the 'H and 3"P{1H) NMR signals for O~,[P(OCH,)~]~(CO)~ in CD2C12 
? - 

is in accord with the proposed bimolecular process: $he 

activation barrier for Me transfer ,inhibits fast ion pair 

formation at low temperatures.. Tne lack of P(OC2H,), 

incorporation into OS~[P(OCH~),]~(CO)~ in CD2C12 is-also - = 

consonant with the ion pair equilibrium. 

The na:ure of an experiment designed to directly support the 
F 

proposed process is not obvious. The scrambling of a CH, (or 

CD,) gcoup would provide some corroboration but this behavioui 

is not a requirement of the,ion pair equilibrium. There'is, 

.. however, one piece of experimental evidence consistent with the 

. proposed process. The rate of the forward reaction for the - 
equilibrium in question should be directly.proportiona1 to the " 

,..concentration of OS,[P(OCH,),]~(CO)~ to the second power. The 

observed NMR line broadening for the resonance due to 

OS~[P(OCH~)~I~(CO)~ should thus increase as the concentration of 

this complex is increased. Th.3 experimental evidence i,s  in, - -- 

accord with this requiredent: t>e widths at half height for the 

{'HI NMR signals of two samples of OS,[P(OCH,)~]~(CO)~ in 
k. 

CD2C12/CH2C12 ( 1 : 4 )  were 28 Hz and 17.5 Hz for 
C 

- 

OS~[P(,OCH,),],(CO), concentrations of -10 mg/mL and -1 mg/mL, 



- -- respectively. However, unt+l further supporting eviaence is 

available the ion pair mechanism must remain a tentative 

,, proposal,. 

In summary, the evidence strongly suggests that neither .,- 

O S ~ [ P ( O C H ~ ) ~ ] ~ ( C ~ ) ~  (which has structure - 6 c )  nor 

o ~ ~ [ P ( o c H ~ ) , ] ~ { P ( o c ~ H ~ ) ~ ] ( c o ) ~  undergo inter- or intramolecular - 
, phosphite exchange in solution;' An ion pair mechanism is 

tentatively proposed to rationalize the 'H and "P{'H] NMR 
/ 

behaviour of OS~[P(OCH,)~I~(CO)~ in C D , ~ ~ .  - 

Based on previous arguments, the equatorially suhstituted 
5. 

structure - 6d is assigned to OS~[P(OCH,)~](CO), , .  In addition, 
the axially substituted alternative is not in accord with the , 

limiting low temperature 13~{'H] NMR spectrum (vide infra). The, 

3 ' ~ f 1 ~ )  NMR spectrum of the monosubstituted triosmiym com@ex 
-, 

exhibits a single signal. This is clearly the result expected 

from structure - 6d, irrespective of'whefher the phosphite ligand 

undergoes chemical exchange in s,olution or not. 

At -53 O C ,  the '3C{'H] NMR spectrum of 0s3[P(OCH3),]( 13CO), , 
(see experimental section, chapter 2, for details of 13C0 

.g. 
enrichment) displays eight carbonyl resonances ( b  189.8 

.- 
(doub-let, ipC= 12.3 Hz), 185.1, 184.2, 176.0, 174.5, 172.9. 

171.8, and 170.8) with -intensity ratio of 2 : 2 : 2 ;  1 : I :  1 :  I:+, 

respectively. This spec/trurn is shbwn in figure 6.-9. The spectrum 



6d - 
%%; 

may be gartially assigned on the basis of relative intensities, 
c 

coupling, and chemical shifts. The occurrence of resonances due 

to equatorial cgrbonyl groups at higher fields than their axial 
-U 

analogues, in concert with the sbove intensity data, allows 

assignment of the five high field resonances (D,E,F,G,H) to the' 

equatorial carbonyl ligands. The doublet is readily designated 
7 

'as arising from the two axial carbonyl groups ( A )  of the unique 4 

OS(CO),P(OCH,), unit, while the remaining singlets (B,C) are due 
. . 
to pairs of axial carbonyl ligands on the Os(CO), moieties. This 

low temperature 13C data is qualitatively very similar to that 

observed for Os(CO)[PEt3ll1 [ 1 1 1 ] .  The detailed assignment of 

the figure 6.9 is based on the observed exchange 

processes (vide infra). 

There are three reasonably.wel1 defined stages of 

fluxionality which occur for OS~[P(OCH~)~](CO)~~. The first of 
/- 

these maay be observed in the three lowest temperature spectra of - 
figure 6.9. Two axial qnd two equato~ial &gAals start to 

broaden at -24 O C  and are almost collapsed at 5 OC, while the 

remainder of the spe;trum is ju!$$ beginning to broaden. This 
CI 



Figure 6.9 The variable temperature 13c{'~J NMR* spectra of 
,, OS,[P(OCH~)~]('~CO),, in toluene-d, (-100.6 1 3 ~ ~ ) .  



h 

L .. 
, - 

- behaviour is very similar to, that presented for 0sBfPE(t3] ( C O f , ,  * 

-" - 
* 

[tit], and the mechanisnf-proposed to account for the spectr,al 
9s 3 - 

changes in this PEt3 derivative appears the only physically - 
- reasonable one in the present case. This process involves an , 

@ intermediate with two brtidging carbonyls, and affects'the cyclic 
*_ 

- permutation of six carbonyl groups which lie approximately in a 
$ .  
: 9 

vertical plane. A general representation of this rearrangement, 
a- +. m 

'6 hereafter called the "axial-equatorial merry-go-roundw 
5 .  

& mechanism, is ~~ictured in figure 6.10. In addition to. the 

--h approximately planar arrangement of the affected carbonyl 

ligands, note the -- non-participation of the two ligands t r a n s  to 

the metal-rnethl bonds not- included in the plane. ~hese lAigands 

have been shown to occupy virtually identical positions in both 

the bridged and unbridged structures, as inferred from the x;-ray / 
-5 I 

Figure 6.10 The axial-equatorial merry-go-round mechanism 
for carbonyl site exchange in a general M3[PR3](CO),, complex. 



- - 

- structures of F~,(co),, [ l 4 3 . 1 6 2 1  and Fe,[PPk,,ftCOf,, [TWf P; pp2- 

 hoth her important feature of 'the mechanism shown in f i gure  6. !0 
-. In A a*? , ..,? 

, 
is ther r&triction iniposed &y a phosphorus donor ligaod. The 

% '  z 

inability of such a ligand $0 occupy a bridging posjtion 
%. 

effectively limits the extent of the cyclic* prrnutdtion in any. 

vertical pdane containing that ligand. Although it is possible: 

-> -- . for a P(OCH,), group to adopt an axial position in a high energy 

intermediate or trinsikion state, this ligand would be unable to 
- 

move to another metal centre in the-succeedigg step of the 
-x i 

- exchange process. 
b - I 

The specific case of this exchange applied to' 
- ,& 

05, [P(OCH,), I (CO) , , is shown in figure 6.11. The two allowed 
" i 

planes for the' axial-equatorial merry-go-round mecfianism are 
a 

,* 

lat)klled%' - And. - bvJ:while the forbidden permustat ional plane 
" - 3 $ s P  

contains the phosphite ligand. The observation that the low 
* 

field doublet i s  iau'oJved in the site exchange (figure 6.9) 
, .- 

- 7  

uniquely defines the 2i.jrclic permutation in plane 2 as the lojest 
L. > .  

energy procress. This result allows assignment of resonances 

' A , B , C  and the pairwise designation of >/H. I t  is of interest 

that the plane analogous to i%+s,[PEt,](CO),, was also the 
b % A 

'r 

one involved in the lowest energy site exchange for that complex 

' The effects of the second stage of fluxionality occurring in . 
OS~[P(OCH~)~](CO),, may be examined in the l.'C NMR spectra at 5 

and 20 "C (figure 6.9). In the former, the last Lnbroadened 

axial resonance (C) and two of the three remaining equatorial 



Figure 6.11 The axial-equa i i i k  aerxy-go-round exchange as 
as applied to OS,[P(OCH~), (sea a l s o  f i g .  6 . 3 ) .  

* 

- 

start to broaden. A t  20 "C; these'thrte signals 

the remaining "C carbonyl 

resonance is just beginning of chemical exchange; 
1 .  

These spectral changes are the  onset of an 
- 

\ 

ax iai-equator i a l  &rrg-go-round process i n  plane - b of i igure 

6 . 1 1 .  Resonance 3, due to the axia1,cerbonyl groups common to 
/ 

t h e  :uo allowed planes, is. involved in both the cyclic 
rn 

permutations. As the rate of txchange is inversely proportional 

tc t h e  f i f e t i ~ e  of a nucleus.in a speccfic site, resonance B is 

exwcted to show increased broadening relative to t h e  other 

affected signals. Detailed observation of this phenomenon is 





* 
The calculated spectrum and the observed 13C data (T= 20 OC) are 

- shown in figure 7 . 1  of appendix 2. It may be observed that these 
- - 

are in good'agreement. From the value of the rate constant for 
F- 

the simulated line. shape of the lowest e h g y  axial-equatorial * - 
exchange (k= 23025 sec-'1 a value of AG . was calculated at the 

temperature oi the observed spectrum (T= 293k2 OK): AG*= 

1114.0t0.4 kcal mol-l. The analogous value for the higher energy 

process (i.e. in plane b of figure 6.1.1) was calculated in -the 

samer manner: for k= 5022 sec- ' at T= 29322 OK, AG'= 14.9i0.4 

kcal mol-l. The details of these calculations may be found in 
- - 

appendix 2. 

An indirect result-of the previous findings is worthy of 

note here. This examination of the stereochemical noriiigidity of 

OS,[P(OCH,),](CO)~, was but a part of a larger s.tudy concerned 

with the nature of any chemical exchange occurring for the 

complegte series OS~[P(OCH~)~]~(CO),~-~ (x= 1-6). Our initial 

findings regarding OS~[P(OCH,),]~(CO), suggested that the 

trigonal twist mechanism (figure 6.8) might be quite general for. 
, 

phosphite derivatives of Os,(CO),,. It is stressed that the 

changes in the ''C{'H) NMR spectra of OS,[P(OCH,),](CO),, due to 

the two lowest energy site exchanges are not in accord with a 

trigonal twist mechanism involving an Os[P(OCH,), 1 ((201, moiety. < 
Neither are they consistent with a trigonal or tetragonal 

\ 

rotation, involving one or both of the Os(CO), of the 

molecule. 



The onset of the final stage of fluxionality is observed in , 

the 'c( 'HI NMR spectrum of OS,[P(OCH,) ~(CO), at 20 OC ( f  iguie 

6.9). Resonance G starts to broaden and is completely collapsed 

in the spectrum at 83 "C. Several processes appear capable of 

causing this behaviour. A trigonal/tetragonal rotation (see 
f 

- figure 6.4) of the OS(CO), moiety bearing the carbonyl in 
1 

questiofi would result in direct line broad6ning due to site '- 

exchange of axial and equatorial groups. A trigonal twist of the 

OS[P(OCH~),](CO), unit would also bring about chemical exchange 

of carbonyl G I  in an indirect manner: when the P(OCH,), ligand 
.. . , . 

