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Abstract 

The new complexes [('qS-CsH3(SiMe3):~)Ru(COXL)I] (L- tBuNC,  PMe~, PPh2Et, PPh 3, P(OMe)3, P(OiPr)3, P(OPh) 3, and 
P(O-o-tol) 3 were prepared from the reaction between [(-qS-CsH3(SiMe3)2)Ru(CO)21 ] and L in the presence of [(rl s- 
CsH~(SiMe3)2)Ru(CO):~] 2 as catalyst. Analysis of the complexes with L--PMea, PPh 3 and P(O-o-tol) 3 by the hOe technique revealed 
restricted rotation of the cyclopentadienyl ligand with the ligand rotation decreasing with increasing size of L. No free rotation of the 
cyclopentadienyl ring i, the analogous [('qS-CsH.a(SiMe.~)2)Fe(CO)(L)l] complexes was observed. Regression analysis of NMR spectral 
parameters for the various cyciopentadienyl ring protons, as well as solid angle radial profiles, cone angle radial profiles and solid angle 
of overlap ( F )  radial profiles identified that the differences between the ruthenium and iron complexes were related to the steric 
interaction between the hydrogen atoms of the trimethylsilyl ring substituents and L. 

Kt, y~t'ords: Cyclopentadienyl; Ruthenium; Steric effect; Solid angle; Cone angle; Radial profile 

I. Introduction 

In previous studies we have explored the intramolec- 
ular steric interactions in [('qS-C~H4R)M(CO)(L)I] (M 

l;'e, Rut R ~ Me, tBu, SiMeon, COOMe, 1, CHPh 2, 
tPr, Ph, CPh:,; L~phosphine, phosphite, isonitrile) 
complexes [ !-3] between the cyelopentadienyl ring and 
the ligand set (CO, L, 1) by NMR spectroscopy. Assign- 
ment of a size parameter to the cyelopentadienyi ring 
and L group (e.g. Tolman cone angle 0 [4], solid angle 
/~s [51) has permitted a correlation between the NMR 
spectral parameters of these complexes and the steric 
properties associated with the cyclopentadienyl ring and 
L. More recently, a study of a bis(trimethyl- 
s i l y l ) cyc lopen tad i eny l  iron sys tem,  [(~'~- 
C~H.~(SiMe3) 2)Fe(CO)(L)I], suggested that substantial 
steric interaction occurred between the SiMe 3 group 
and L [3], which restricted free rotation of the cyelopen- 
tadienyl ring relative to the ligand set (CO, L, I). 

In this publication we report the synthesis, eharacteri- 
sation, and analysis of a series of [(~15- 
CsHa(SiMe~)2)Ru(LO)(L)I] complexes in order to es- 
tablish the influence of the metal atom on the ring 

" Corresponding author. 

rotational behaviour. In particular, we wished to deter- 
mine and assess the nature of the interaction between 
the ring and the ligand set (CO, L, !). ]'his is made 
possible by out' investigations into steric measurement 
techniques which have allowed us to develop theoretical 
tools for (i) quantifying the possible sterie congestion 
within a complex [6] and (ii) establishing factors that 
influence the variation in steric requirements of a ligand 
in a complex [7]. 

Herein we have applied various steric measures, i.e. 
solid angle radial profiles (SARP), cone angle radial 
profiles (CARP) [8] and solid angle of overlap profiles 
( F )  to qualitatively and quantitatively evaluate steric 
effects in the new complexes. These techniques have 
also allowed us to assess the effect of a change in metal 
atom (Fe for Ru) on the steric measures. 

2. Results and discussion 

2.1. Synthesis 

The reaction of [Ru3(CO)12] and bis(trimethyi- 
silyi)cyclopentadiene in beptane, followed by addition 
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Table I 
tH NMR and IR data for [(~S-CsH3(SiMe3)2)Ru(COXL)I] complexes a 
L //2 //4 /15 ............. 'SKCH3), L ' Se_, ='co (cm -i') 

CO 5.46 4.78 0.142 
tBuNC 5.42 4.98 4.92 "0.281 
IKOMe) 3 t, 5.47 503 4.79 0,368 0,268 
PMe~ ¢ 5.33 4.55 4,47 0.277 0.268 
P(OPh) 3 5.67 4.81 4.05 0.387 0,206 
P(Otih')3 '~ 5,35 5.13 4.95 0.444 0,273 
PMePh 2 ¢ 5.52 4.64 4.32 0.349 0,329 
pEtphz t 5.28 4.32 4.12 0.254 0.200 

