
Journal of Organometallic Chemistry, 229 (1982) l-9 
Elsevier Sequoia S.A., Lausanne - Printed in The Netherlands 

ORGANOMETALLIC DERIVATIVES OF THE TRANSITION METALS 

VIII’. BONDING AND MOLECULAR MOTIONS IN SILYL TRANSITION 
METAL COMPLEXES STUDIED BY 2gSi NMR 

KEITH H. PANNELL 

Department of Chemistry. University of Texas at El Paso, Texas 79968 (U.S.A.) 

and ALAN R. BASSINDALE 

Department of Chemistry, Open University, Milton Keynes MK 6AA (Great Britain) 

(Received July 2nd, 1981; in revised form November 9th, 1981) 

Summary 

Complexes of the general type [($-C,Hs)Fe(L)2R], L = CO, PR;; R = silyl, 
polysilyl, and silylmethyl, have been studied using *‘Si NMR. Chemical shift 
and nuclear Overhauser effect data have been obtained and related to the 
chemical bonding and -molecular motion of the complexes. For the various 
dicarbonyl complexes sigma inductive effects by the iron substituent are noted, 
while upon phosphine substitution pi effects are observed with directly bonded 
silicon atoms present. From NOE Q values segmental motion of the various 
chains may be noted, with the Fe iron atom effectively anchoring one end of 
the system. 

Introduction 

The k&era&ions of silicon atoms with transitibn metals is of significance due 
to the use of metal complexes a+ catalysts for various reactions of organosilicon 
compo+ds, e.g. hydrosilylation f2] and polysilane formation [3,4]. A more 
fundtiental interest exists-due to the close relationship between Si and C as 
membe’;” -of- Group IV. In general the Si-M (and the Si-C-M) (M = transition 
nietal) l+k%e _is less k@eti&lly rezktive than the related C-M bond [ 51. Thus 
-no’ ?nsertion)’ reactions~&curwith the Si-M bond, and trimethylsilylmethyl 
complexes of avariety of.transition metal systems are now well established as 
being.both.oxidatively and thermally more stable than their alkylrnetal equiv- 
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alents. This latter observation is thought to be primarily due to the greater 
steric bulk of, and lack of elimination pathways for, the silylmethyl ligands. 

For silylmetal complexes, any enhanced thermodynamic stability, cf. the 
C-M bond, is at least, 3 5-10 kcal/mol in the system we are studying, [(q’- 
C,H,)Fe(L),R]. Thus, while the complexes L = CO, R = -CH2SiMe,SiMe, and 
-CH2SiMe2H readily rearrange to R = -Sih4e2CH2SiMe3 and -SiMe,, respec- 
tively [6,7-J, a reverse rearrangement R = -SiMe,CH&l to -CH,SiMe,Cl is also 
readily effected [ 81. 

It has been suggested that d,-d, bonding between the transition metal and 
silicon may be responsible for this extra stability. However, a recent combined 
infrared and Miissbauer study on [ ($-C&)Fe(CO),R] system concluded that 
in this system at least, no significant retrodative bonding of this type was 
needed to understand the various data [9]. A photoelectron spectroscopic study 
on the same system R = C, Si, Ge, Sn, and Pb has reached an identical conclu- 
sion [lo]. 

With the increasing availability of Fourier Transform NMR many investiga- 
tions involving direct observation of the 2gSi nucleus have appeared, and several 
reviews are already in the literature [ 11-131. To date, only a handful of litera- 
ture reports concerning the utilization of this technique to sigma silylmetal 
complexes have appeared. Early reports by Ebsworth dealt, with the chemical 
shift of the silicon atoms in Me3SiHgSiH3, (MesSi = 63.7; H3Si = 22.1 ppm) and 
the coupling constants between Si and P and Pt in the complex [frans-PtCi-- 
(SiI&Cl)(PEt& (J= 16.0 and 1600 Hz, respectively) [14,X1]. 