4 

moves to its alternate equatorial position as a result of the 

trigonal twist, this carbonyl ligand is consequently free to 

participate in an axial-equatorial merry-go-round process in the 

previously forbidden plane (see figure 6 . 1 1 ) .  The available 

evidence is insufficient to favour one of these mechanisms over 

the other. 

The results concerning the stereochemical nonrigidity of 

O~,[P(OCH,),](CO)~~ may be summarized as follows. The nuclear 

magnetic resonance data, in the slow exchange limit, is 

completely consonant with 6d as the static soiution structure. - 
Three distinct fluxional processes occur, based on changes in 

the variable temperature 13C{'~) NMR spectra. The changes due to 
. -~ 

the two processes happening at lowest energy are consistent with 

an approximately planar, cyclic permutation of four axial and 

two equatorial carbonyl ligands in each of the two vertical 
~ - 

planes not containing the trimethyl'phosphite group. These two . 
- 



site exchanges occur with different rates and thus possess 

different AGS values. These were calculated. The third (and 
- -  

highest energy) fluxional process appears to involve a localized 

(i.e. non-bridging) rearrangement of ligands, although the 

spectroscopic evidence does not allow a unique choice from among 

the possibilities. 

1 .  

The low temperature NMR data for OS~[P(OCH~),],(CO)~ read.ily 
9 -7 . - 

allows the assignment of the static solution structure. The 

3 ' ~ { 1 ~ ]  NMR spectrum of this trisubstituted complex 

(toluene/toluene-d, , 2: 1 at -91 OC exhibits a single resonince. 

The only structural possibility in accord with this result (and 

involving only equatdpkl coordination of the P(OCH3), ligands) 

is that shown as - 6e .  In fact, the only other possible isomer 

with only equatorial phosphites (and one PIOCH,), group per 

metal atom) is 6 e ' .  - 
8 

The 13C NMR spectrum of O S ~ [ P ( O C H ~ ) ~ ~ J ~ ( C O ) ~  

ftoluene/toluene-dB, 4 : 1 )  in the slow exchange limit (-65 OC) 

corroborates the structural assignment in e. A doublet (IpC= 

10.3 Hz) and a singlet are observed at 6 193.3 and 179.9 ppm 

with relative intensities 2:1, respectively. The first resonance 

may be assigned to the axial carbonyl ligands, equivalent by 

- - symmetry and each coupled to an equatorial 3'P nucleus, while 

the second is due to the equatorial carbonyl groups. 



6e -- - 6e ' 

@=P(OCH3), O=CO 

The 'H NMR Spectrum of OS~[P(OCH~),]~(CO), (acetone-d,, 25 

"C) exhibits a doublet (,JPH= 12.2 Hz). 

The structural assignment of O~,[P(OCH,),],(CO), may be 

compared to studies of similar complexes. The x-ray structure of 
/ 

RU~[P(CH,?~]~(CO), revealed a pseudoo~Djh symmetry analogous to 

that shown in 6e [ I  10'1.  h he low temperature "C NMR spectrum of - 
Os,[PEt3I3(~O!, iR-t~luene featured 2  resonances, of relative 

intensities 2:1, with the more intense (lower field) signal 

appearing as a doublet [tll]. These two experimental findings 

clearly add weight to the assignment of OS,[P(OCH,)~],(CO), to 

structure 6e.  - -  .. - 

The fluxional nacure oi OS~[P(OCH,),]~(CO?~, in solution is 

evinced by the variable temperature 13C NMR data. The two 

signals begin to increase' in width at approximately -20 Y and 

a t  -2 'C are severely broadened. The spectrum at 60 'C reveals 

complete collapse of the signals into the baseline. Site 

rdT 



- 
exchange between axial and-equatorial ligands is clearly 

indicated. - 

The nature of the dynamic process responsible for these 

temperature dependent changes t o  the '03c NMR spectra of . 
0s3[P(OCH3)3]3(CO)g may be partially elucidated by an 

examination of the geometrical constraints imposed by structure 

- - 6e. The axial-equatorial merry-go-round mechanism proposed for 

OS~[P(OCH,),](CO), , (see figure 6.11) is forbidden for 66; each 
of the three potential planes contains a P(OCH,), ligand. This 

result argues strongly against this cyclic permutation as the 

cause of the observed axial-equatorial carbonyl site exchange, 

at leas; initially. 

The trigonal twist mechanism, however, is capable of 

rationalizing the observed spectral behaviour of 

O~~[P(OCH,),],(CO)~. Such a process, occurring about each of the 

three equivalent 0s(C0),P(OCH3), units, would lead to 

axial-equatorial exchange of all the carbonyl ligands (see 

figure 6.8). The permutational details deserve some 'discussion. 

I f  the trigonal exchanges about the txree 0s atoms are 

synchronous fi.e. coupled and occur simultaneously~ the overall 

dynamic process would involve the interconversion shown in 

figure 6 . 1 2 A .  If the trigonal twist exchanges are asynchronous 

and occur sequentially, a fluxional process such as that 

depicted in figure 6.123 would result. It is noted that, 

although these isomers in ( B )  are permutationally distinct, they 

ere all. equivalent to - 6 t 1 .  The implications of the slow exchange 



ik, etc APS.$ * ,  

Figure 6.12 Various possibilities for a trigonal twist exchange ' 

process in O~,[P(OCH,),],(CO),. 



limiting 3C and ~P('H] NMR spectra of OS~[P(OCH,)~],(CO), 
i 

argue against the asynchronous trigonal twist mechanism as the 

major contributor to the observed spectral changes: only 

resonances due to isomer -- - 6e are exhibited in the low temperature 

lSC and 'PI 'H) NMR spectra at -65 and -91 'C, respectively. 

This fa~t~demonstrates that the equilibrium concentration of - 6 e '  

'can be, at most, 1% of the symmetric isomer - 6e at these 

temperatures. This result implies that + is lower in free 
energy with respect to E. Consequently, the activation barrier . * 

for a syn,chronous trigonal twist process (figure 6.12A) should 

- be lower than that associated with a e->Ge'  - conversion, a 
necessary first step in activattng the asynchronous trigonal 

twist mechanism ;figure 6.12B). 

Although this argument implicates the process in figure 

6.12A as the major contributor to the 13C C spectral changes 
1' 

with 'temperature, one cannot rule out the asynchronous mechanism 

as a minbr pa-~ticipant. Indeed, there are some small c h a n g e s 3 ~  

the variable tempera.ture 3'P{'~1 NMR spectra of 

OS~[P(~CH,)~],(CO), which are consistent with this view, The 

'PI 'HI NMR spectrum of 0s3[P(OC~,) ,I3 (CO) (toluene/toluene-dB, 

2:l) exhibits only a single resonance from -91 to +31 *c, 
although the chemical shift moves upfield 1.3 ppm over this 

temperature range,, The resonance due to added P(OCH3), remains ' - 
sharp during this process. The only evidence for any chemical i 
exchange appears .in the spectrum'at 1 OC. The. line width at 

half-height for the signal due to 0s3[~(0C~,),~,(CO),"at this 



temperature was approximately 1.8 times as large as the 

ana~logous values measured at -21 and +22 OC. The resonance due " a 

to internal ~ ( O C H ~ ) ,  did not show a similar broadening at + 1  OC. 
\ 

 his is exactly the behaviobr one might expect as a consequence 

oiF two simultaneous exchange .processes occurring. The dominant 

process, a synchronous trigonal twist, would cause no ,'P NMR 

line broadening. The minor process, an asynchronous trigonal 

twist representing a highly population biased (i.e. <1:100) 
, 

exchange between isomers containing magnet i.cally inequivalent . 

3 1 ~  nuclei, would produce a small amount of line broadening 

overlayed on the major signal. 

' The line shape •’0-r'the 13C NMR spectrum 02 

OS~[P(OCH,),],(CO)~ was calculated based on a synchronous 
b 

trigonal twist process (figure 6 . 1 2 A ) .  This calculated line 

shape was matched to an experimental spectrum in the 

intermediate exchange region (-2 OC). The agreement between the 

simulated and observed data was good. The rate constant for the 

simulated spectrm (k= 4052 sec-'1 was used to calculate a value 

of the free energyof activation at the t;Gperature of the 

exper~imental 'spectrum (T= 27122 O K )  : AG*= 13.820.4 kcal mol- ' . 

In summary, the temperature dependent changes im the 13C NMR 

spectrum of OS~~[P(OCH,),],(CO)~ lead to the following 

conclusions. In the slow exchange limit, the solution structure 

of this complex is - 6e.  A localized (i.e. non-bridging) site .. 
exchcnge, causing scrambling of axial and equatorial carbonyl 

ligands, is shown to occur. The experimental evidence suggests 



that the major process responsible for this scrambling is a 
I 

- ---- 
i 

synchronous trigonal twist of the three OS[P(OCH,),](CO)~ 
Y 

moieties of OS~[P(OCH,~~]~(CO)~ (figure 6 . 1 2 A ) .  There is also 
d c-' some evidence for a minor contribut gn to the observed chemi-cal 

exchange that could be due to a mechanism involving~successive 

trigonal twists about the individual OS[P(OCH~)~](CO~, units 

(figure 6.12B). 

The variable temperature 13C and 3 1 P { 1 ~ )  NMR data for 

0s3[P(OCH3), ],(CO) is considerably more complex than that 

associated with the previously discussed members o•’ the series - 
\ 

i.e. OS~[P(OCH~),]~(CO)~~-~ (x= 1,3,5,6). Signal degeneracies, 

strong temperature dependencies of the chemical shifts ( 3 1 ~  in 

particular), and the existence of two isomers at low 
B . temperatures all contribute to this complexity. Consequently, 

the assignment of signals and elucidation of the dynamic 

processes involved required additional experimental information.' 

This was provided in the form of 31P{ 'HI, and 'to a lesser 

extent, 13C NMR data measured at different operating 

frequencies. For example, a set of variable temperature 31P{1H) 
# 

NMR spectra of OS~[P(OCH~I~I,(CO)~ were obtained at both 40.5 

and 162.0 MHz. While the basic temperature dependent variations 

,were identical at both field strengths (a% expected), each set 

of data provided some unique information which was combined to 

allow a clear explanation of the nonrigid behaviour of 

OS,[P(OCH~)~],(CO),. References to the operating frequency will - 



be noted where appropriate. 
A" 

- 
TWO 'P{ NMR spectra of the tetrasubstituted triosmium 

-- 

complex {toluene-d8), in the slow exchange limit, are shown in 

figure 6.13. The top spectrum (A) was measured at 4'0.5 MHz while 
i- . 