P(O-o-ml)~ 5.68 5.08 3.96 0.378 0.203 
PPh~ 5.44 4.14 4.01 0.316 0.283 

2040, 1994 
0.995 (CH3) 1946 
3.40. 3.34 (C H3) 2.4 1978 
1.32, !.27 (CH 3) 1946 
7.36-7.29 (o-Ph), 7.01-6.79 (m, p-Ph) 3.4 1978 
4.90-4.79 (CH), 1.23-1.18 (CH 3) 1974 
7.70-7.58 (o-Ph), 7.20-7.11 (m, p-Ph), 2.36, 2,32 (CHa) 1948 
7.64-7.54 (o-Ph), 7.1 !-7.00 (m, p-Ph), 2,62, 2,89 (CH2), 1944 
0.847-0,688 (C H 3 ) 
7.54-7.49 (o-Ph), 6.87-6,71 (m, o-Ph), 2.35 (CHs) 2,2 1982 
7.81-7.69 (o-Ph), 7.08-6.96 (m. p-Ph) 1946 

= Recorded in C6D6 at 22 "C. ~ in ppm relative to TMS. 
t~ Jc=N = II Hz. ¢ Jc=a ~ 10Hz. ~ Jc=a - 4Hz. ¢ Jc-a = 9Hz. ~ JC-H = 17Hz. 

of methyl iodide, gave [ (qs-CsH3(SiMe3) 2)Ru(CO)2I] 
in reasonable yield [9]. Small quantities of [(~qs. 
CsHs(SiMes)2)Ru(CO)2] 2 were also obtained from the 
reaction. Both new products were characterised by IR 
and NMR spectroscopy (Tables ! and 2). Substitution 
of one of the carbonyl ligands by PPh~ was carried out 
to establish the best reaction conditions for producing 
[(~S-CsHs(SiMe~)~)Ru(COXL)I] (L ~ PPh~). In reflux- 
ing benzene as solvent, the reaction was found to be 
complete within 2 h, This reaction time was reduced to 
30rnin by addition of ca, 10% ( w / w )  of the dirner 
temple': [('q~=CsH~(SiMe~)~)Ru(CO)~ ]~ [10]. 

Catbonyl substitution by a range of other phosphine 
and phosphite ligands generally occun'ed in g xcellent 
yield in the presence of the dirner catalyst under the 
conditions established for the PPh 1 ligand. All corn° 
plexes were characterised by [R, H and ~C NMR 
spectroscopy, and by elemental analysis for the solid 
products, Specwal data are listed in Tables I and 2. 
Reaction with the small tertiarybutylisocyanide ligand 
(O - 68 °, ,(}s "0.085)  was fouM to give both the rnono- 

and disubstituted products [('qS-CsH3(SiMe3)2)- 
Ru(CO),,(tBuNC)2_,,I] (n - 0, I), while attempted sub- 
stitution by the large ligands PBz 3 ( 0 - 1 6 5  °, f2~- 
0.428) and P(o-tol).~ ( 0 - 1 9 4  °, f2~ --- 0.366) did not 
yield any new products. 

2.2. NMR spectrocopic study 

All ~H and ~3C NMR spectra of the new complexes 
showed the predicted number of signals in the correct 
intensity ratios, Proton NMR ring resonances (see Fig. I 
for nurnberir, 3 scheme) were assigned on the basis of 
visual inspection [I] and confirmed by nee experb 
merits. Separation of the three ring proton r~sonances 
was smaller than observed for the analogous iron corn- 
plexes [3]. The tl--H and P~H ring couplin~ conslants 
were, in most ca~'ses.~ too ~rnall to be measured, as has 
been found with similar ruthenium complexes [2]. Car- 
boa-13 NMR ring resonances were assigned on the 
same basis as those in the analogous [(~1 s. 
C~H a(SiMe~)~)F¢(COXL)I] system [3], where both car- 
bons C2 and C3 were found to be coupled to phospho. 

