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Abstract 

The crystal structure of cis-Mo(C0),(~4-l,l,3,4-tetramethylsilole)~ (1) shows the 
presence of only the uu isomer, as an enantiomeric pair (A, A). Variable tempera- 
ture NMR measurements reveal the presence in solution of the A and A enanti- 
omers (presumably uu) for the four cis-M,(C0),(v4-silole), complexes, M, = MO 
(1, 6), M-r = W (2) and cis-Mo(C0),(q4-germole), (3), but also the diastereoisomers 
(AA uu and tram ou) in the case of cis-Mo(CO)(PPh,)(q4-silole), (5). IR spec- 
troscopy confirms the presence of diastereoisomers for all the complexes and 31P 
NMR also shows this in the case of 5. The structures of the diastereoisomers are 
assigned on the basis of the multiplicity of the ‘H NMR signals. Both rotations of 
the q4 ligands and classical twists, of the type usually associated with octahedral 
chelate complexes, are necessary to explain this dynamic behaviour fully. The 
activation parameters have been calculated and the values of 30-40 kJ mol-’ for 
AG* at the coalescence temperature are comparable to those obtained for similar 
systems. 

Introduction 

We previously described the ability of siloles and germoles without phenyl 
substitution to act as ligands in transition metal chemistry [1,2] and showed that 

* For Part III, see Ref. 2. 
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they function as q’ ligands. as is the case for the (-‘-phenyl-sul?~titutzd series [?]” 
Since silole transition metal complexes are of interest as potential sources of the stii! 
unknown qi-silacyclopentadieny~ species 14.51, a study of the eleetrctm~. structure of 
these new complexes was carried out. a some aromatic. char;~ctcr d.etr,~tod for the 
ligands 161. 

The few crystal structures studied in the case of the C.-phenyiateci series show 
that the silole ring is not planar [5.7]. Indeed. the roughly planar diene :tnit and the 
C(1 )-SiLC(4) plane define dihedral angles of htetween XI and 21’- 

Experimental 

Crystals of complex 1 were grown at -- 78°C from a hrxane soiutton tundra 
nitrogen. Yellow blocks or truncated hexagonal plates were obtained. Preliminary 
Weissenberg photographs established a trigonal unit cell with space group P:, , OI 
PTc, (nr. 158 and 165). systematic absences: i&I)/ (i = 2r: -:- 1). A small hiock w~;!s 
cut from a plate and was sealed inside a Lindeman giaai c;rpillar! I\;IPI the [()(I~] 
direction parallel to the cp :Ixis of the diffractometer. 
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Table 1 

Summary of crystal data, intensity measurements, and refinement 

Formula 
Cryst. system 
Space group 

a (A) 

c (A) 
Vol. (K) 
Mol. wt 
Z 
d calcd (g cm- 3 1 
d measd (g cmm3) 
Cryst. size (mm3) 
Cryst. colour 
Recrystn. solv 
M.p. ( o C) 
Method of data collectn 
Radiatn (graphite-monochromated) 

P (cm-‘) 
28 limits (deg) 
No. of unique reflectns 
No. of obsd reflectns 
Final no. of variables 
R 

RW 

Residual electron density 

C,sH,sMoO,Si, 
trigonal 
P&l 

16.491(3) 

12.836(3) 

3022.8 
428.5 
6 
1.414 
1.35(2) 
0.15 x 0.20 x 0.25 
yellow 
hexane 
91-92 
moving crystal, moving counter 
MO-K, 
6.92 
4-50 
1677 
1184 
105 
0.0416 
0.0437 
0.67 

X-Ray data collection 
Data were collected on a CAD-4 automated diffractometer with graphite-mono- 

chromatized MO-K, radiation (h 0.71069 A). Lattice constants (Table 1) were 
derived from a least-squares refinement of 25 strong reflections recorded in the 
range 12O < 28 < 25.6O. The intensities of three standard reflections were moni- 
tored at 60 min intervals, and no changes were observed. The structure amplitudes 
were obtained after the usual Lorentz and polarization reduction. From the 3913 
data collected, equivalent pairs were averaged and the absent reflections deleted to 
give a set of 1677 unique data, of which only 1184 were used in the last refinement 
(a( F)/F < 0.33). Since the crystal was small and the linear absorption coefficient 
only 6.9 cm-‘, no absorption corrections were made. 