I B )  was obtained at 162.0 MHz. There are several important 

features of these spectra to note. Firstly, the couplings 

observed for the 'three resonances in spectrum A are not resolved 

at the higherdfield. This behaviour was o6served for 

OS~[P(OCH~)~],(CO); as well, and is again attributed to chemical 

shift anisotropy 11601. Aithough the signals are broader in the 

spectrum measured at 162.0 MHz, the higher field has also caused 

them to span a wider frequency rarigc; the'individual esonances - 1 
are better resolved with respect to one another. In fact, by 

carefully analyzing the integrals fm several low temperature 

spectra (all in the slow exchange limit) msqiiuud at 162.0 Ik, 
< - -  

I accurate relative intensities were calculated for all six 

signals., These relative iqtensities are marked on figure 6 . 1 3 ~  
-i 

while figure 6 . 1 3 A  features a numbering system for the 
.? 

resonances. 

Clearly, the presence of six resonances indicates the 

existence of more than one isomer of OS,[P(OCH,),],(CO), in 

solution in the slow exchange limit. Within tHe restriction of 

equatorial substi€& ton, the four possible i2omers are 

represented by structures 6f to G. Isomer 6 i  is considered an - - - 
P 

unlikely possibility. The remaining three isomers would 

collectively exhibit eight resonances (barring degeneracies), 



Figure 6.13 Two low temperature 3 1 ~ { 1 ~ ]  NMR spectra of 
OS~[P(OCH,),-J.(CO), ( A )  in toluene/toluene-d, (1:4) at 
40.5 MHz '(B) in toluene-dl t 162.0 MHz. The top spectrum 
features a numbering schem while the bottom spectrum gives 
relative intensities. 

S 



-. 
. implying* that only two' are piesent. One of these musat be 9 

(with f ~ u r  magneticaJly inequivalent ,'P nuclei). The second' 

isomer present is though$ to be 6 f ,  which.exhibits fewer steric 
- - 

interactions between phosphite groups (relative to 6 h ) .  Some " % - 
indirect I3C NMR evidence ,supporting this choice will be 

- 

4'- 
presented later. * 

Assuming, then, that - 6f and 6g are the two isomers of 

OS,[P(OCH, f 1, ~co), present ;in solution in the slow exchangg . . . 
+%< u',* - 

w 

limit, coupling constant data and relative intensities re3dily . ' 
& - .* 

allow a consistent assignment. From careful observation of the 

coupling constants (data at 40.5 MHZ) i t  is found t'hat within 

experimental error, she splittings of resonances 1 and 4 are the, 

same and different from that of resonance 6 (figure 6.13). I f  i t  -- 
is assumed that these couplings are due to trans-'Ipp (as for 

/ 

OS~[P(OCH~)~]~!CO)~), then along with the intensity data,"the . 
- 

'A , . 
assignmeqts shown in figure 6.14 can be made. The assignment of 

resonance 5 was made OIL- the* assumption that it is an unrescllved 
% <  

dou5let. This is a reasonable assumption when its physical 

appearance -(considerably broader than other singlets in th'e slow 
- - 

is9 . - 



2' 

m exchange l i m i t  spectra) and t h e  uniqueness of t h e  position i n  

quest ion a r e  examined; i t is t h e  on1 y phusphi-te-subat i rut& sits 

in rhc  t w o  isomers which i s i n v o l v c d  in a r ~ a n r - ~ l ~ ~  aszrclf as 

a er 5 - ' l p p  coup1 ing to magnetically inequivalent nuc le i . '  The low - 
temperature ' 'PI 'Hf M data alone does not sflov a unique 

assignment of the remaining resonances and, therefore, they ~ ; e  
P 

pairwise designated. 

The f u l l  set bf variable temperature 'VPf 'H) NMR spectra f o r  - 
o~,[P(ocH,),I.(cu), (in t o l u e n e - d , ,  a t  1 6 2 . 0  KHz) a r e  shown in 

f igurc 6 . 1 5 .  All. the ,signals begin to broaden, at qualitatively 

the same r a t e ,  around -57 . .eC .  The s i x  resonances c o l l a p s e  anq 
, 

s ~ b s t g t k n t l y  coalesce t o  two signals at 61 "C. ~lthough it is 
- - 

hot u b v l ~ u s  from t h e  h i g h  temperature data .in figure 6.15, when 

rhc ''P('H] NMR spectrust of o~,[P~OCH,),],(CO), i n  t o l u e n e - d ,  

ras measured w i t h  a long (-5 sec) delay time between scans, t h e  

t 6 s i q n a i s  were of equal intensity, A g a i n ,  the resonance due to 
C'. 

rig&. 6.14 S c b u t i c  reprasentation showing partial 
issignmeat of the  phoophire l i g m d s  i n  the  two isomers 
of ~ l ~ j ~ f ~ , ) , l , ~ C ~ b , .  

AS I 



Figure 6 . t . 5  The variable temperature 3 1 ~ { 1 ~ )  NHR spectra of - 

0s3fP(OCi3,),],fCO), in toluene-d, measured at 162.0 W z .  



I 

added P(OCH3<), remained sharp over the full temperature range, 

ruling out an intermolecular phosphite exchange. 

The simplest process which can account for these spectral 
/ 

changes, and the one we favour, is a simultap.eous set of ,' - - / 
tri~onal twists of the four OS(CO)~P(~CH,), units in the G o  

/ , 
isomers - 6f and a. Although there is no requirement thap' the 

, 

individual polytopal rearrangements occur at the same,';ate, the 
- 

// 

concurrent onset of line broadening for the six kesonances in 
/ 

the slow exchange region argues that the rates are, within 
/ 
/ 

experimental detection, equal. i i 
i 
/ 

/ 
Although this basic site exchange mechanism can rat ionilize 

/ 

the spectral behaviour at low temperatures, an explanation of 

the fast exchange limit 3'P{1H) NMR spectrum requires a more 

detailed analysis. Again the question of whether the proposed 

trigonal twist processes, isomer, are synchronous or . 
P asynchronous observed 31P{1H) NMR results 

in the fast that the former cannot be 

the case, at least -- at higher /emperatures. Synchronous trigonal - 
twist processes (within each isomer) would result in the two 

equilibria shown schematically on page 303. Two averaged c 3 ' ~ 1 ' ~ 3  
. . '  

NMR resonances for each &f the two isomers would be predicted. 

The experimental observation of only two equally intense signals 
#' 

in the fast exchange region is consistent.with an asynchronous. 

trigonal twist mechanism involving all four OS(CO),P(OCH,)~ 



nal evidence in u port of this dynamic process was 
C 95 

\ 
obtained by averaged chemical shifts. Again, it was 

necessary to p epare plots of 6 versus temperature for each 4 
'?, 

- 31P{1H] NMR resciflance (using data from at or near the slow 
1 

exchange limit ) trapolate into the fast exchange region. 

Utilizing these g the equilibrium constant 

between - 6f and over the required 

temperature range, the chemical shifts based on 
' .  

the proposed exchange pro nd the various assignment 

possibilities in figure"6.14 were calculated, Comparing these 

results to the experimental values at -6, 0, and +6 "C  (dlta 

measured at 40.5 MHz), there is agreement within experimental 

error for two different permutational sets. These differ only in 



the pdirwise assignment within isomer and are shown on page 

305. This result lends considerable support to the proposed 

dynamic mechanism. 

The variable temperature l3C NMR data for 

OS,[P(OCH,),],(CO), is completely consonant with isomers - 6f and 

9 and the previously proposed exchange mechanism, In addition, 

the effects of a lower energy process, not detectable by "PC 'HI 
- - 

NMR spectroscopy, are observed. 

, 
\ 

Several 13C NMR spectra of OS~[P(OCH~)~],(CO~), in 1 ' 4 

toluene-dB, over the temperature range -83 to -65 OC, are shown 

in figure 6.~16 (see experimental section, chapter 2, for details 

of I3c0 enrichment). Consider the spectrum at -83 OC. The two 

l o w  field signals appear as unresolved triplets; the analogous 

spectrum measured at 25.18 MHz clearly shows these resonances to 

be resolved triplets, with JpC= 11.0, 11.6 Hz (low and high 

field, respectively). The most intense srgnal in the -83 OC 

spectrum at'100.6 MHz is broad *ith asymmetric satellites while 

the resonance at higher field appears as a doublet (IpC= 6.4 

Hz). The intensities of the seven observable resonances, from 

is* to high field, are 4:3:10:4:2:3:2. / 

The 13C NK3 chemical shifts of the carbonyl ligands (at or 

near the slow exchange limit) in O S , [ P ~ ~ C H ~ ) ~ ] ~ ( C O ) , ~ - ~  ( x =  

1,3,5,6) are shown in table 6.1, grouped according to position 
-- 

(axial/equatorial) and degree of phosphite substitution on the . 

attached osmium atom. Note the well-defined regions in which the 



signals due to the various types of axial carbonyl groups occur. 

The potential utility of this phenomenon'was tduched on igrlier 
? 

and the combined data for the four comple-xcs in table. 6.1 

reinforces the point. 

Using the integration ratios, the chemical shift data in 

table 6.1, and assuming one degeneracy (the most intense 

signal), the I3CO resonances for 6f and 6s may be readily - 
5 

assigned as illustrated in figure 6.17 (see also figure 6.16). 

While only'pairwise designations for F/H and D/E are possible, 

:his is not intrinsic to the following arguments regarding the 

site exchange mechanism., 





Figure 6.16 Several low temperature 13C NHR spectra of 
OS~[P(OCH,)~],('~CO)~ in toluene-dB measured at 100.6 MHz. 
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The effects of the lowest energy dynamic process occurring 

for O S ~ [ P ( O C H ~ ) ~ ] ~ ( C O ) ~  may be observed in the low temperature 

"C NMR spectra in figure 6.16. Resonance G starts to broadgn7rat, 

-75 OC while the degenerate signal loses its satellites and is 

reduced in height relative to the unbroadened signals; this 
% 

, a  

lattgr observaticn is more apparent on the full size spectrum. 

At -65 OC, resonance G has become .quite broad while the 
i 

degenerate sianal has lost considerable intensity and appears 

quite wide neak the baseline. 

An axial-equatorial merry-go-round process, occurring in the 

indicated plane of isomer - 6f (see figure 6 . 1 7 ) ~  is the only 
4 

reasonable mechanism which is capable of explaining these 

spectral changes. Over the temperature range where the effects J 

of this process first become apparent in the I3C NMR spectra . 

( - 8 3  to -75 OC), the resonances in the 31P{1H) NMR spectra (. 
remain unbroadened. This result is,--of course, expected; the 

axial-equatorial merry-go-round site exchange does not involve a 

phosphite ligand and leaves the magnetic environment of the "P 

nuclei unaltered before and after the exchange. It is noted that 

this is the only allowed plane for this.cyclic permutation in 

either of the two isomers. In fact, the occurrence of such an 

exchange - at a temperature where the 31P(1H) NMR signals are - 
---% 

unchanged is indirect evidence supporting the choice of isomer. 
L 

6f rather than 9 (vide supra), since the latter has no allow& - 
planes with respect to the axial-equatorial merry-go-round ,. 

process. 



- 
Figure 6.17 Schematic representat ion &shd*in assignment of the P . *- 
carbonyl ligands for the two isomers of Os, P(OCH,),],(CO)~~,. 