Table 2 
l~C NMR data for [(qSoC=H s(SiMe~)2)Ru(COXL)I ] complexes ~ 

L C! C2 C3 C4 C5 CO Si(CH~)~ L b JI, c: Jt, c~ 
~B~NC 89 104.0 89 ,24  92.18 93,44 201,7 ' 0.428 30,38 (CH~) 
P(OM¢)~ ¢ 100,8 92,82 90,12 95,6~ 203,3 0,:~67 0,160 52,08 (CH~) 4.39 4.16 
PMe~ ~ 100,5 85.89 92,73 0,693 0.291 22.49(CH ~) 5.41 
P(OPh)~ 94,81 106.5 93.35 86,20 93,86 201,7 0,635 0,014 7.21 9.21 
P(O+Pr)~ ~ 89.10 100.1 99,48 91,58 93,29 204,0 0,913 0,293 71,18(CH). 24.13(CH~) 6.85 5.88 
PMePh+ +t 100,~ 97,'/8 93,98 85.00 96,70 204,5 0,569 =0.054 22.11 (Cll+) 7.08 4.56 
PEtPh= ~ 103,7 93,91 9,~,03 84,25 98.98 205,1 0,555 =0,182 27,79 (Cl-! ~], 8.87 (Crib) 7.69 3.62 
P(O-oqol)~ 95,86 105,~S 95,38 83,31 94,98 203,0 0,625 =0.124 17.43 (C!1~) 9.50 10.11 
PPh ~ 100,8 97,62 84,90 98,41 0.549 0,036 7.28 

Recocded in C~D~ at 22~, 6 in ppm relative to TMS, 
b Aromatic resot~nces not listed, 

Jc~ . "  29,6H=, ~ JcoP" 33,8Hz, * '/'c ~p = 6,0Hz, t Jc-p = 34,7 Hz, ~ Jcu,-P == 4.4Hz, Jcu,-p = 31.9Hz. 
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Fig. I. Ring numbering scheme. 

rus. However, not all quaternary ring carbon resonances 
could be identified. 

2.2.1. NOe conformational analysis 
As in previous studies [1-3], we have used the nOe 

technique to determine the solution conformers of the 
new complexes. In particular, nOe studies of [(.qS. 
CsH3(SiM%)2)Ru(CO)(L)I] with L = PPh 3, PMea and 
P(O-o-tol) 3 were performed. Some nOe spectra for [('qS- 
CsH3(SiM%)2)Ru(CO)(PPh3)I] are shown in Fig. 2. 
Irradiation of the ortho phenyl proton resonance of 
PPh 3 (Fig. 2(b)) results in the growth of the resonances 
corresponding to the cyclopentadienyl ring protons in 
positions 2, 4 and 5. Preferential growth of the protons 
in positions 4 and 5 is to be noted, suggesting that L 
resides on average closet" to protons 4 and 5 than to 

meta 
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o{tho ! 
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,11 H, e I% t45 

SiMe~ 

t 
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co(I) 

SiMea 

t 

Fig. 3. Preferred solution conformation of [(~S-CsH3(SiMe3)2)- 
Ru(CO)(L)I]. 

proton 2. Unequal growth of the resonances correspond- 
ing to the trimethylsilyl protons is also observed. This 
suggests that the preferred room temperature solution 
conformation of the complex has the phosphine ligand 
occupying a position closer to ring proton H4 and 
trimethylsilyl protons H7 (Fig. 3), but that cyclopentadi- 
enyl ring rotation through 360 ° relative to the iigand set 
still occurs. This is in contrast to the analogous iron 
system, where restricted ring rotation was detected [3] 
(see below). Irradiation of the meta/para phenyl ring 
proton resonances (Fig. 2(c)) gives a similar result. 
Irradiation of the resonances corresponding to protons 
H2, H4 and H5 and the trimethyisilyl proton resonances 
(not shown) confirm the results. 

An nOe study of [('qS-CsH3(SiMe3)2)Ru" 
(CO)(PMe3)I] (Fig. 4) produced similar results. Once 
again, the preferred conformation was found to be that 
shown in Fig. 3. When [(~Is-CsH~(SiMe~)2)Ru - 
(CO)(P(O-o-tol)a)l] was studied by the nOe technique, 
very small growth of the H2 resonance occurred when 
the ortho phenyl protons were irradiated (Fig. 5(b)). In 

A (b} 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ ,~ ~ . ~ . ~ . ~  

i 4 

/ (c) 

80 hal ,I,I) 2,1} (I,() 

I)I)M 

Fig. 2. Selected hoe difference spectra of [(rlLCsI'I~(SiMe3)2)" 
Ru(COXPPh 3)I]. (a) Reference spectrum (no irradiation). (b) Irradia- 
tion of PPh 3 ortho ring protons. (c) Irradiation of PPh3 meta and 
para ring protons. 
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' ................................................................................................. 0,0 h,O ,1.() ")0 
I)PM 

Fig. 4. Selected ~Oe difference spectra of [(~I~°CsH~(Si - 
Me.~)z)Ru(COXPMe3)I]. (a) Reference spectrum (no irradiation). (b) 
Irradiation of PMe.~ protons. 