Structure determination and refinement 
The space group P3Cl was first tried and the structure was solved by direct 

methods (1980 version of the MULTAN program). The MO coordinates thus 
obtained were used in a Fourier map calculation, leading to location of all the 
non-hydrogen atoms. The atomic scattering factors were taken from ref. 8. After 4 
cycles of least-squares refinement, Professor Lapasset pointed out to us that the 
molecule of complex 1 exhibits a rigorous 2-fold axis of symmetry (going through 
the MO atom and bisecting the OC-MO-CO angle). The coordinates of the atoms 
were changed leading to the centric space group P3Cl which was used successfully 
throughout the subsequent refinement cycles. Anisotropic thermal parameters were 
given to all atoms, the restrictions due to the special position in the case of the MO 
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Table 3 

Bond lengths (A) and selected bond angles (deg) for complex 1, with standard deviations in parentheses 

MO-C(~) 2.454(10) SiLC(7) 1.861(8) 
MO-C(~) 2.351(6) Si-C(8) 1.907(10) 
MO-C(~) 2.265(7) 
MO-C(~) 2.324(8) C(l)-C(2) 1.428(11) 
MO-C 1.935(9) C(2)-C(3) l&42(12) 
c-o 1.191(13) C(3)-C(4) 1.445(10) 

C(2)-C(5) 1.504(11) 
a-C(l) 1.861(8) C(3)-C(6) 1.528(11) 
Si-C(4) 1.865(10) 

C-MO-C’ a 81.2(6) Si-C(l)-C(2) 105.0(S) 
MO-C-O 175.0(8) C(l)-C(2)-C(3) 113.6(6) 

C(2)-C(3)-C(4) 113.3(7) 
C(l)-Si-C(4) 87.8(4) C(3)-C(4)-Si 104.6(6) 
C(l)-Si-C(7) 120.5(4) 
C(l)-Si-C(8) 110.5(4) C(5)-C(2)-C(1) 121.5(7) 
C(4)-Si-C(7) 120.5(4) C(5)-C(2)-C(3) 124.5(7) 
C(4)-Si-C(8) 111.6(4) C(6)-C(3)-C(4) 122.8(7) 
C(7)-Si-C(8) 105.3(5) C(6)-C(3)-C(2) 123.5(6) 

a Atom C’ is obtained from atom C through the symmetry transformation: x - y, 7, l/2 - t 

Table 4 

Variable temperature spectra of compounds l-3 and 6 in CD&l 2 

Compound T (K) 8 (ppm) 

=C-CH s =C-H endo-CH s exe-CH s 

300 2.31 1.71 0.31 -0.14 
168 2.43, 2.08 2.12, 1.19 0.21 - 0.24 
300 2.49 1.44 0.34 - 0.14 
168 2.54, 2.26 1.74, 0.92 0.22 - 0.23 
300 2.40 2.02 0.52 0.06 
183 2.49, 2.09 2.42, 1.39 0.39 -0.03 
300 2.37 1.96 0.69 7.2-7.4 a 
173 2.55, 2.11 2.38, 1.36 0.63 

a Aromatic. 

Table 4 summarizes the results of variable temperature measures for compounds 
l-3 and 6. 

Complex 5: ‘H NMR, T 300 K, (CD&l,) 6 7.3-7.4 (m, aromatic), 5.09 and 4.24 

Table 5 

Coalescence temperatures and activation parameters for compounds 1, 2, 3 and 6 

Compound T, (=C-H) T,(CH,) Av(c,d) As(e,f) AC;< 
* 

(K) (K) (Hz) (Hz) (kJ mol-‘) (J mol-’ K-r) $k-‘) 
As; 

1 183 178 335 142 34 -12 33 
2 178 173 300 108 33 -80 22 
3 208 198 371 143 38 -5 37 
6 193 188 371 162 36 -17 32 
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(m, =C-H j3 to Si), 1.83 and 1.26 (m, =C-H (Y TV Si). 0.49 (s. endo-C’fi,) and --- 0.17 
(s, exe-CH,): T 173 K. 6 6.08. 5.62 (2 aignalsj. 4.57, 4.22, 3.71, 3 43. 1.78. 2.48, 2.17. 
1.91 and 1 .OO (all broad singlets. preventing firm assignment>. a and j$ to silicon). 

0.86. 0.48. 0.28. 0.03. (s, fwiio~-CH~ ) and --().I h (2 signals:). i! ;:i ,Elk_l --- 0.42 (h. 

fxKH , ). 