- r 

The line shape 'for the two 13C0 resonances involved in the 
, @ 

axial-equatorial merry-go-round was calculated. A consideration - 
? ., 

of figures 6.16 and 6.17 shows that the Iow field resonance,(due 

to the axial carbonyl groups C) is obscu_r_ed by a signal 

degeneracy. The portion of rhe calculated line shape due to the 

equnto~ial carbonyls ( G )  was matched to an experimental spectrum 

in the intermediate exchange region (-65 OC); zit higher 

temperatures, collapse of the balance 02 the I3C signals due to 

a higher energy process (vide infra) made accurate comparisons 

impractical. The portion of the calculated line shape due to 

resonance G ( k =  6024 sec-'1 and the matching experimental 
, - 

spectrum (at T= 20822 OK) were in good agreement. A free energy 

of activation was calculated based on this rate and temperature 

data: AGS= 10.3f0.4 kcal m i - '  at 208 OK. 

The effects of a higher energy exchange may be observed in 

the 13c NMR spectra of o~,[P(o~H~)~],(co), over the whole 

temperature range. These are shown in figure 6.18. The spectrum 
-- 

at -65 OC shows all the remain* resonances start to broaden at 



Figure 6.18 The variable teaperature I3C NHR spectra of 
OS~[P(OCH~)~],(CO), in toluene-dB measur@dmat 100.6 MHz. 



. - ,  

qualitatively the same rate. As the temperature is increased. 

the two low field triplets coalesce into a single triplet (IpC= 

11.2 HZ) while the remaining signals t2tally collapse and. 
~~, - ~ . .. 

reappear as a singlet at 80 OC. The r.elative intensities of the 

resulting two resonances are 1:3. respectively. These spectral 
- - 

changes are completely consonant with the operation of a 

simultaneous, asynchronous set o trigonal twist processes (as 

- 
d 

previously proposed to explain the 3 1 ~ { 1 ~ )  NMR results) -- 
/- q d  ' 

with the lower energy axial-equatorial exchange. An examination 
- 

of figures 6.15 and 6;46 shows that l3C line broadening due to 
,- 

the higher energy exchange process occurs at qualitatively the 

same temperature as does signal broadeningain the ' 3 1 ~ i 1 ~ ]  NMR 
0 

spectrum (-60 "C). This result suggests that the same process 
* 

is responsible for the respective changes to both sets pf 

spectra. 

An examination of - 6f and 6g shows that this set of processes 

would cause averaging of the two 13C0 triplets to a single 
i 

triplet and separate averaging of the remaining 13C0 resonances 

to a single signal. The line shape for the portion of the 13C 

NMR spectrum containing the two triplets was calculated based o n .  
*-. 

the proposed synchronous trigonal twist mechanism. This 

calculated line shape was matched to an experimgntal spectrum in 

b the, intermediate exchange region (-45 C). The acfreement between 
.d 

the simulated and observed data was good. The rate constant for 

this simulated spectrum ( k =  300+5 sec-l) was used to compute a 

free energy of activation~value at the temperature of the 



experimental spectrum (T= 228f 2 K : AG'= 10.6f 0.4 kcal mol- . 
Added evidence for the proposed meckanism comes from the 

averaged values of the I3C chemical shifts ,or the carbonyl \ 
groups in OS,[P(OCH~)~],(CO)~. Plots of 6 versus temperature 

were prepared, and in contrast to the phosphorus case, d6l T 

was found to be approximately constant at or near the slow 

exchange limit. This was then used to obtain 13C chemical shifts 

. in the fgst exchange region. once again, the approximation that 

the equilibrium constant between 6f and 9 remained constant - 
over 'the temperature range of intwest was made. Operating under 

these assumptions the weighted average 13C chemical shifts at 80 
.+ 

"C (as required by the proposed mechanism) were calculated. 

These values, 198.02 and 189.15 ppm, are in excellent agreement 

with the experimental values, 198.36 and 189.14 ppm, especially 

in light of the assumptions used for the calculated quantities. 

The 'H NMR spectra are also in accord with the propoxded 

trigonal twist process. At -78 OC, the lH NMR spectrum of 

OS~[P(OCH~)~],(CO)~ in toluene-d, snows at least 4 sets of 

doublets (1- 11-12 Hz) centred at 6 3.42 ppm. These results do 

not correspond to the slow exchange limit and the broad signals [* 

overlap. The analogous spectrum measured at 25 OC consists of 

two doublets 11.8. 12.2 HZ) of identical intensity, 

indicative of two magnetically unique' (2nd thus 'HI sites: 

the details of this argument are given in the disc'ussion fbr 



- - The results, for OS~[P(OCH~)~I,(CO), may be. summarized as 
k' 

1 

follows. - ~hecnuclear magnetic resonance data,  in the slow 
X 

exchange limit, are consistent with the existence Qf two isomers - 
a 

in solution (i.e. 6f and 9). The temperature dependent 'H, "C, 
- - - 

0- 

and 3 1 ~ ( 1 ~ )  NMR spectra may be fully explained by two'distinct 

'dynamic processes. The effects of the one with the lowest energy 
1 .  

are consonant with an axial-equatorial merry-go-round site 
i 

exchange, occurring in the,---only allowed plane of the two isomers 

(i .e. 'in - 6f). ' m e  second nonrigid process in 
, ,- . ;U 

OS~[P(OCH~)~]~'(CO)~, the evidence strongly~ supports the 

contention athat there is set of simultaneous and asynchronous ~ 

trigonal twist site exchanges operating. This overall process 

involves all four Os[P(OCH,),](CO), units of isomers - 6f and,%. 

_A- 

4 
, 

The solution structures of 0s3[P(0 3)3]2(C0)10, in the slow 

exchange limit, are readily deduced from the lor teEperature 
d 

'Pi 'HI NMR data. The spectrum of the disubstituted triosmium 
- 

d 5 

complex measured at -59 "C in tolue~ne/toluene-d, (40.5 MHz) 

features three resonances. Two are doublets with identical , 

coupling constants (Ipp= 1.9'Hz) while the other is a singlet. 

c- Clearly, more than' one isomer is presefit in solution at this 

temperature. The four possible equatorially substituted isomers . 
- 

I 

are sc-hematically represented in the following figure. 
'f- 

Isomer - 6m may be eliminated on the basis of- its inability 
, . 

(barring bridging phosphite intermediates) to undergo 



interconversion .with any of t h e  o ther  three  isomers ( v i d e  

i n f r a l .  The t h r e e  "P{ 'HI NHR signals d i c t a t e  tha t  isomer 6k - 
~gt)st be presesrt f tup w g n e t i c a ? l y  i'nequivef'tnt I P  n u c h i )  and 

b s t d  on srerid arguments, the second isomer present  i s  chosen 
b as 9. Af:hough an accidental degeneracy of the  "P NMR - 

resonances in 6 j  and 61 could mask the - rice of all three  . - 
isomers, this possibility is precluded by . the  "C HMR data ifi 

t h e  slow exchange limit ' ( v i d e  i n i r a )  . 
' -- .  

The o n l y  reasonable e x p l a n a t i o n  for t h e  small s p l i t t i n g s  

shown by c h e  iwo resonances of 6k i s  tha t  they are  due t o  a 'Ipp - - 
cougling. This c r s  three bond c o u p l i n g ~ b e t w e e n  magne t i ca l l y  

, < 

anequivalent ' ' P  n u c l e i  was not observed f o r  

O s , i P i K ~ , l , ! ~ ! C 5 ) ~ ~ - ~  ( x -  4 , s ) .  The s i n g l e  l i n e ?  i n  the  " P I ~ H J  

HER s p e c t r a  of these cornpiexes  [in the slow exchange l i m i t ) ,  

however,  are  considerably broader (-8 Hz1 than a corresponding 

i n  R :he ouS- spectrum of O~~{P~OCH,),],(C~),,, ( - 3  HZ). 

'./ ? h i s  c o u l d  be ue small c l  5-'Jpp c o u p l i n g s ,  broadening the  
I 

resonances i n  J ? I ~  former. S i g n a l s  due to free P(OCH,), have line 

widths of : . 5 - 2  Hz in b o t h  s e w  of spectra. 



The temperature dependence of the 31P{'1H) NMR spectra for 

OS~[P(O~H~),]~(CO),, in toluene/toluene-d, is relatimy 

uncomplicated. At approximately -20 "C, the three resonances 

begin to broaden at qualitatively the same rate and are close to . 
coalescence at 30 OC. The spectrum at- 79*?C features a single 4 

signal. The resonance due to added P(OCH3), remains sharp over 

, this temperature range.'The simplest process which can 

rationalize these spectral chan es is identical to that proposed B 
. . for OS~[P(O~H,),],(CO),: a simultaneous and asynchronous set of 

trigonal twists by the four OS[P(OCH~),](CO), moieties'in the 

two isomers 6 i  and - 6k. The observation of only a single 3 1 ~ { 1 ~ ]  
- + 

NMR resonance for 0s3[~(OCH3), 1, (CO), , in the fas,&,&cchange 
"d" , limit precludes the possibility of single polytop k 

x ', 

rearrangements and synchronous trigonal twist rnotion6•’or either 

pf the two isomers. This proposed dynamic process is strpngly 
ksupported by the results of calculations bn weighted average 

chemical shifts in the fast exchange region. Again, plots of 

631P versus temperature were prepared for the three resonances 

of OS~[P(OCH~)~ ],(CO) ,, from data at or near the slow exchange 

limit. These curves were only slightly non-linear and allowed 

reasonably accurate extrapolations of chemical shifts into the, 

regions of interest. The invariance of the equilibrium constant 
\ 

between isomers 6-i and - 6k over the required temperature range 

was assumed, and values of the weighted average chemical shift 

at both 63 and '79 C~ were calculated (based on the proposed 

mechanism). These and the corresponding experimental results are 

in excellent agreement (see table 6.2). - 



Temp. ( O C )  

Table 6.2 Calculatqd and experimental values for the 3 1 ~ { 1 ~ )  'm 
chemical shifts of O S ~ [ P ( O C H ~ ) ~ ] ~ ( C O ) ~ ~  in the fast exchange - 
region. - - 

The line shape for the 3b spextrum of 

o~,[P(ocH,)~],(CO),~ was 4alculated based on the mechanism just 
--A< 

*.proposed. This calculated l.ine shape was matched to an 

ekperimentbl spectrum in the intermediate exchange region ( 1 7  

' "c). ~ h e s e  two spectra are shown in figure 7 . 2  of appendix 2 ;  it 

, may be observed that the argeement between the calculated and 
"8, 

observed spectra is excellent. The rate constant for the 

simulated spectrum ( k =  3121 sec-'1 was used to calculate a free 

energy of activation value at the temperature of the 

experimental spectrum (T= ' 2 9 0 k 2  K : AG'= 15 .020 .4  kcal mol- . 
The variable. temperature ' 3C NMR ,data for 

OS,[P(OCH~)~],(CO),~; while more complex than the analogaus 

3 1 ~ { 1 ~ ]  NMR results, is completely consistent with the proposed 

mechanism. In addition, the 13C spectra-reveel the existence of 
. 

lower energy-namic processes. Several 13C NMR spectra of 

OS~[P(OCH~)~],(CO),~ in toluene-d,, over the temperature range 

-66 to -24 Oc;are shown in figire 6 . 2 0 .  Consider the spectrum 
4 

at -66 O C .  The two resonances at lowest fie$d appear as 

doublets, with 



x' 

J -= 
PC 10.8, 11.7 Hz for the low and high jiela signals,' 

respectively. The relative intensities of the 10  observable 

resonances, from low to high field, are 

32:55:11:32:16:11:16:16:11:16.  PQ 1 
/ 

Utilizing table 6.1 '(with the data for o~,!P(ocH~),].(CO), 
4 

added) and the intensity data, the assignmfntsf the "C NMR 

signals to the various c*bo.nyl ligands of isomers 3 and 6k is - 
straightforward. The results are presented in figures 6.19 and 

,i 
6.20. These assignments assume one degeneracLy; the more intense 

doublet is comprised of two overlapping doublets (one due to 

each isomer), completely consonant with the intensity data. The 
I 

individual designation of the A/B pair and the pairwise 

specification of the-'H/I and F/K pairs are based on the proposed 
I 

exchange process (vide infra). The validity of the sudceeding 
Y 

argument does not require more specific assignments within the 
i 

pairwise designations in isomers 3 and 6k. - 

6k - 
8. - 

Figure 6.19 Schematic representation showing assignment + 

of the carbonyl ligarids for the two isomers of, f. 