162 J.M. Smith ¢t al. / Journal of Organometallic Chemistry 525 (1996) 159-166 

~--/+ ~l (a) 
. . . . . . .  L ~ . . . .  t _ _  

t I + (b) 

) ( e l  

[ 

!,i 
] 

i :I 
I(,|1 h I) , | ,0 ~,0 011 

I)PM 
Fig, 5. Selected hoe difference specm~ of [(q+oC~H~(SiMeO~)o 
Ru(COXP(O-ooIoI~))I], (a) Reference si~'lmm (no tfflldiaflon). (b) 
lff~dtatlon of P(o°o°tol)~ ortho ring pro|on~, (¢) ln~dtatton of P(O° 
ootol)~ meta and l~+r++ + ring proton~, (d) Irradiation of P(Ooootol)~ 
ortho methyl proton+, 

addition, when the met# /para  protons of the P(O°o+tol)+~ 
ligand arm irradiated (Fig. 5(c)), no growth of the H4 
resonance occurs, but when the methyl protons of the 
ligand ere irradiated, growth of the H4 resonance is 
observed, This suggests that the ligand has a preferred 
orientation in space with respect to the cyclopentadienyl 
ring, such that the ortho methyl group lies on the same 
side of the rit~g as the proton H4., and the m e t a / p a r a  
ring protons on the same side of the ring as protons H2 
and HS, 

Sinc~ the interaction of the H2, H4 and HG protons 
with L is determined by L, it is tempting to relate this 
interaction to the size of L, Access to positions near H2 
will become limited as the si~e of L increases, and 
hence the ratio H2:H4 or H2:H5 should give some 
measure of the size of L, Thus, th~ ratio corresponding 
to the growth of the ring proton resonances in the hoe 
spectra, H2:H4 (or HS), is predicted to be PMe~ (I 18 °) 
> P(O.o-toi)a (141 °) > PPh~ (145 °) on steric grounds, 
as is observed, 

2.2.2. NMR analysis: steric measurements 
We have devised an experimental procedure using 

[(~S-CsHjR2)M(CO)(L)I] complexes to examine the 
concepts of solid and cone angles. In this approach, 
multinuclear NMR techniques [3] are used to evaluate 
the splitting of the various NMR spectral parameters 
associated with atoms of the cyclopentadienyl ring and 
its substituents in pseudo-geminal arrangements. Corre- 
lation of these various spectral parameters with ligand 
stefic parameters (0, D) allows for an evaluation of 
stefic interactions between the cyclopentadienyi ring 
and L. This approach permits an evaluation of 0 and 
with distance from an apex (the metal). When good 
correlations are obtained, the implication is that signifi- 
cant steric correlation exists between the ligand and the 
ring; when poor correlations are observed, little or no 
steric correlation exists. This type of analysis should 
give some indication of the cone or solid angle limit; 
i.e. the distance at which size measurement of the ligand 
is no longer appropriate using the accepted steric mea- 
surements (e.g. 0). 

Our previous studies into the analogous [(,qS. 
CsHj(SiMejJ2)Fe(CO)(.L)I] complexes [3] suggested 
that steric interaction could be detected as far out from 
the cyclopentadienyl ring as the carbon atoms of the 
trimethyisilyl group++, but that the greatest s.+eric interac- 
tion was between th,'+ silicon atoms and L, 