More comprehensive reports commenced in 1979. Fischer and coworkers 
studied a series of Group VI carbonyl silyl-substituted carbene and carbyne 
complexes, e.g. [(CO),WK(OEt)(SiJ?h,)], [(CO),BrWsSiPh,] [16]. From 
variations in chemical shift data for the various metals they have suggested that 
significant pi interactions occur between the metal and the silicon atom, but 
were unable to distinguish whether this was a hyperconjugative interaction or 
involved participation of the d-orbit&s. Malisch and Ries reported the chemical 
shift, and various J(FSi): J(HSi) data for a series of complexes derived from the 
cyclopentadienyliron dicarbonyl system, i.e. [ ($- C5H5)Fe(C0)2SiR’R”R”]. 
R = H, Cl, Me, F, ($-C5Hs)Fe(CO), [17]. They were unable to reach any con- 
clusions regarding the variations of chemical shift upon replacing the various R 
gioups, but did report that upon placing two metal atoms directly upon the Si 
atom they observed the lowest field chemical shifts for *‘Si thus far recorded. 
In a paper appearing at essentially the same time as the previous two, Gladysz, 
Servis and coworkers drew attention to the fact that good 29Si NMR spectra of 
silyltransition metal complexes could be readily obtained using the Selective 
Population Transfer method; and reported the spectra of the trimethylsilyl deri- 
vatives of Co(CO)+ Mn(CO)S, Re(CO)5, and (q5-CSHs)Fe(CO), [IS]. It was con- 
cluded that the 29Si chemical shifts behaved in a fashion very similar to l19Sn 
shifts previously reported by Lappert and McFaAane [19] and that pi bonding 
was an important feature, especially for the third row transition metal. 

Finally, two papers have appeared describing *‘Si NMR data for a series of 
organosilyl pi complexes of the transition metals [20,21]. These studies illus- 
trated a general low field shift, of 6-11 ppm for a silicon atom bonded directly 
to a ligand C atom bonded to a single metal, and a shift of approximately twice 
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this value when two metals were bonded to the ligand C atom. It was also ob- 
served that coupling existed between a metal with a nuclear spin and silicon 
atoms in both the alpha and beta position, with respect to the metal, and that 
complexation of the organosilyl ligand to the metal severely restricted relaxa- 
tion via spin-rotation mechanisms [20]. 

It is the purpose of this paper to report the results of a *‘Si NMR study on 
permethylated silyl complexes of the system [($-C,H,)Fe(L),] - L = CO, PR,. 
We have chosen to restrict the study to permethylated silicon systems to avoid 
the problems associated with interpretation of variations of chemical shift upon 
substitution with halogens, etc. previously reported, and because the data from 
organosilicon systems is best understood for the methylated series of silyl com- 
pounds- Along with a simple chemical shift analysis, we have also studied 
nuclear Overhauser effects in order to learn something about the method of 
relaxation of the Si nuclei in a metal environment. This data provides informa- 
tion regarding the molecular motions of the complexes, i.e. overall molecular 
tumbling and free internal spinning of symmetrical groups. 

Experimental section 

The complexes were synthesized using well established and published proce- 
dures [6,7,22,23] _ All spectra were recorded on a Bruker WP60 FT NMR spec- 
trometer. Solutions of 50-250 mg were made up in thoroughly degassed ben- 
zene-&. In order to study nuclear Overhauser effects no paramagnetic relaxa- 
tion agents were added to the solutions. However, in a few cases where no sig- 
nals could be obtained in this mode, Cr(acac), was added and the NOE was not 
measured. A pulse angle of 20-30” was used with a repetition time of 15-60 
seconds. N.O.E. measurements were carried out by the method of Levy [28]. 
Spectra without N-0-E. were obtained using gated decoupling with a pulse 
delay of a5T1. Spectra with N.O.E. were obtained under identical conditions 
but with continuous proton decoupling. TMS was added as an internal standard 
and the TMS N-0-E. g value of -9.09 was applied as a correction factor, In a 
few cases the internal frequency of the spectrometer was used for standardiza- 
tion [24]. 

Results and discussion 

Chemical shift and coupling data 
The chemical shift parameters and coupling constants for the series of com- 

plexes studied are reported in Tables 1 and 2 respectively, (L = CO, PPhs; LZ = 
Ph2PCH2CH2PPh2, R = SiMe,, SiMe,SiMe,, SiMe,SiMe,SiMe,, SiMe,CH,SiMe,, 
CH2SiMe3 and CHzSiMe2SiMe3). 