Results and discussion 



35 

Table 6 

Van der Waals contacts between groups within a molecule of complex 1 

C(q)---C(sp2) Distance (A) 

C---C(2) 2.65(l) 
C---C(3) 2.84(l) 
C---C’(3) 2.85(l) 
C---C’(4) 2.85(l) 

C(sp)---C(sj73) 

C---C(S) (CH,) 
C---C’(6) (CH,) 
C---C(6) (CH,) 
C(7)----C’(7) (CH,---CH,) 

Distance (A) 

2.94(2) 
3.19(l) 
3.30(l) 
3.49(2) 

44.5 o ) have been reported recently [15] for silole and germole cobalt complexes. We 
think that the larger fold angle for the silole ring in complex 1 results from a greater 
compression associated with the presence of more ligands around the molybdenum 
atom. In the case of Ru(CO),(l,l-Me,-2,5Ph,silole) [7] or Mo(CO),(l-Me-l-vinyl- 
2,5-Ph,silole) and Mo(CO),(l-Me-1-allyl-2,5-Ph,silole) [14], the Ru(CO), or the 
Mo(CO),[C=C] moieties readily occupy the space left by the unique silole ligand. In 
the present work, the two carbonyl groups are linked to the MO atom in a way 
which is reminiscent of the octahedral geometry, and so they cannot define a plane 
which contains the metal atom and is perpendicular to a line joining the two silole 
ring centers, a situation which would have minimized steric interactions. On the 
contrary, as can be seen from Table 6, the carbon atoms in the carbonyl groups and 
the Van der Waals sphere of methyl group C(7) are in close contact with their 
neighbours. 

Another possible effect of the asymmetric repulsions reported in Table 6 may be 
the slight rotation of the silole ligand around an axis going approximatively through 
the C(2) and C(4) atoms. Thus MO-C(I) bond distances, that are usually observed 
as equivalent pairs (e.g. MO-C(~), C(4) and MO-C(2),C(3)), are in this case 
significantly different: the MO-C(~) bond distance is 0.13(l) A greater than the 
correspondmg MO-C(~) distance, and the MO-C(~) and MO-C(~) distances differ 
by 0.09(l) A. This dissymmetry in the coordination of the molybdenum atom to the 
butadiene unit leads to slight different values for the carbon-carbon bond lengths 
of the silole rings: C(l)-C(2) is 0.015 A shorter than the average of the two 
C(2)-C(3) and C(3)-C(4) bond lengths, although such small differences fall within 
the range of experimental error. However, the overall magnitude of these steric 
repulsions must be small, since the MO atom in complex 1 is closer to the butadiene 
unit (average MO-C distance; 2.348(7) A’) than in the complexes Mo(CO),(l-Me-l- 
vinyl-2,5-Ph,silole) 2.402(7) A and Mo(CO),(l-Me-allyl-2,5-Ph,silole) (2.369(7) A) 

1141. 

Spectroscopic study of bis-metallole molybdenum and tungsten complexes 
From the crystal structure of 1, a magnetic non-equivalence would be expected 

for the olefinic protons c and d and the methyl protons e and f, since their chemical 
environments are different (Fig. 4). The ‘H NMR spectrum exhibits sharp singlets 
for each type of protons [2] showing that there is interconversion in solution. 
However, at lower temperature there is decoalescence (T, 183 K for c and d, T, 178 
K for e and f). The measured Au at 168 K are 335 and 142 Hz, respectively (Fig. 5). 

The same behaviour is displayed by compounds 2,3 and 6 (Fig. l), the structures 
of which are assumed to be like that of 1. From these experiments, the values AG, 



_-.- _____.__ 
r 300 K --A.--- --,-------------------I .-. --_i_-.. _ ._ ________^_. 

3 a “i 

i 168 K ------ -~--._..__.._..__1_"-__-__..--. .^^__ "__ _~. _ ._ ._ __.. _~_ 

3 i I i 
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Table I 

Carbonyl frequencies for compounds l-6 in hexane (sh = shoulder) 

Compound v(C0) (cm-‘) 

1 1978,1972,1919,1912 
2 1976,1970,1917,1908 
3 1970,1963,1912,1905 
4” 2000sh, 1990,1955sh, 1940 
5” 1916,189O 
6 1975,1972,1918,1912 

’ In cyclohexane. 

two multiplets for each type of protons ((Y and p to silicon) and two singlets (endo 
and exo methyls) at 298 K. From 223 to 183 K, the different signals decoalesce and 
at 173 K, the spectrum shows 12 signals for the olefinic protons and 8 for the 
methyl protons. The results can be related to our previous observations [2] on the IR 
spectra of these complexes; in each case the P(CO) absorptions show a multiplicity 
which is the double than that predicted (Table 7). 