In a similar apploach, we have used t H and t'~C 
NMR spectroscopy to examine steric interactions be- 
tween various pset+~do-gemhml arrangements around the 
stereogenic rutlv~nium atom and L, A con'dadon of the 
type, A + bS + c, where A is the chemical shift sepm'a. 
tion ~twcen the two relevant resonances and S is a 
measure of steric size, resulted in poor to fair correla. 
tions between S and & Since electronic effects am 
expected to influence the parameters, as found previ- 
ously [I,3], an electronic parameter was included in the 
analysis, i.e. A ++ aE + bS + c, where E is an dectronic 
parameter. In this study the electronic parameter chosen 
was u+o, while the Tolman cone angle 0 [4] and solid 
angle ~+ [5] were used as steric parameters for L. The 
results of these correlations are listed in Table 3. Clearly, 
the best correlations were obtained between L and the 

Table 3 
Linear l et,a+ssion dam ' for a ++ o("co) + bS + c, S ++ O, {~ 

A 0 [Is 
R ~ m , t ¢  R +' m,~'(' 

A(C4=C5) 0.70 58.34 0.59 79.13 
A(H4=HS) 0.58 0.45 0.57 0.45 
A(C6-C7) 0,67 0,040 0.75 0.079 
A(H6+HT) 0,91 0.0032 0.96 0.018 

a R a = l _ ~  ._ squared multiple correlation coefficient. 

rose = ~ .  mean square variance. 
i 



&M. Smith et al. ~Journal of Organometailic Chemistry 525 (1996) 159-166 163 

(a) 
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f F  
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(d) 

Dlstance 
Fig. 6. Illustration of the steric measurements about a point used in 
this paper. (a) The Tolmau cone angle O 14] is the angle which 
subtends the two spheres. (b) The area of the projection of the 
spheres onto a unit sphere is the solid angle/~ of the system [5], (c) 
The solid angle of overlap F is the projected area of intersection, or 
overlap, (dark shaded region) of the spheres [6]. (d) Quantification of 
the variation of the solid angle with distance (e.g. of the two spheres 
shown in (b)) gives the solid angle radial profile [8]. 

hydrogen atoms of the trimethyisilyl ring substituents. 
This is in contrast to the corresponding [(~5, 
C:sH3(SiMe3)z)Fe(CO)(L)I] system, where this tech- 
nique revealed that the best con'elation was between L 
and the carbon atoms of the trimethyisilyl groups. 

2.2.3. Analysis of NMR, steric and electronic parame- 
ters 

While the Tolman cone angle is used as the standard 
for measuring ligand size in inorganic chemistry (Fig. 
6(a)), we and others have attempted to extend the 
original concept to permit quantification of ligand mesh- 

ing and size variation with distance from the metal [5], 
Our studies have suggested that the use of solid angles 
to incorporate the above issues have certain advantages. 

A consideration of our algorithm for the evaluation 
of solid angles /2 [5], recently updated [11], has sug- 
gested that it can also be used to evaluate possible 
interactions between adjacent ligands attached to a com- 
mon origin (e.g. a metal atom). This implies that steric 
interaction between ligands can, in principle, be quanti- 
fied. Details of the approach are to be found in previous 
publications [5-8], but the basic principles are described 
below. 

The solid angle ~ is a representation of ligand size 
as defined by projection (Fig. 6(b)). While the solid 
angle is measured at the same position along the ligand 
as the Tolman cone angle, the shape of the ligand is 
also considered by this method of size determination. 
Extension of the methodology to determine the solid 
angle at variable positions along the ligand generates a 
solid angle radial profile (SARP) [8]. 

Two issues relating to SARPs are highlighted in this 
publication. 

1. In the Tolman cone angle, the cone generated from 
the apex (metal) that encompasses the ligand is assumed 
to extend to infinity, In reality it hould only extend to 
the furthest point along the ligand. SARPs can be used 
to indicate the limit to which the ligand extends away 
from the apex (metal). It is to be noted that an equiva- 
lent measure for cone angles, CARP, has previously 
been described [8]. 

2. If two ligands are connected to a common origin 
(i.e. a metal atom) and are found to occupy the same 
region in space, then the amount of ligand overlap can 
be dc~ertnined by applying the algorithm derived for 
solid angle measm~ments; the solid ~mgle of overlap 
( r )  at a point can be determined (Fig. 6(e)). The size 
of the overlap as a function of distance (from the 
metal), the solid angle of overlap radial profile, can also 
be evaluated. This region of overlap permits quantificao 
tion of ligand-ligand overlap with distance from an 
origin (e.g. a metal atom) [6] (a simpler technique, the 
vertex angle of overlap (A), can be used to evaluate 
steric interactions, but this approach leads to less accu- 
rate results; see Ref. [12]). 