The current chemical shift range for the many hundreds of published *‘Si 
NMR spectra varies from +146 ppm to -350 ppm relative to TMS at 0 ppm, 
with high frequency (low field) shifts being positive. No comprehensive theoret- 
ical interpretation is available for these chemical shift variations, although 
Radeglia et al. [25,26] have used a modified Jameson Gutowsky formulation 
with some success to reproduce the familiar “sagging pattern” of shifts with 
substituent electronegativity ]14]_ Harris and Kimber have demonstrated that 
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TABLE 2 

COUPLING CONSTANTS FOR SOME (+-CsHs)FeLzR COMPLEXES 

Complex 

L L R 

J<SiP) (Hz) 

Q P 7 

co PPhs 

Ph2PCH2CH2 PPh2 
co PPh3 
co PPh3 

SiMe3 

SiMe3 
SiMe2CH2SiMe3 
CHpSiMe3 

30 - - 

46 - - 

30 - 0 
- <1.5 - 

for the system Me,SiX, a rough correspondence between 6Si and the electro- 
negativity of X exists when X is a non-metal [ 4 j . In this series the most electro- 
negative groups tend to deshield the silicon nucleus. On the other hand, Schraml 
et al. studied a series of compounds (EtO),Me s-nSi(CH2),Y and showed that 
increasing the electronegativity of Y caused a high field shift, shielding the sili- 
con nucleus. This was explained by invoking an overcompensation of 0 + Si 
pa-d, pi bonding to counterbalance the inductive effect of the Y substituent 
[27]. For the limited data available for X = transition metal, d-d interactions 
and the “bulky atom” effect become significant, and the results seem to parallel 
trends observed for “‘Sn chemical shifts, with third row metals exhibiting the 
greatest high field shifts, the first row the greatest low field shifts. 

Given these complicating features we have deliberately limited this initial 
study to single metal systems with limited substitutions on the metal and only 
methyl groups attached to the silicon atoms. The absolute values of the chemi- 
cal shifts of the R ligands recorded in Table 1 offer little useful information. So 
that trends may be observed due to the presence of the transition metal, we 
have compared the “Si chemical shifts of the complexes with those of the cor- 
responding RMe compound_ In Table 1 a positive A6 value signifies that the 
silicon atom in the iron complex appears to low field of the corresponding RMe 
silicon atom, i.e. A6 = [6[($-C,H,)Fe(L),R] - 6RMe]. Using this approach 
some significant features are apparent. - 

The silicon atom directly bonded to the transition metal (Sh) exhibits the 
greatest A6; each of the dicarbonyl complexes exhibits a A6 in the narrow 
range from 36.5-42.5 ppm. Silicon atoms situated in the beta position with 
respect to the .Fe (Sip), have a lo& field shift in the range 8.3-12.9 ppm, i.e. _ 
considerably less, while the gamma silicon atoms (Si,) are essentially unaf- 
fected by the presence of the transition metal. It is significant that these chem- 
ical shift effects are apparently independent of the nature of the atoms that 
comprise the chain. For example the effect is similar in both FeSiSi and FeCSi, 
in FeSiCSi and FeSiSiSi, and this suggests that a simple inductive effect is oper- 
ating and that transmission of the effect does not involve d orbital participation 
on the part of the silicon atom. It is also significant that the effect is rapidly 
attenuated, again symptomatic of a sigma bonding inductive feature rather 
than a pi interaction that might be expected to be transmitted over longer dis- 
tances Tom the Fe atom in the case of the conjugated polysilyl ligands. 

