ournal
ofOrgano.

metallic

Chemistry

ELSEVIER

Journal of Organometallic Chemistry 647 (2002) 158166
www.elsevier.com/locate/jorganchem

Metalation of aromatic heterocycles by yttrium alkyl complexes
that contain a linked amido-cyclopentadienyl ligand: synthesis,
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Abstract

The reaction of the half-sandwich alkyl complex [Y(n®n!-CsMe,SiMe,NCMe,)(CH,SiMe,)(THF)] with furan and thiophene
gives metalation products [Y(n’n'-CsMe,SiMe,NCMe,)(p-2-C,H;X)], (X = O, S) which are sparingly soluble in hydrocarbons
due to the dimeric structure. Single crystal X-ray structure analysis of the 2-thienyl complex confirms a six-membered core with
bridging sulfur atoms and trans-disposed amido-tetramethylcyclopentadienyl ligands. In contrast to THF and pyridine, 1,2-
dimethoxyethane (DME) forms isolable, crystalline adducts [Y(n®n!-CsMe,SiMe,NCMe,)(2-C,H;X)(DME)]. Single crystal X-ray
structure analysis of the 2-furyl derivative shows a four-legged piano stool configuration. The reaction of [Y(n®n!-
CsMe,SiMe,NCMe,)(CH,SiMe,;)(THF)] with excess DME gives the isolable, five-coordinate complex [Y(n’mn!-
Cs;Me,SiMe,NCMe,)(CH,SiMe;)(DME)] that does not react with furan or thiophene, indicating an associative mechanism.
[Y(n’n'-CsMe,SiMe,NCMe,)(CH,SiMe;)(THF)] reacts with pyrrole to give the sparingly soluble pyrrolide that can be studied
by crystallography as a DME adduct [Y(n’:n'-CsMe,SiMe,NCMe;)(n'-«N-C,H,N)(DME)]. The reaction of [Y(n’n!-
CsMe,CH,SiMe,NCMe,)(CH,SiMe;)(THF)] that contains the longer CH,SiMe,-bridge reacts with furan to a mixture of a
hydrocarbon-soluble dimer and the labile THF adduct, whilst the reaction with thiophene results in the selective formation of the
monomeric [Y(n’:n!'-CsMe,CH,SiMe,NCMe;)(2-C,H;S)(THF)] which was characterized by crystallography. © 2002 Elsevier
Science B.V. All rights reserved.
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tion of aromatic molecules by decamethyl lan-
thanocenes [Ln(CsMe;),X] (X=H, alkyl) [3]. More
recently, this type of reaction of thiophene was com-
bined with ethylene insertion chemistry of the resulting
2-thienyl complex to synthesize polyethylenes with 2-
thienyl-end groups [4]. We have reported that the labile
yttrium alkyl complex [Y(n’:n!-CsMe,SiMe,NCMe;)-

1. Introduction

Metallocenes of the rare earth metals have been
known for quite some time to activate C—H bonds in
both saturated and unsaturated organic substrates [1].
Extensive systematic studies by Bercaw et al. have
established the o-bond metathesis as a general reaction

type whenever metal complexes with f*d°-electron
configuration undergo C-H activation processes [2].
One of the most common reactions is the ortho-metala-

* Corresponding author. Tel.: + 49-6131-3923737; fax: +49-6131-
3925605.

E-mail address: okuda@mail.uni-mainz.de (J. Okuda).

! Exchange research fellow at the University of Mainz, 2001.

(CH,SiMe,)(THF)] (1) [5] cleanly undergoes o-bond
metathesis with aromatic heterocycles such as furan
and thiophene, whilst, not unexpectedly, undergoes
protonolysis with pyrrole [6]. The products of these
reactions are sparingly soluble due to their dimeric
structure and were found to dissolve only in strong
Lewis-bases such as THF or pyridine. We report here
the structure of some of these derivatives
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and the extension of the reaction to a system containing
the longer CH,SiMe, instead of the SiMe, link. Such a
change in the ancillary ligand was recently found to
result in significantly higher solubility and reactivity [7].

2. Results and discussion

When the alkyl complex [Y(n’n'-CsMe,SiMe,-
NCMe,)(CH,SiMe,)(THF)] (1) [5] is treated in pentane
with excess of furan or thiophene at 25 °C, te-
tramethylsilane is formed and sparingly soluble dimeric
complexes [Y(n’n'-CsMe,SiMe,NCMe,)(u-2-C,H;X)],
(X =0, 3; S, 4) precipitates in good yields (Scheme 1).
In analogy to the crystallographically characterized 2-
thienyl permethylyttrocene complex [Y(n>-CsMes),(u-2-
C,H;S),, [4] the crystal structure determination
confirmed a centrosymmetric dimeric structure for 4
(Fig. 1). The CsMe,SiMe,NCMe; ligands are arranged
in a transoidal fashion. The two ‘metallocene-like’
Y(n>n'-CsMe,SiMe,NCMe;) fragments are connected
by two bridging 2-thienyl ligands forming a puckered
six-membered ring core. In addition to the short yt-
trium—carbon bond length between Y and C19 (2.50(1)
A), the ring atoms seem to form an n-interaction with
the second yttrium atom. Interatomic distances between
the metal atom and the ring atoms are in the range
of 2.82(1) and 2.947(5) A, whereby the latter dis-
tance involves the sulfur atom. As was previously ob-
served for the crystal structure of the 2-furyl derivative
3, [5] there is disorder in the bridging 2-thienyl
groups (that may be explained by the m’-interaction).
The distances between yttrium and the (disordered)
positions for the sulfur atom are 2.912(5) and 2.947(5)
A.