OS~[P(OCH;)~I~(CO)~~. 



F'? HI1 I IH -'6 60c 

Figure 6.20 Several low temperature 13C HMR spectra of 
OS~[P(OCH~),],('~CO),, in toluene-dB (100.6 KHz). 
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The effects of the first stage of fluxionality in 

OS~[P(OCH~)~I~(CO),, may be obsetved in the 13C NMR spectra of 

figure 6.20. Over this temperature range, four equatorial and 

three axial resonances start to broaden and collapse. ~n 

addition, the more intense doublet clearly loses intensity with 

respect to the two remaining equatorial signals,'resulting in an 

approximate relative signal ratio of 2 : 1 : 1 ,  respectively, at -24 

OC. In light of the previously discussed degkneracy, the 13c NMK 

spectra clearly show the broadening of four axial (A,c,D,E) aqd 

four equatorial resonances (F,G,J,K). 

This behaviour is readily interpreted in terms of the onset 

of axial-equatorial merry-go-round processes, occurring in each 

of the three ailowed planes in isomers 6j and 6k (see figure - 
6.19). Such a mechanism would leave the ,P(OCH,), ligands in 

unaltered positions, The resonances in the 3 1 ~ { ' ~ 3  NMR spectra 

of OS~[P(OCH~)~I,(CO),, remain unbroadeneh" over this temperature 

range; in fact, there is no apparent broadening of the 3 1 ~ { 1 ~ }  

NMR spectrum up to -20 "C. The dil ference between this 

temperature and that at which signal broadening becomes apparent 

in figure 6.20 !--60 'C) effectively rules out the previously 

discussed set of trigonal twists as the sole source of the 13C 

spectral changes shown in 5'igure 6.20. 

It should be noted that there are several reasonable site - - 
--- 

exchange processes within the two isomers. In addition to the . / 

one just mentioned, some exaEples are as follows: a purely 

equatorial merry-go-round (6k - only, see figure 6-31, a 



synchronous or asynchronous mutual trigonal twist of 

OS[P(OCH,),](CO), moieties, an individual trigonal twist of any 

cne such group, trigonal or tetragonal rotation 

portion of 6j or - 6 k I  and compatib e combinations of the above. A f 
careful analysis of all physica1,ly reasonable possibilities 

shows th,at only the-axial-equatorial merry-go-round process, 

occurring'in the three allowed planes, is completely consonant 

with the 13C NMR signal intensities, the variable temperature . 

3 1 ~ { 1 ~ )  NMR data, and the information in table'6.1. 

The apparent simultaneous onset of the three individual 

cyclic permutations requires some discussion. Such an occurrence 

is not required, and indeed a careful examination of the full 

scale 13C NMR sg5ectra indicates that this is not precisely the 

case. 

The existence of vertical plane of symmetry in 3 implies 

that the activation energies for the two planar exchanges within 
4 

this isomer would be equal. Examining the expanded W 

spectra over the temperature range in figure 6.20, resonances J 

and G appear to broaden at the same rate (as required) while 

resonance C is obscured by the degeneracy. The signal due to the 

axial carbmyl groups of the Os(CO), unit in 3 (i.e. Dl, 

however, is observed to broaden considerably more rapidly than 

resonances 3 and G. This is, of course, just the behaviour 

anticipated. The site which gives rise to resonance D is common 
/ 

to both the allowed planes in 6-i and the rate of exchange for 

this position would be the W E E  tk-rates appropriate to the 
- 

320 



-- 
two processes. 

The plane in which the axial-equatorial merry-go-round 

process occurs for isomer 6k is distinct from either allowed ~ - 
plaiie in 3, and there is no requirement that site exchange 

, within the former happen with tfie same rate as within the latter 

pair. A careful examination of detailed 13C NMR spectra measured 

between -66 and -24 O C  shows a clear difference between the 

broadening line widths of resonances F , K  and J , G ;  at -24 O C ,  the . 

line widths of J and G are approximately J . 5  times larger than 

those ,of F and K .  
I . -i. 

A consideration of figures 6.19 and 6.20 shows that all of 

the 13C0 resonances of the single allowed plane in isomer 6k are - 
A r l y  resolved. The line shape of the 13c spectrum due to 

these resonances (based on an axial-equatorial merry-go-round 

,process) was calculated. The calculated line shape was matched 

to the observed spectrum at -13 O C ;  these two ~pectra are shown 

, in figure 7.3 in appendix 2. The simulated and experimental 

spectra are in excellent agreement when the effect of the other 

13c0 resonances in the latter data are taken into account. The 

rate constant of the calculated line shape ( k =  120+4 sec-'1 was 

$ u'sed to calculate a value of AG at the temperature .of the 

observed spectrum (T= 26022 O K :  AG$= 12.720.4 kcal mol- ' .  

The symmetry of isomer 6-J (see figur~e 6.19) dictates that 

the axial-equatorial exchanges in both allowed planes occur at 
- 

the same rate.'The two planar permutations are coupled (via' the 



ca&ony1s rise to resonance D) which leads to a ten site 

exchange problem. A line shape =to this exchange was 

calculated and matched to the observed I3C spectrum at -13 OC. 

The matching process was less accurate than for isomer 6k;  

resonance C is part of a signal degeneracy while resonance B is 

extremely broad and obscured by signal A (see figures 6.19 and 

6.20). The best fit of the calculated line shape to the observed 

spectrum was for k= 200215 sec''. This allowed calculation of 

the following free energy of activation value (T= 26022 OK): 

AG*= 12.420.5 kcal mol- ' . 

The two values of AG* for the axial-equatorial 

merry-go-round exchanges in isomers 6j and - 6k are equal within 

experimental error. 

The fac: that the Os,P, skeletons of isomers 3 and Q 
remain distinct during the planar cyclic permutations imp1 es \ 
that the weighted average chemical shifts for the two isomer 3 
need not be the same. The high temperature limiting spectrum dih, 

to the axial-equatorial merry-go-round processes' was not 

observed due to the onset of a higher energy exchange (vide 

infra). Before the effects of the latter became apparent, 

however, the former process resulted in a very broad signal at 6 

18521. Assuming the equilibrium constant betweeir'3 and - 6k to be 

unchanged from its value at -66 OC, and extrapolating from plots 

of 6 versus temperature fcr the various 13c resonances, values 

for the weighted average chemical shifts of the two isomers were 

calculated. The results, 184.120.2 ppm and 184.520.2 ppm for fi 



and - 6k respectively, agree reasonably well with the experimental 

observation of a very broad signal at 18551 ppm. 

/' 
The full variable T e r a t u r e  13C NMR spectra 

OS~&(OCH~)~]~('~CO),~ (see'experimental section, chapter 2, for 

details of 'CO enrichment) are presented in figure 6.21, where 

the spectral consequences of a second stage of' fluxionality may 

be observed. At approximately -20 "C (spectrum not shown) the 

three previously unchanged resonances begin to broaden; at -3 

"c, they are observed t6 have broadened considerably. These 

resonances collapse along with the nearly coalesced signal due 

to the first set of nonrigid processes as   he ternnerature is 

increased.These signals reappear as a single broad resonance at 

87 "C. This behaviour is consistent with the effects of the 

simultaneous and asynchronous trigonal twist processes within 6-J 

and - 6k, proposed earlier from 3 1 P { 1 ~ ]  NMR evidence, superimposed 
- 

upon the spectral changes due to the three axial-equatorial site 

exchanges. These two overlayed processes would result "in 
__ -- 

complete exchange of all carbonyl ligands and consequent 

observation of a single,'-averaged 13C NMR resonance. 

The temperature at which the remaining three 13C0 resonances 

of OS~[P(OCH~)~]~(CO)~, start to broaden (-20 "C) is 

qualitatively the same as that observed for the onset of signal 

broadening in the 31P{1H) NMR spectrum of this complex.-This 

result supports the contention that the same process is 

responsible for both the spectral changes just described. 



Figure 6.22 Variable temperature 13C NMR spectra of 
O S ~ [ P ( O C H ~ ) ~ ] ~ ( ' ~ C O ) , ,  in toluene-d, (100.6 MHz). 



utilizing methods and assumptions completely analogous to 

those previously discussed, the value of thfs weighted average - 
chemical shift at 87 OC was calculated too be 183.8+0,2 ppm. When 

compared to the experimentally determined chemical shift at this 

temperature, 184.3f0.3 ppm, the agreement is very close 

considering the assumptions used. This agceement represents 

further evidence in support of the proposed nonrigid processes. - 
4 

4 

The 'H NMR spectra of OS~[P(OCH~)~]~(CO)~~. measured in the 

slow and fast exchange regions, are completely consistent with 

ous results and proposals. At -47 OC, fhe spectrum in 

toluene-d, exhibits three doublets :IpH= 12.4. 12.4. 12.3 Hz). 

in accord with isomers 6-J and - 6k. The analogous spectrum 
\\ 

measured in the fast exchange regime (51 "c) features one. 

doublet ( J =  12.2 HZ), consonant with a single, averaged magnetic 
\ b- 

=9 * environment for the protons in OS~[P(OCH~)~]~(CO)~~. 
3 -. 

ia 

In summary, the variable temperature 'H, 'C and ' 'P( 'HI. %&R 
e -< 

data lead to the following conclusions regarding - 

OS~[P(OCH~)~]~(CO)~~. In the slow exchange limit, this complex 
- 

exists as'2 isomers (6-J and - 6k) in solution. The spectral 

changes with increasing temperature may be fully explained by 
L 

,two successive and distinct dynamic processes. The effects of 

the one with the lowest energy are consistent with a set of - 
axial-equatorial merry-go-round site exchanges, occurring in the 

- - 
three allowed planes of the two isomers. A-lthough the. evidence 

suggests that the two planar exchanges in -2 have a 

different activation energy than that associated with the 

'.. - 



exchange in - #  6k the data does not allow calculation of a 

mcaningf ul difference -The higher energy dynamic process causes 

spectral ch nges completely in accord with a set of simultaneous 1Q 
and asynchronous trigonal twist exchanges occurring in both 3 

and 6k. - 

6.3 Discussion 

$ In table 6.3 the-calculated AG values for the various 

nonrigid processes in the series OS~[P(OCH,)~]~(CO),~-~ (x= 1-61 
- -- 

. are t.abulated, along with the rate constants and temperatures 

used in the calculations. One feature of this" table is 

immediately apparent: the free energies of activation for the 
/ 

?axial-equatorial merry-go-round processes in i 

O S , [ P ( O C H ~ ) ~ ~ ~ ( C O ) , ~  ( x =  i,2,4) decrease as x increases. 