The effect of replacing the carbonyl ligands by phOSphiXX?S was also dmdied. 
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A single replacement produces a high field shift for the silicon atom directly 
bonded to the Fe of 6.55 ppm (VII) and 5.87 ppm (VIII) compared to the 
dicarbonyl analog. Replacement of both of the carbonyls by the chelating 
“diphos” produces almost twice this shift, i.e. 16.1 ppm (X). The Sip atom in 
(IX) and the Si, atom in (VIII) are unaffected by this substitution. Thus, 
directly bonded Si atoms become progressively shielded upon carbonyl substi- 
tution whereas silicon atoms insulated from the metal by methylene groups 
exhibit no shifts. Synthetically we have not been able to obtain polysilyl com- 
plexes with phosphine ligands due to elimination reactions previously 
described [4,23] ; however, we are attempting new routes to such complexes. 
These results may be understood in terms of the capacity of silyl groups to pi 
bond in these phosphine substituted complexes. As noted in the introduction, 
MGssbauer, ineared, and PES spectroscopic studies have illustrated that in the 
dicarbonyl species there is no significant pi interaction between the Fe and 
directly bonded silicon atoms. This conclusion is now augmented by the “Si 
data on the dicarbonyl systems. However, there is chemical evidence that upon 
substitution of the CO ligands by PR3 the extra electron density that is present 
on the Fe atom is partially delocalized onto a directly bound silicon atom via a 
pi interaction 1231. The 2gSi NMR data on the phosphine-substituted com- 
plexes reinforces this idea. The increase in shielding of the directly bound Si 
atoms due to phosphine substitution may be thought to result from a pi inter- 
action, and this does not occur in the methylene-insulated silicon complexes. 
If the effect observed upon substitution were an inductive effect, then some- 
variation should be observed upon the Si, and Si, atoms insulated, as was the 
case for the dicarbonyl data discussed above. Clearly this interpretation on 
what is a limited set of complexes needs further study, and the synthesis of sys- 
tems to directly investigate this aspect of the work is currently underway. 

‘J(W) coupling constants were observed for the directly bound silicon 
atoms in the two monophosphine complexes VII and VIII (doublet J = 30 Hz), 
and the diphos complex X (triplet, J = 46 Hz) (Table 2). Little can be said of 
these figures at the present, except that they are considerably larger than the 
*J(W) coup - g lm constant of 18 Hz for [trans-PtCl(SiH,Cl)(PEt3)23 [15]. As 
more such data are developed much valuable information is to be gained from 
this aspect of the 2gSi NMR tool in transition metal silicon chemistry with 
respect to both geometry and bonding. 

Nuclear Ouerhauser effects 
For nuclei with a spin of l/2, four main spin lattice relaxation methods are 

normally thought to be significant; dipole-dipole interactions (DD), the spin- 
rotation interaction (SR), the chemical shift anisotropy (CSA), and scalar inter- 
action (SC). From the various-studies performed using 2gSi NMR it is now 
apparent that in the absence of paramagnetic materials and quadrupolar nuclei, 
the major contributions to “Si relaxation are DD and SR relaxations. Thus, 
l/G,,,, = 1/T,on, + UT1(sR,, where T,,,,, and T1<ObEd) are related hy the . 
expression T1<nn, = -2.521;e-,Wj/~ where 4 is the observed NO& [13] Thus, 
it may be noted that as the value of q approaches 2.52 so the relaxation of 
2gSi atoms is becoming progressively more DD relaxation. In general, smaller, 
more mobile molecules relax predominantly via the SR inechanism as shown by 
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the small values of-q. Larger molecules with limited mobility therefore tend 
to relax more via DD mechanisms and possess correspondingly larger -q values. 
Silicon atoms in chains, e.g. polysiloxanes, have been shown to undergo segmen- 
tal motion. The terminal trimethylsilyl groups relax predominantly via SR 
mechanisms and DD mechanisms become progressively more significant in the 

middle of the chain indicating a type of flexing motion about the centre [ZS] . 
We have measured relaxation times for I and IV, but due to the very long 

acquisition times for a single spectrum, not for the complete series of complexes. 
We have, however, measured the NOE’s for all the complexes and the data are 
collected in Tables 3 and 4. 