In this publication we have applied the solid angle of 
overlap methodology to rationalise the NMR rotational 
behaviour found in [(~q'LCsH3(SiMe~)2)Ru(CO)(L)I] 
(and [(~15-C5H 3(SiMe3)z)Fe(CO)(L)I]) complexes. 

2.3. The influence of the metal on intramolecular steric 
h~teractions: analysis by radial profiles 

It is possible to use both solid angle radial profiles 
[7] and solid angle of overlap ( F )  radial profiles [6] to 
interpret the above experimental results, In order to 
assess the steric interaction between the ligand bonded 
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f " ~  cyclopcntadienyl ring 

O= . . . . . . . . . . . . . . .  . . . . . . . . . . . .  -cen oid I SiMe3 
'~ "~ "* ~, I . . . . . . . . . . . . . . . . . .  

! 

" " . .  120 ° 

00.'~' / 

CO ~ ' - , , , ~ ,  
\ 

R 

Fig. 7. Side view of [(~-CsH~(SiM%)2)M(COXPR~)I]. Point 0 
corresponds to the origin for measuring the radial profiles of the 
molecule. 

to the metal with the trimethylsilyl substituent of the 
cyclopentadienyl ring. it is necessary to use the point of 
intersection of the two vectors shown in Fig. 7 as the 
origin of the radial profiles. If the metal was used as the 
origin of the radial profile, the information obtained 
from the profile would relate to the space occupied by 
the entire cyclotmntadienyl ligand, rather than the sub- 
stituents on the ligand. The origin chosen places the two 
groups in the same spatial relationship to allow for 
direct comparison of steric interactions. 

Examination of the CARPs and SARPs (not shown) 
of the PMo~ ligand and SiMe~ ring substituent for both 
the i ron and ruthenium complexes reveals that any steric 
internctlon between the groups would probably occur at 
a greater distance along the ligands in the ruthenium 
case. However, the difference between the two sets of 
radial profiles is not very great. It is important to bear in 
mind that the solid angle radial profile does not quantify 

0,6 

O,S 

0,4 

~,03 

O~ 

:,oil. / 
5 6 

~ F e  
Ru 

O 
Distance / A 

, J 

9 

Fig. 8. Solid angle of overlap radial profiles of [('qS.CsH.~- 
(SiMe~)I)Fe(COXPMe~)i] and [('qS.C.~H~(SiMe~)z)Ru(CO )- 
(PM¢OI|, 

the amount of overlap that will occur; it only quantifies 
the steric demands of the individual ligands with dis- 
tance, Thus, the relative proximity of the ligands in 
space is not accounted for by the solid angle radial 
profile. The cone angle radial profile has also not been 
found to be very useful in evaluating steric effects with 
distance [8]. 

Of greater interest are the solid angle of overlap 
profiles of a ligand, e.g. PM%, and the SiM% ring 
substituent in the iron and ruthenium systems (Fig. 8). 
These clearly reveal that, although the type of steric 
overlap in both systems is similar, significant differ- 
ences do occur. At distances close to O (the origin for 
the profile calculations), the ruthenium complex experi- 
ences significantly less overlap, Thus, a visual inspec- 
tion of the solid angle of overlap profiles qualitatively 
explains why rotation of the cyclopentadienyl ligand in 
the ruthenium complex, but not the iron complex, is 
observed. This may also explain the smaller cyciopenta- 
dienyl ring proton coupling and ring resonance splitting 
for the ruthenium system compared with iron. Overall, 
the ruthenium complex experiences less steric overlap 
between L and the cyclopentadienyi ligand, and this 
would further suggest that electronic effects are more 
important in assessing NMR data for Ru than Fe, as 
observed. 

Although the bonds for ruthenium are longer to both 
the cyclopentadienyl ring and the PMe~ ligand than for 
iron, the ratio of the respective bond lengths for iron 
and ruthenium is different (Table 4 [13], t.e. eyclopentao 
dienyl centroid Ru:F¢ I .I i : l ;  PMe~ Ru:Fe 1.03:1). 
Thus, it is the t~latively gtx~ater elongation of the 
metal~cyclopentadienyl ligand bond in the ruthenium 
complex which allows for a greater degree of rotation 
than in the cot~sponding i ron coml)lexes. 