This observation is: closely linked to the conclusions drawn 

from the variable temperature 13C behaviour of 

O S ~ [ P E ~ ~ ~ ~ ( C O ) , ~ - ~  ( x =  1 . 2 )  in toluene [ ~ i  I. ~ 0 t h  these 
$ - 

complexes underwent selective site exchange of axial and 

equatorial carbonyl ligands 
1 & 

latively low temperatures. This 

was attributed to the axial- orial merry-go-round process 

proposed in# this thesis. The proposal that a phosphine had a 

labilizing influence on an osmium atom, causing adjacent 

carbonyls to take 22 bridging positions at low temperatures, was .. 
,? proffered. This hypothesis was based on the fact that 05,(CO) 1 2  

does not show~coalescence of the axial and equatorial ' 3C0 



Compound k (sec-') 'Temp. (OC) AG*- (kcal mol.') 

,.. ............... '................................................... 
tT 

Rl- TRIGONAL TWIST " 

Table 6.3 Calculated free energies of 'activation for the 
various nonrigid processes in O S ~ [ P ( O C H ~ ) , ] ~ ( C O ) ~ ~ - ~  ( x=  1-91. 
Included are the rate constants and temperatures used 

-I in the calculations. \ 

resonanchs u n t i l  70 OC [ l 4 l ] , .  a s  opposed t o +  and - 2 0  "C f o r  the  , 

l P  
*analogous processes  i n  O S , [ P E ~ ~ ] ~ ( C O ) , ~ - ~  ( x =  1 , 2 ) ,  

r e s p e c t i v e l y .  1 t  i s  f e i t  t h a t  t h e  da ta  pres6nted i n  t h i s  t h e s i s  

a l lows t h e  a n a l y s i s - o f  t h i s  phenomenon i n  cpns ide rab le  dep th .  

cons ide r  the  parent  .0s3 (CO) 2 .  I t  has  been pr0ve.n t h a t  , s i t e  

exchange between t h e  a x i a l  and e q u a t o r i a l  carbonyl  l igands  i s  
Y 

Q 

r > 



t iocalited and a l l  CO groups have access to the three osmium 

atoms ( 1 4 < ] .  In light of this evidence and the results for 

U S , I P ~ D C H , ) , ~ ~ ( C O ) , ~ - ~  ( x =  1 . 2 . 4 )  and OS,[PE~,I~(CO)~~-~ ( x =  

r,2; f r i t j ,  the only ~hysicall~y*rca~onable mechanism for 

axis!-equatorial carbonyl site exchange in OS~.(CO),~ is the 

merry-go-round process. 

The v a r i a b l e  temperature "C NNR evidence for 

o~~~P(ocH,),](co),, fbtlov 20 O C )  is completely consistent with 

with the operation of tuo individual merry-go-round processes. 

The one with the highest energy involves a plane lacking an 

attached, bur nonLcoplanar. PtUCH,), ligand r i n n s  to a 0s-0s 

band {see  figure 6.111. The cyclic permutation with the lowest 

free e n e r g y  of activation occurs in a plane which has a 

phosphite group in this position. Both fluxional processes have 

e lower M* than that associattd,with the analogous efchange in 
b 

9s,iCOl ,: (>I6 kcai mol-'1 f 1691. \ 

Consider t h e  case of OS,[P(OCH,), 1, (CO) ,,. ~arbon~ls in 

three separate planes of the two~isomers are capable of 

undergoin the cyclic permytation (see f igurc 6.'19): the two e 
planes within bj are equivalent by symmetry. Recall that the 

* caicuistion of a meaningfully different AG vaolue for this 
? .  I 

process (within the two planes of 6 j )  relative to that for the 

a singie ailoued plant  of isoraer,6k was not possible. .Each of . - 
these three planes has one P ( K r I , ) ,  ligand in a non-planar 

*msition t r a c s  to a meml-metal bond, plus another phosphite - I 

I 

group on the nen-planar 0s atom.. The axial-equatorial 
I 



merry-go-round site exchangesLwhich~occur within these planes' 

have lower free energies of activation than the two analogous 

processes i;n- OS,[P(. H~)~](co),,. Y 
- 

Finally, focus on OS,[P(OCH~)~J~(CO),. The %only allowed 

pland for the cyclic permutation has both the non-planar r r o n r  

positions occupied by P(OC.H,), ligands (see figure 6.17). In 

addition. - 6f has two phosphite ligands on the non-planar metal 

atom. This isomer has four P(OCH3), ligands in total and the. AG $ 

merry-go-round process is -2 kcal m 0 1 - ~  
a- - 

value for OS,[P(OCH,),],(CO),,, 

Collectively, these results suggest the existence of some 

6 relat onships bqtween the presence of P(OCH3), ligands and the i i  0 

free energies of activation for the cyclic carbonyl site 

exchanges in ~ s , [ P ( O C H , ~ , ] ~ ~ C O ) , ~  (x= 1 , 2 , 4 ) .  AS already 

observed, an increase in the number of phosphite ligands bonded 
-I- 

to the 0s3 framework causes a decrease in AG' for the nonrigid 

prbcess(es) within the allowed planes, In addition, the 

proximity of the P(OCH3I3 to the plane in question appears to 

have an effect., For example, the energy barrier for the process 

in plane A of 0s3[P(OCH3),](CO),, (with one directly attached 

phosphite ligand) is lower than that for the cyclic permutation 

irtplane B, with the lone, P(OCH,), groub bonded to the 

% nun-planar osmium at% (see figure 6 . 1 .  The unique a.llored 
. ' 

plane in OS,[P(OCH~)~],(CO), (figure 6 . 1 7 )  has P(OCR, j 3  ligands 
- 
z .  

in both the non-planar, r r a n s  positions (plus two on the 

5 extraneous 0s atom): the axiai-equatorial merry-go-round site 



exchange in this plane occurs with a considerably lower,AG $ 

for 05, [ P ( & H , ) ,  1, ~CO) l o  , which iacks the two. additional 
2 

phosphite groups. Unfortunately, the large uncertainties in 

free energies of activation (see table 6.3) preclude a more 
* 

detailed analysis of the relative influence that number and 
/ 

proximity* oJ P(OCH,), ligand's play in the axial-equatorial 

exchange process. 

The question arises as to why. the presence of phosphite 
\ - - - - - groups affects the barrier to nonrigidity; the effect might 

sterically or electronically trans ted. Some experimental 

than 

the 

be 

data 

regarding the question of steric e&cts is available. The x-ray 

crystal structures of 0s3(CO),,- [137] and 0s3[~(OCH3),](CO)11 
/ 

1 1 0 9 1  yield some pertinent. information regarding bond angles; 

the substitution of p(OCH3), for an equatorial carbonyl ligand 

causes~~sup_rising~mall changes in bond angles within the . 

equatorial plane and between axial carbonyl groups and the 

triosmium plane. Consider .the solid.state ;tr;cture of Fe, (CO) , , 
[143,167], shown schematically as - 6n. It represents the 

idealized structure of the intermediate in the axial-equatorial 

22 merry-go-round process (see figure 6.1 1 .  The forrna on of 6n - 
from the non-bridged structure 60, representing the pseudo-Dgh 

- ~ 

symmetry of 0s3 (cO), , and substituted derivatives, would cause/ 
severe changes in bond angles for the carbonyl groups marked a 

and b. I f  the phosphite-induced lowering in energy-of the planar - 

cyclic permutation was steric in qature, one might anticipate 

the introduction of P(OCH,), to cause some structural changes 



towards that shown in 6n. The lack of such a r - 
carbonyl ligands upon substitution of P(OCH,), for C O T K - - - -  /. 

/ 

0s3 (~0) argues against a .major rolelfor steric effects in the 
; 

variation df AG* for 'the axial-equatorial merry-go-round process 

in OS,[P(OCH,) ,lx(cO) ,2-x ( x =  1 , 2 , 4 ) .  Similarly, a detailPd 

. examination of bond angle data from the x-ray ,structures of 

[ 1 1 0 ]  reveals only small changes as the group V donor ligand 

substitution is increased. These arguments are based, of course, 

on the'assumption that, one may use solid state x-ray data to 
i 

infer properties of molecules in solution. 

A qualitative consideration of coordination about the planar3 

0s atoms in the bridged (6n) and non-bridged (60) forms of the - - 
axial-equatorial merry-go-round process is in•’ 

unbridged structure both osmium atoms in the adowed plane are 

six coordinate while the formation of.the bridged intermediate 

causes a unit increase in coordination number. Based on this 

argument, the int.roduction of a P(OCH,)-, ligand into a 

non-planar site attached to an osmium atom in an allowed pla 

should increase the steric pressure at that metal centre in the 
. , 

intermediate, thus increasing the AG' for the cyclic perm"tation 



- - 

process. That thisdprediction is contrary to the experimental 

results is further evidence that the variation in activation 

barrier with phosphite substitution for the axial-equatorial 

merry-go-round process .is not sterically transmitted. 

The observation - that a phosphite ligand directly attached to 

(but not contained in) an allowed plane causes a greater effect 
P 

than one on the non-planar 0s centre may qualitatively be 

explained in electronic terms. The better u-donor and poorer 

A-acceptor groperties sf P(OCH,), relative to CO would increase 

the electron density on the complex upon phosphite substitution. 

One might expect the consequent effects to be felt most strongly 
f ?  

in the general area of phosphite coordination, i.e.nan adjacent 

allowed plane. A more quantitative explanat ion would reqLire ' 

molecular orbital calculations for both the complexes i a  

question and a model for the intermediate (i.e. F~,-O),~). In 

addition, a more detailed understanding of the electronic nature- 

of the axial-eq&torial merry-go-round process would be helpful. 
- - 

Further studies of the type just reported would allow a more 
_ _ . _  

! 

comprehensive assessment of the factors involved. The 

preparation and variable temperature ' NMR investigation of 

and aryl) (where the electronic and steric properties.of the 

phosphorus donor ligand were varied in a controlled manner) 

would undoubtedly shed more light on the relative magnitude of 

steric and electronic effects. 