Several trends may be observed from the data. All of the parent RMe com- 
pounds have relatively small -q values in keeping with their being relatively 
small mobile species. However, even within these compounds the effects of 
increasing size are apparent, with q essentially zero for the symmetrical TMS, 
0.25 for MesSiSiMe,, and 0.4 for both Si atoms of the trisilane Me3SiSiMe,SiMe3. 
The immediate effect of substituting an [(q’-C5HS)Fe(CO),] for a methyl is to 
markedly increase the q values for all Si atoms in the molecule. In each case for 
the series FeSi, FeSi,, and FeSi, the terminal Si atom has an -q value of 1.0 
(null signal for the fully decoupled experiment). This illustrates that the 
relaxation is predominantly (60%) via an SR mechanism. This is probably due 
to the rotation of the Me$i group about its threefold axis coupled with a gen- 
eral tumbling motion of the molecule as a whole. In the case of the FeSi, 
molecule, for Si, the DD mechanism is now predominant (58%) showing a 
marked difference between the two silicon atoms. For the trisilane complex, 
FeSi3, this effect is even more prpnounced since the 7 values fall from 2.11, 
to 1.9 to 1.0 for the Si,, Si,, and Si, atoms. These trends can be understood 
in terms of the molecular tumbling of the entire molecule with the superimpo- 
sition of the increasing motional freedom of the silicon atoms as they become 
further removed from the heavy Fe end of the complex. The Fe system can be 
seen to effectively anchor one end of the chain. Similar results are obtained for 
the FeCH,SiSi and FeSiCHzSi complexes. In the latter example the Si, and Si, 
atoms show significantly larger -q values than for the trisilane; it is possible 
that this difference reflects a further restriction of mobility due to steric hin- 

TABLE 3 

NOE q VALUES FOR SOME (q5-C~Hg)FeL2R COMPLEXES 

Complex _ a.6 

L L R 01 P Y 

co co SiMe3 l-0(40) - - 

co co SiMeZSiMeg l-45(56) 1.0(40) - 

co co SiMe2SiMqSiMeg 2.11<84) 1.9<75) 1.0(40) 
co co CH2SiMe2SiMe3 - 1.9(75) 0.8(32) 
co co SiMe2 CH2 SiMe3 2.31<92) - l-62(64) 
co PPh3 SiMe2CH2SiMe3 2.46(98) - 2.29(9X) 
co co CH2SiMe3 - 1.0(40) - 

’ +lO% accuracy. b % DD relaxation mechanism in parenthesis. 
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TABLE 4 

RELAXATION TIMES FOR (qs<CgHs)FeL2R, s= 

R Tl 
DD 

Tl 
SR 

Tl 

SiMe3 79 198 130 
CH2SiMe3 75 189 124 

c +5%. Measured by standard inver?.ion-recovery sequence with gated decoupling during acquisition only. 

drance resulting from the relative shortness of the Si-C bond, cf. Si-Si. Overall 
the data clearly illustrates the concept of segmental motion with the heavy 
transition metal acting to dampen motion at one end of the (Si),Fe chain rela- 
tive to the other. 

Upon substituting a carbonyl ligand by a triphenylphosphine the _rl values of 
all Si atoms markedly increase. Thus, for the complex [($-CSHS)Fe(CO)(PPh3)- 
SiMe2CH2SiMe3] the 11 values come close to the limit, i.e. 2.46 (SiQ) and 2.29 
(Si,). These values correspond to 98% and 90% DD relaxation, respectively, 
illustrating that the Fe end of the molecule is now so bulky and ponderous as 
to effectively swamp out any segmental motion and leave only a small SR con- 
tribution from the very small tumbling motion of the complex molecule. 

In summary the NOE data shows that the substitution of the polysilyl groups 
on iron, or vice versa, perturbs the isotropic rotation of the molecule. Dipole- 
dipole relaxation is most significant for the Si, atoms and spin rotation relaxa- 
tion becomes progressively more important as the Si atoms are removed from 
the iron atom. The iron atom provides an anchor for the molecule, and segmen- 
tal motion may be noted. 

The relaxation times for I and IV are recorded in Table 4. They are long and 
duplicate runs require almost 5 days of instrument time. Within experimental 
error the two Si atoms of I and IV exhibit almost identical behavior. The 
removal of the Si atom from direct binding to Fe, which will provide more 
mobility and more Si-H DD interactions being offset by the extra mass of the 
complex. 
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