The strength of this approach is substantiated by the 
[ '  radial profiles for the complexes [(~I~,CsH~- 
(SiM%)z)Ru(COXL)I], L=tBuNC, PMe~, PBz 3 {Fig. 
9). It was found that use of the t BublC ligand resulted in 
both single and double substitution of the carbonyl 
ligands, As can be seen in Fig. 9, only minimal steric 
overlap occurs between the tBuNC ligand and the SiM% 
group of the cyclopentadienyi ligand. By contrast, the r 

Table 4 
Distances used m calculating • and E radial profiles in [(~qs. 
C~H ~(SiMe~),)M(COXL)I] complexes 

Distance Fe/~, Ru/~, 
Metal-centroid 1.706 1.892 
Metal~PMe,~ 2,246 2.307 
MetaI-PBz~ 2.237 2.370 
Metal- ~ BuNC i.862 1.986 
Origin-centroid 2.995 3.277 
Origin-metal 3.412 3.784 
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Fig. 9. Solid angle of  overlap radial profiles of  [ (~s-CsH 3(SiMe3)2)- 
Ru(COXL)I], L -" t BuNC, PMe.a, PBz 3. 

radial profile for the PBz 3 ligand shows greater overlap 
than the PMe 3 profile, which would suggest that steric 
factors could explain why no substitution by this large 
ligand has occurred. Interestingly, in the iron com- 
plexes, in which substitution by the PBz 3 ligand did 
occur, similar F radial profiles are found for both the 
PMe3 and PBz 3 ligands (not shown). 

3. Conclusion 

Synthesis of [('qS-C.sH3(SiMe.a)2)Ru(CO)(L)21] 
proved facile in the presence of [(~qs-CsH3- 
(SiMe,a)z)Ru(CO)2] 2 catalyst. Both high (no substitu- 
tion) and low (double substitution) limits were encoun- 
tered in the carbonyl substitution reaction which relate 
to steric (and electronic) effects. 

Competed with the analogous [('q'S-C ~ H ~a(SiMe 3)2)- 
Fc(CO)(L)I] complexes, the effect of the larger ruthe- 
nium atom on the NMR spectra of the complexes was 
observed in a number of ways. Firstly, the ruthenium 
complexes showed complete, although limited, rotation 
of the cyclopentadienyl ring, as opposed to a 
'windscreen wiper' type motion observed for the iron 
complexes. The larger the ligand in question, the more 
limited the rotation in the ruthenium complexes. Sec- 
ondly, the cone angle limit was found to extend further 
in space for the ruthenium comnlexes. This impacted on 
the con'elation of NMR parameters with iigand cone or 
solid angles, and provides an explanation of the lack of 
A(H2-HS) relationship with 0 observed for [(~.s. 
C:sH4Me)Ru(CO)(L)I] complexes [2]. The difference 
A(H2-H5) was found to be smaller for the ruthenium 
than for the iron complexes. Solid angle and solid angle 
of overlap radial profiles proved to be useful tools in 
accounting for these results by quantifying the positions 
of steric interaction within the molecule. In particular, 
solid angle of overlap radial profiles are very useful in 
accounting for steric properties as both the amount and 
position of steric overlap can be quantified. 

4. Experimental 

All phosphine, phosphite and isonitrile ligands were 
obtained from commercial sources and used without 
further purification. 1,3-Bis(trimethylsilyl)cyclo- 
pentadiene was prepared by a literature procedure [14]. 
All operations were performed under nitrogen in a 
well-ventilated fume cupboard, using freshly distilled, 
dry, deoxygenated solvents. Column chromatography 
was  p e r f o r m e d  on s i l ica  gel  us ing  
dichloromethane/hexane mixtures as eluent. IR spectra 
were recorded on a Bruker IFS25 FTIR spectrometer in 
C6D 6. NMR spectra were recorded on a Bruker AC-200 
spectrometer in C6D 6. Microanalyses were performed 
by the Division of Materials Science and Technology, 
Council for Scientific and Industrial Research, Pretoria. 