\ 



The suggestion has been made, based on rather limited 

experimental observations of the variable tenperature 13C NMR 

behaviour of HM~(co)~[c,c(cH~)~] (M= Ru, 0s) and->M3(C0)12 (M= 

Ru, Os), that ligand charge donor ability is of primary 

importance in determining the barrier to axial-equatorial 

=;change of carbonyl groups [ 1421. In addition, temperature 

dependent 'H and 13C NMR studies of H20s3ieO),,~ (L= various 

phosphines and phosphites) were interpreted as implying that the . 

effects of L on activation barriers to carbonyl and hydride - 

exchange were steric and electronic in nature [157]. The resu1,ts 

of these two studies, however, ars only indirectly related to * . >  

the present work; both the structures and dynamic processes in * ' "  

the two cases are considerably different. 

Let us now examine the results regarding the trigonal twist 

site exchange for the series O S ~ [ P ( O C H ~ ) , ~ ~ ( C O ) , ~  (x= 1-61. 

The changes in 'the AG* values (table 6.3) for this process with 

increasing phosphite substi,tution do not parallel the findings 
1 

for the axial-equatorial merry-go-round mechanism: a decrease 

for x= 2,3,4 is followed by an increase in theofree energy of 

activation for OS,[P(OCH,),],(CO),. This result is not entirely 

unanticipated. The values of AG* for the cyclic permutations 

occurring in the complexes ~ S ~ [ P ( O C H ~ ) ~ ] ~ ( C O ) ~ ~ - ~  (x= 1,2,4) 

could be compared directly since the mechanistic details were 

essentially the same. This is not the case for the trigonal 

twist process; a single such site exchange was proposed for 

O~,[P(OCH,),],(CO),, three exchanges transpiring synchronously 



were operating for OS~[P(OCH~)~]~(CO)~, while the di- and 

tetrasubstituted~triosmium complexes featured pairs of 

asynchronous trigonal twist permutations occurring within each . 

of two isomers. The interactions1 details resulting from such a 

; d.ifferentia1 coupling of several single processes are not clear 

and.simple, comprehensive predictions are precluded. 

may be confidently compared, as they share a similar nonrigid 

process. The difference between the two lies in the nature of 

the metal-ligand g,roup not involved in the t'r,igonal twist site 
1 

exchange: an Os(CO), group for OS, [P(OCH, 1, I ,  (CO) ,, an& an 
iD ' -. -. , 2 

OS[P(OCH~),]~(CO)~ moiety for the'tetrasubstituted complex. The 

free 'energy of activation for the process in question is -4 kcal 

mol-' less in the latter. This relatively large differen=e may 

be steric or electronic origin. The near total lack of 

theoretical or experimental information regarding this type of 

complex, from either point of view, inhibits a more detailed 

analysis. 

Clearly, a more comprehensive examination of thi.s system is '. - I I 

required in advance of firmer conclusions. The relative ease of 

preparation for 0s3[P(OCH3 Ix(CO) (x= 1-61 suggests that 
1 2-xy: 

analogues, utilizing phosphines and [Gosphites of varyinq cone 
7-- 

angles and basicity, are synthetically accessible. A judicious 

variation of these ligand properties would undoubtedly allow 
- ~ 

increased insight into the relative importance of steric and 
.-- - 

\. electronic factors with respect to,the tri-gonal twist process. 



s 

Some general statements regarding the ligand exchange 

processes in OS,[P(OCH~)~]~(CO)~~-~ (x= 1-61 are warranted. The 

variable temperature NMR evidence has strongly implicated the 

itrigonal twist process as a common mechanism for carbonyl and 

phosphite site exchange in this series. It is noted, however,. 

that it does not intrinsically possess the lowest energy. Where 

a suitable plane exists for the axial-equatorial merry-go-round 

to operate, it will occur first. In the members of 

05, [P(OCH,) 3 ],(CO) 2-x where there are nokall~wed planes (i.e. 

x_=,3,5), the trigonal twist is the only process which occurs. 

Recall the experimental results for OS,[P(CXH,)~](CO),,. Three 

distinct phases of fluxionality were observed, the two with the 

lowest .energy completely consistent with axial-equatorial 

merry-go-round e x c h a n g e ~ m i r d  fluxional process, which 

involyed the carbonyl ligand not involved in the previous two 

processes, could not be unequivocally assigned to a specific 

mechanism. In light of the previous discussion, it appears 

likely that the trigonal twist process is responsible for this 

final dynamic phase in O~,[P(OCH~),](CO),,, 

It is informatQe to contrast the present results with those. 

found for similar complexes. The variable temperature 13C NMR 

study of OS;[PE~~I;(CO)~~-~ (x= 1-3) [ 1 1 1 ]  has been mentioned 

several times in this discussion. The results for x =  1,2 are not 

identical to those observed for OS,[P(OCH~),](CO),~ and 

OS~[P(OCH,)~]~(CO),,. For the case of the mongsubstituted PEt3 

complex, only a single axial-equatorial merry-go-round site 



exchange, with apsoximately the same coalescence temperature as 

the lowest energy process in OS~[P(OCH~)~](CO)~ wzs suggested. 

A second stage of fluxionality, characterized by complete 

collapse of all signals to a single resonance, was observed with 

a Tc of approximately 40 OC. This latter result was attributed 

only" to a breakdown in the rigidity of the phosphine. As 

previously discussed, the overall results for 

Os3 [P(OCH3) a lx(CO) 2-x (x= 1-61 suggest that the final stage of 

fluxionality for OS~[P(OCH,),](CO)~ is due to an individual 
I 

trigonal twist site exchange. It is reasonable to assign the 

highest energy exchange process in 0s3 [ P E ~  1 (CO) to the same 

- source. The report of only one axial-equatorial merry-go-round - 

site exchange for 0S3[~Et3](CO)11r as opposed to two such 

exchanges for OS~[P(OCH~)~](CO),,, is not simply rationalized 

the basis of available information. 

There are also significant differences between 

0s3[P(OC~3),],(C~)lo and OS,[PE~~]~(CO),,. In the low - 
temperature limit (-60 OC), the triethyl phosphine complex 

--r 

existed in solution as a single isomer as determined by lS3C NMRA,-, 

spectroscopy. The spectrum of this isomer (corresponding 

structurally to - 6k on page 3 1 4 )  suffered two distinct phases of 

fluxionality, cdnsistent with the action of a single 

axial-equatorial merry-go-round site exchange and a subseqqent 

process causing coalescence of all other carbonyl resonances. 

These results for Os,[~~t,],(~~),~,are, of course, in sharp 

contrast to those found for the trimethyl phosphite analogue: 
\ .  



isomers 6 j  and - 6k were observed for Os,[P(OCH,),],(CO),, at low 

temperature. In addition, axial-equatorial carbonyl exchanges by- 

cyclic permutations in three distinct planes (two equivalent by 
< v 

symmetry) were observed. These processes possessed lower 

' activation energies than that of the final process: a 

simultarneous .and asynchronous trigonal twist exchange of the 

four OS[P(OCH,),](CO); moieties in 6j and - 6k. Again, a simple 

rationalization for the cont.rasting behaviour of 
I) 

O S ~ [ P E ~ ~ ~ ~ ( C O ) ~ ~  and ~ S ~ [ P ( O C H ~ ) ~ I ~ ( C ~ ) ~ ~  is not immediately 

apparent. A detailed study of the complexes OS,[PR,]~(CO)~~-~ 

and O S ~ [ P ( O R ) ~ ~ ~ ( C O ) ~ ~ - ,  (R= alkyl and aryl; x= 1,2) could allow 

a more detailed picture of the, factors influencing the number of 

-i=semers observed and the nature o-f the exchange processes 

occurring. 

The differences in behaviour' between OS,[PE~~]~(CO),~-~ and 

O S , [ P ( O C H ~ ) ~ ~ ~ ( C O ) ~ ~  (x= 1,2) are not mirrored for the 
5 d 

trisubstituted derivatives. Both OS~[P(OCH,),],(CO)~ and 
P 

0s3[~Et313(CO)9 exhibip two resonances in the slow exchange 
i i 

limi'ting 13C NMR spectrum; these two pairs of signals undergo -% i 

broadening and coalescence at approximately the same temperature ' 

(0-20 OC) ta produce a single signal.   his result, in concert 
with the present findings, implies t h d t ' ~ s , [ ~ ~ ~ t , ] , ( ~ ~ ) ~  has a 

static solution structure analogous to - 6e (as stated by the 

original authors [ 1 1  1 ] and undergoes axial@equatorial carbonyl 

site exchange by the synchronous trigonal twist of three 

equivalent ~~[PE~,](CO), groups (as proposed for 



OS~[P(OCH~)~I~(CO),). 
Y 

The complex 1 ,2-{Os3 [ P ~ e ~ P h l ~  (CO) 0 l  has been prepared a& 

studied by variable temperature 13C and 31P(1~) NMR methods 

[107,108]. The s1,ow exchange limit 3 1 ~ E 1 ~ )  NMR spectrum showed a 

mixture of two isomers, assigned to structures 6~ and a. The 
low temperature 13C NMR spectrum did not clearly reveal the 

resonances due to the minor--isomer ( 6 ~ ) .  At -10 O C ,  the 3 1 ~ ( 1 ~ )  

NMR signals due to the two isopers were observed to broaden at . : 

different rates (major isomer more rapidly) and coalesce. to a 

single resonance above 80 "C. The authors claimed that the 

interchange of the PMe2Ph ligands within 6q did not occur 

.primarily by interconversion 6~ and 3, and quoted line shape 

analysis results that gave the r te of PMe2Ph exchange within 3 7 
as 20 times faster than interconversion between the two isomers. 

It wasxlaimed that a simultaneous and coupled turnstile 

rotation at the two substituted,Os atoms of 9 (which would 

c'ause exchange of the two magnetically inequivalent 3 1 ~  nuclei) 



was faster than rotation at a single osmium atom. The latter 

would lead to'isomer 6 ~ .  These results and their interpretation 

are in contrast to the findings for O~,[P(OCH~)~]~(CO),~, where 

the three 3 1 ~ { 1 ~ ]  MMR signals broadened at the same rate, and a 
d - 

simultaneous but asynchronous set of trigonal twist processes 

within both isomers was proposed. 