Our observations are consistent with the coexistence of isomers which undergo 
rapidly interconversion on the NMR time scale at room temperature; the process is 
slower at low temperature and so for complex 1, the non-equivalence of protons 
evident in the crystal structure, is observed. The equivalence observed at higher 
temperatures is the result of the equilibrium between the enantiomers (Fig. 6). 
Enantiomers of a compound have identical physical properties except that the angle 
of rotation of the plane of polarized light has the opposite sign. Thus, the observed 
v(C0) bonds correspond to two diastereoisomers. Diastereoisomers are not ob- 
served for either the iH or i3C spectra of complexes 1-3, but the 31P NMR 
spectrum of 5 is consistent with an interconversion of diastereoisomers since their 
populations are different (60 and 40%). Indeed, diastereoisomers are different 
chemical compounds, and their ratio at equilibrium should be different. On the 
basis of the crystal structure of 1, one of the diastereoisomers must be A (Fig. 7). 
Whether the other is B-F can be deduced from the ‘H NMR spectrum (Fig. 8). 

A “” Enanttomers A u” 

Fig. 6. Interpretation of the low temperature ‘H NMR of 1. 



UU 

A 

Fig. R. ‘I-1 NMR spectra of 5 at room and low temperature 
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Above the coalescence temperature, the observation of two signals for the methyl 
protons and four for the olefinic ones is easily explained in terms of the interconver- 
sion of the A and A uu isomers (A). (The mechanism will be discussed below). 
Below the coalescence temperature, the observation of 12 signals (6 protons fi and 6 
protons (Y to silicon) rules out the equilibrium between two cis isomers (16 signals 
should be obtained in this case), as well as the equilibrium between A and E or F 
(10 signals should only be observed). The possibility of an equilibrium between A, E 
and F would be in agreement with the ‘H NMR spectrum, but not with the IR 
spectrum or with the low temperature “P NMR spectrum (only two diastereo- 
isomers are present). Thus only the presence of one cis enantiomeric pair AA UU, 
presumably (A) and tram ou (D) is consistent with both the 12 signals due to the 
olefinic protons and the 8 due to the methyl protons. 

Proposed mechanism for the isomerization of bis-metallole transition metal complexes 
Since the crystal structure determination shows that 1 is a slightly distorted 

octahedral molecule, the recognised mechanisms for the isomerization of this type of 
compounds can be considered viz. bond rupture, twisting mechanisms [16-181, or 
dienic ligand rotation [19]. Dissociative mechanisms are difficult to rule out for 
complexes with one or more bidentate ligands [20], but the absence of signals other 
than those attributed to isomers A and D (Fig. 7) in the low temperature ‘H NMR 
spectrum of 5 favours a concerted rather than a bond rupture mechanism. Non-dis- 
sociative pathways to a transition state with a trigonal prism geometry from an 
octahedral ground state have been proposed. Our observations are in agreement 
with an intramolecular non-dissociative process which can be described as a Bailar 
[21], a Ray-Dutt [22], or a Springer-Sievers [23] twist. Such twists could explain the 
observation of an enantiomeric pair (complexes l-3) and signals which can be 
attributed to the enantiomeric pair and diastereoisomer B (complex 5) (Fig. 9). 
However, the room temperature ‘H NMR spectrum of 5 cannot be rationalized in 
terms of a twist mechanism, since in this case the populations of the methyl protons 
should be always different and four signals would be observed (Fig. 10). In contrast, 
rotation of the silole ligands around an axis defined roughly by the gravity centers 
of the diene units would be consistent with the observation of only two resonances 
for the methyl protons. The same considerations apply to the olefinic protons in 

Fig. 9. Mechanism proposed for the isomerization of 5. 
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Fig. 11. Ring rotation in isomer truns-ou of complex 5. 

both mechanisms, only a ring rotation accounting satisfactorily for the multiplicity 
of the signals. Double irradiation experiments on the low temperature ‘H NMR 
spectrum of 5 show that each proton is associated with another (Table 8). This is 
also consistent with ring rotations in cis-uu (A) and truns-ou (D) isomers (Figs. 10 
and 11) and shows that the energy of the protons is transferred in the ring rotation 
mechanism but not in the twist process; in other words, the twist is slow and the 
ring rotation fast in the proton relaxation time scale. The absence of other possible 
isomers is due to the constraints arising from the geometry of the n4-bonding of the 
metallole ligands, which prevent twists such as those shown in Fig. 12, and also by 
steric hindrance, which prevents ring rotations. This reflects the limitations in 
comparing the isomerization of these complexes with those possessing only non- 
chelating or chelate ligands; the latter can undergo isomerizations forbidden by 
q4-bonding. 

co 

L 

Forbidden mechanisms 

Fig. 12. Other formal possibilities of isomerization. 
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