4.1. Synthesis of l(rlS-Cs Hs(SiMe s )2 )Ru(CO)2 l] 

Ru3(CO)I2 (395mg, 0.618mmol) was added to a 
two-necked round-bottomed flask containing heptane 
(100ml), followed by distilled, pure 1,3-bis(trimethyl- 
silyl)cyclopentadiene. The reaction mixture was heated 
at reflux for 24h. Heating of the reaction was stopped 
and methyl iodide (0.325 mi, 5.22mmoi) was added. 
The reaction was then allowed to proceed for a further 
24h at room temperature. The solvent was then re- 
moved in vacuo and the product purified by column 
chromatography. The first fraction was found to contain 
the required product, [(~q~-CsH3(SiMe3)2))Ru(CO)21] 
(549 mg, 60%) and the second the corresponding dimer, 
[(~q 's'C s H ~(SiMe :a)2 )Ru(CO)2 ]~. Chm'acterisation details 
ate presented in Tables I and 2. 

4.2. Synthesis of I ( rI'LC5 H~(SiMe~ )2 )RutCO)(L)II, L 
PMe~, PPhzMe, PPhzEt, PPh3, P(OMe)o~, P(OIPr)~, 
P(OPh) s , and P(O-o-tol) 3 

The dicarbonyi complex [(~l'S-CsH~(SiMe3)2) - 
Ru(CO)2I] (ca. 100mg, 203p, mol) was added to a 
two.necked round-bottomed flask followed by benzene 
(50ml) and the catalyst, [(~qs-CsH3(SiMe3)2)" 
Ru(CO)2] 2. Excess ligand L was added to the mixture, 
and the reaction heated at reflux. The progress of the 
reaction was monitored by TLC and by the disappear- 
ance of the 2040cm-~ peak in the IR spectrum. On 
completion of the reaction, the colour of the solution 
was observed to have changed from brown to red. The 
solution was cooled, the solvent removed in vacuo and 
the product purified by column chromatography. All 
products were isolated as red-brown oils, except for the 
complexes with L = PMe3 and PPh 3 which were solids. 
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Spectroscopic characterisation details are reported in 
Tables I and 2. Analytical details: L = PMe 3, C 33.4% 
(expected 33.3%), H 5.57% (expected 5.58%); L -  
PPh 3, C 49.7% (expected 49.5%); H 5.03% (expected 
4.85%). 

4.3. Synthesis of  [(715-CsH~(SiMe~)z)Ru(CO), - 
(tBuNC)z_ , l l ,  n ffi O, 1 

A solution of [('qS-Cs H 3(SiMe3)2)Ru(CO)2 I] (84 mg, 
170ttmoi) and tBuNC (301.1.1, 265ttmol) in benzene 
(100ml) was heated to reflux with [( 'qS-CsH 3- 
(SiMe3)z)Ru(CO)2]2 (10rag). The progress of the reac- 
tion was monitored by TLC and IR spectroscopy. On 
completion of the reaction, the solvent was removed in 
vacuo to yield a dark oil, which was purified by column 
chromatography. Two brown oily complexes were iso- 
l a t e d ,  the f i rs t  i d e n t i f i e d  as [(~Is- 
CsH3(SiMe3)2)Ru(CO)(tBuNC)I] (46rag, 49%), and 
the second as [('qS-CsH 3(SiMe3)2)RutBuNC)2 I] (35 rag, 
34%). Spectroscopic details are reported in Tables 1 and 
2. 

4.4. Radial profile calculations of [(rlJ-CsH+(Si - 
Mej)z)M(CO)(L)I], M ~ F e ,  Ru: L-~PMe+. PBz3, 
'a c 

The PMe~, PBz~ and CsH~(SiMe~) 2 ligand confor- 
mations used have been determined previously [5]. The 
conformation of *BuNC was obtained from the crystal 
structure of [(~SoCsHs)Ru(PPh~XtBuNC)I] [15], For 
both metal systems, ~ comrno~ origin for the profiles 
was determined as in Fig. 6. ldealised structures with a 
¢entroidfM=L angle of 1200 and averaged M-CsH 
~ d  M=L bond lengths, as shown in Table 4, were used 
[13], Small errors in the angle used have been shown 
not to have a substantial effect on the final results [16], 
The origin for profile calculations was thus at the point 
of intersection of the vector through the ring centroid 
and ipso carbon with the vector along the metal-phos- 
phorus bond (see Fig, 7), The solid angle radial profiles 
were calculated by the methodology presented previ- 
ously [7], using an improved algorithm [Ill, Solid angle 

of overlap profiles were also calculated as by the method 
previously presented [6], with only non-bonded overlap 
considered. 
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