A careful examination of the experimental data for 

1 , 2-{Os, [~(CH,) ,C6H5 1 (CO) 1 ,  o ow ever , appears to indicate that 
it exchanges in much the same manner as 0 s 3 [ ~ ( ~ ~ ~ 3 ) 3 ] 2 ( ~ ~ ) l o .  At 

very slow exchange rates we pose that isomer % undergoes a 

synchronous trigonal twist ess involving the two phosphine 

ligands, causing small amounts of signal broadening while the 

resonance due to 6~ is unaffected. This is as stated by the 

authors. However, this process is rapidly followed by the onset 

of an asynchronous set of such exchanges for all four 

OS[P(CH,)~C~H, 1 (co), moieties of 6~ and 3 (as for 

OS,[P(OCH,),],(CO) ,,), those for the minor isomer being slightly 
#' 

slower. That the synchronous or coupled nature of-the two 

trigonal twists in isomer 6q must be broken may be simply 

asc-grtained: if uncoupling did not occur, one would not expect a 
-0. 

single resonance in the fast exchange limit. This situation is 

similar to that shown on page 303 (change the ,OS[P(OCH,), l 2  (CO) 

units to 0s(C0),). The entrance of isomer 6~ into the averaging 

process must also be accou;ted for. If  the two trigonal twist 
-+. 

processes in this isomer were synchronous, again one would not - 
expect a single resonance in the high tembrature limiting 



3 1 ~ { 1 ~ )  NMR spectrum. If one or the other localized exchange 
.. 

dccurred individually, isomer 6q would necessarily be formed. 

Clearly, the individua'l site exchanges occurring at each 

OS[P(CH~),C,H,](CO)~ group of 6 p  and 6q must be asynch yous 
(except at very slow exchange rates) to explain the observed NMR 

A .  

behaviour. - 

A variable temperature 13C and "PE1~1 NMR investigation of 

~ , ~ , ~ - ~ O S ~ [ P ( O C H ~ ) ~ ] ( P P ~ ~ ) ~ ~ C O ~ ~ ~  has been undertaken [ 1 0 7 ] .  The 

low temperature limiting spectra and the temperature dependent 

spectral changes were completely consistent with the structure 

6r undergoing a simultaneous and synchronous set of trigonal 
--+--=- - 

twist processes, as proposed for OS~[P(OCH~)~]~(CO), and 
- .  

An alternate view of stereochemical nonrigidity 

clusters has recently been advanced in the literatur 

approach the CO ~ig-ands of metal.clusters are regarded as 
f 

spheres of radius 3.02 angstroms; these are packed so as to 

leave a sufficiently lcrge polyhedral cavity to accommodate the 



metal core [133]. Fluxionality is thought of as the result of a 

reorientation of the metal cluster within -the ligand polyhedra. 

There is some experimental _support for the contentionsthat only 

small changes in metal-metal 'bond lengths or 1-igand separations . 

are required for this type of dynamic behaviour [110,133,172]. 
/ 

f 

It is difficult ta'imagine such a process accounting for 

stereochemical nonrigidity in the series O S ~ [ P ( O C H , ) ~ ] ~ ( C O ~ , ~  , 

(x= 1-61. The different 31P~antj 13CrmAgnetic environments arise 
/ 

k c a u s C  of the r e l a t i v e  positioris df the ligands with respect to 

one another. Resonances broaden a>nd collgpse when the ligand 1' - 
P- . 

nuclei which give rise to them undergo chemical excha ge between 
h 'I 

. magnetically imnequivalent sites. A s  these sites' exist by virtue 

of relative ligand orientation, it would appear reasonable that 

major reorientations of the ligands with respect to one another 

be required to rationalize t-he observed temperature 

nt spectral changes' for these complexes. 

The use of selected 13C chemical shift data for carbonyl 

ligands in the OS~[P(OCH~),]~(CO)~~-~ series -to aid in spectral , 

ass.ignme'*ts of other members has been comrnentdd upon. The 

information in table 6.4 gives the 13C0 chemical shifts (at or 

near the slow exchange limit) for all members of the series in 

terms of the axial/equa'torial position and degree of phosphite 

substitution on the attached 0s atom. 

-'For this series of complexes, there are three general types 

of axial carbonyl envir~onments, corresponding to c~ord~nation in 



-. chemical shift ranges of the carbonyl ligsnds in these thrae - * 
C)  grdups are mutually exciusive. The equatorial cerbonyl 

.A - 

r may exist in either of.two general environments, with a I 
phosphite or carbonyl in the other equatorial position of t e 

5- - - 
Y '  f I 

same osmium atom. By analogy to the situat'fon for t h e  ~n'xiall 

iiqands, one might expect an equatorial carbonyi group to 1 
I 

1 
exhibit a chemical shift further downfield when c i s  to a 

PtOCH,),. For the monb- and disubstituted triesrnium c b m p l e ~ c s ,  

an assignment consistent with this expectat ion and the prdposed 
. ,  

f l u x i o k l  processes is possible; t h e  results ere shown i n  table 

6.1. These two chemical shift ranges ere virtually nutualjly 
-- 

exclusive. This detailed division of the "CO chemical shifts 

into distinct regions has obvious utility if the phenomepon is 

general. 
, lr 

'The. :'c HMR-chemical shift data fur 0t3[P~t,]x(C0)12-x ( X =  

1 - 3 1  . [ 1 1 1 1 ,  organized as previously described. arb shodn in 

tablc.6.5. With the exception o f - a  single value, thes~~chemical 

shifts - - also fall into discrete groups, This result suggests that 

the findings for O ~ , [ P ~ O C H ~ ) , ] ; ( C O ) ~ ~  ( x =  1-61 could be more 

general, at least within a related set of complexes. The .often 

difficult t n s k  of assigning resonances in the 13C NMR spectrum 

could bc'sibnif icantly aided by this type of analysis. 

' i . .  
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APPENDIX 1 

On the following page is  a plot of 3 1 P ( 1 ~ )  NMR chemical 

shift versus temperature for one of the resonances of - 3 
OS,[P(OCH,)~I~(CO)~ in toluene. The plotted points (i.e. $)  

correspond to data taken at or near the. slow exchange limit 

region. These points were then extrapolated to higher 

temperatures, where chemical exchange broadening precluded 

observation of the individual resonances. This is an example of - 

the plots used extensively in chapter 6 to calculate weighted 

averag-cmemical shifts in the fast exchange region. 



Temperature (OC) 
, 

Appendix 1 A plot of ' ~ P I ~ H )  NMR chemical shift versus 

temperature for'one of the resonances of OS,[P(OCH~)~I~(CO)~. 



,LCULATE ACTIVATION 

PARAMETERS IN CHAPTERS 2 AND , 6  

Dynamic NMR spectroscopy. deals with the effect of chemical 

exchange processes on NMR spectra. The most accurate method for 

'obtaining the activation parameters associated with a chemical 
.r 
< 

S * exchange (i.e. AG , AHS, AS ik a complete band sha -analysis. 
. 2 \ 

The density matrix approach has become the most widely used 

method to calculate line shapes for chemically exchanging 
*i 

systems [ 173,1741. When these~calculated 'line shapes are matched 

with the experimental spectra, a set of exchange rate constants 

at specific temperatures are obtained. The Eyring equation (in 

the form of equation 1 ) hay then be used to calculate the 

ac-tivat-ion parameters for the chemical eichange. An uncertainty 
3 t -- 

I 

in AG' of k0.04 kcal mol-' (or less) may be achieved using this 

method [1751. 

In equation 1 ,  .k is the first order rate constant for the 

exchange, T is the temperat'ure ( O K ) ,  kb is the Boltzmann 
- 

constant, h is Planck's constant, and K is the transmission 

coefficient. The transmission coefficient -is the fraction df all 
reacting molecules . . reaching the transition state that proceed to 

deactivated product molecules. This'coefficient is often taken 
\ I as unity, although some authors use a value of 0.5 in cases 

where 2 equivalent transition states are separated by one or 



-, 

more energy minima ( 1 7 6 1 .  

\ 
P 

\ 
.. 

complete band q ape analysis yields a set 66 k versus T * * data and allows determination of both AH and AS for the 

exchange: One may also calculate a single k at some temperature 

T and use the Eyring equation (in the form of equation 2) to 

t- calculate a AG value for the exchange at that temperature T. 

+ I t  may be shown that the standard deviation in AG , as 
0 

calculated from equation 2, is given by equation 3. 

In this equation, AT and Ak are the uncertainties in the 

temperature and the rate constant, respectively. 

Rate constants at a single temperature may be determined.by 

a variety of techniques. Calculating a line shape (e.g. density 

- matrix-approach) to match an experimental spectrum at a single 

temperature (T) gives k at T. This process is most accurate when 

an observed spectrum near coalescence is chosen; the calculated 

line shape'often changes most rapidly in this region. The 
, . 

.closeness of fit between the calculated and observed spectra can 

give added evidence for or against the mechanism on which the 

. line shape was based. 



- 
Rate constants at a single temperature may also be found by 

approximate methods. 'one of these is based. on dif ferences in 
- 

bandwidths. For a single ~ o r e n t ~ i a n  line exhibiting broadening 

due to slow site exchange (i.e. negligible signal overlap), the 

followinq-equation may be shown to hold [i77]. 

i 

In equation 4 W is the width at half height for the signal in 

question (in Hz);, k is the first-order rate constant for the 

site exchange, and T2 is the effective transverse relaxation 
. _ -  

time. In the slow exchange li'mit, k.<<l/T, and the bandwidth is 

dominated by the transverse relaxation time. As k becomes 

comparable to 1/T2 (i.e. as slow exchange b e g i n ~ ~ t o  occur) the 

line starts to broaden. The difference in W for p line in- the - 

slow exchange limi$,at some temperature T and the same line 

undergoing slow exchange at some higher temperature T' (this 

difference is termed AW) gives k at T'. These values may be used 

* to calculate AG from the Eyring equation ( 2 )  at T': 

This technique was used to calculate AG* valges for the 

fluxional processes occurring for the RU[P(OCH,),],L 

derivatives; the results are tabulated in table 7.1. Some of 

these values were compared to the corresponding AG* values 

calculated by a complete band shape analysis (see chapter 2 fbr a 
results of these comparisons). 



? \  

T' AW k - AG * 
(OK) (Hz (sec-'1 (Kcal/mol) 

SbMe , 167 ? . 3  4.1 9 , l  

* 
Table 7.1 AG values for the RU[P(OCH,) ,],L derivatives 

L . 

calculated by the approximate methods discussed in appendix 2. 
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Figure 7.1 A 13C NMR s p e c t r ~ . o f  O S ~ [ P ( O C H ~ ) , ] ( ' ~ C O ) ~ ~  
(carbonyl region) (B) and a matching calculated spectrum ( A )  
based on a pair of axial-equatorial merry-go-round processes 
(see figure 6.11 and discussion on page 2 8 8 ) .  The calculated 
and observed spectra are labeled with the rates and temperature, 
respectively. 



Tigure 7.2 A 3 1 ~ {  'HI NMR spectrum of OS~[P(OCH,),],(CO) ,, (B) 
and a matching calculated spectrw based on a synchroneus 
trigonal twist process ( A ) .  The calculated and observed 
spectra are labeled with the rate constant and temperature, 
respectively; 



Figure 7.3 A 13C NMR spectrum of 0s3[P(OCH,)3~2~'3CO)lo 
(carbonyl region) (B) and a matching calculated specErum -. 
( A )  based on an axial-equatorial merry-go-round process 
for isomer 6k (see chapter 6 for details). The calculated 
and observed 'spectra are labeled with the rate constant and 
temperature, respectively. 
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