Whereas, the dimeric complexes 3 and 4 easily form
back from THF solutions due to the lability of the
THF adducts 5" and 6', the 2-furyl complex 3 can be
crystallized from DME to give single crystals of the
DME adduct 5 which were found to be amenable to
X-ray structure analysis. The results show a four-legged
piano-stool molecule with yttrium—oxygen bond lengths
in the range of 2.387(2) and 2.482(2) A (for the two
crystallographically independent molecules) (Fig. 2).
The longer yttrium—oxygen bond distances are trans to
the amido-nitrogen atom of the ancillary ligand. The
angles at the yttrium center add to 341. The NMR
spectra of 5 in pyridine-ds; display a molecule with a
mirror plane due to the complete dissociation of the
DME molecule which appears as two singlets at 3.28

Fig. 1. OorRTEP diagram of the molecular structure of 4. Thermal
ellipsoids are drawn at 30% probability level. Hydrogen atoms are
omitted for the sake of clarity; selected bond distances (A) and angles
(°): Y-C16(=S"), 2.912(5); Y-C17, 2.84(1); Y-CI8, 2.82(1); Y-C19',
2.87(1); Y-S(=C16"), 2.947(5); Y-Cl19, 2.50(1); Y-N, 2.233(9);
Y-CPeent» 2-34(1); Y-Y', 4.381(2); CI1-Si-N, 97.7(5); Si-N-Y,
102.8(5); CpPeeni—Y-C19, 110.7(4); CPpeen—Y-N, 98.6(4); C19-Y-N,
105.6(4).
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Fig. 2. OorRTEP diagram of the molecular structure of 5. Thermal
ellipsoids are drawn at 50% probability level. Hydrogen atoms are
omitted for the sake of clarity; selected bond distances (A) and angles
(°): Y1-C20, 2.463(3); Y1-NI1, 2.241(2); Y1-O1, 2.387(2); Y1-O2,
2.473(2); Y-CPeeni» 2.351(1); CI1-Sil-N1, 97.5(1); Sil-N1-Y1,
105.0(1);  Cpeen—Y1-C20, 116.1(1);  Cpeen—YI-NI1,  97.2(1);
CPeen-Y1-01, 114.9(1); Cpeen—Y1-02, 105.3(1); NI-Y1-C20,
101.1(1); C20-Y1-02, 81.91(9); 02-Y1-O1, 66.06(7); O1-Y1-NI,
91.71(8).

ppm for the 6 methoxy and at 3.50 ppm for the 4
methylene protons. The 2-furyl group gives rise to a
doublet for the 3-proton at 6.57 ppm (*Jyy = 3.0 Hz), a
double doublet for the 4-proton at 6.52 ppm (CJyg =
3.0, 1.4 Hz), and a doublet for the 5-proton at 7.89
ppm (*Jgy = 1.4 Hz). In the '*C-NMR spectrum the
2-carbon appears as a doublet at 209.2 ppm with
'Jyc =523 Hz. The corresponding resonance in the
THF adduct 5’ is found at 204.4 ppm with 'Jyc = 59.0

Hz [6].
Mezsi/@

When the alkyl complex [Y(n®n!-CsMe,SiMe,-
NCMe,)(CH,SiMe;)(THF)] (1) is recrystallized from
1,2-dimethoxyethane (DME), the labile THF molecule
was completely displaced to give the DME adduct
[Y(n°:n!-CsMe,SiMe,NCMe,)(CH,SiMe;)(DME)] (2).
This complex does not undergo any metalation reaction
with furan or thiophene even at elevated temperatures,
indicating that an associative mechanism may be opera-
tive when 1 is involved. Due to the insolubility of 2 in
THF, the NMR spectra were recorded in pyridine-ds at
25 °C. Both 'H- and "*C-NMR spectra show the pres-
ence of a mirror plane with the coordinated DME
completely dissociated (singlets at 3.27 for the 6
methoxy and at 3.48 ppm for the 4 methylene protons).
The CH, group attached to the yttrium gives rise to a
doublet at —0.64 ppm with %Jy; =29 Hz in the
'H-NMR and a doublet at 23.0 ppm with 'Jyc=39.6
Hz in the *C-NMR spectrum. The corresponding sig-
nal for the THF complex 1 in C;Dy is found at 26.2
ppm with 'Jyc =45 Hz, the higher value is in agree-
ment with a lower coordination number [6]. 2-Methyl-
furan can be similarly metalated by 1 to give
[Y(n>n!-CsMe,SiMe,NCMe,)(p-2-(OC,H,Me-5)],  (7)
according to Eq. (1), but the solubility in benzene is not
high enough to study its structure in hydrocarbon
solution. The NMR spectroscopic feature in THF-dj is
analogous to that of the 2-furyl complex 3 and its THF
adduct 5'.
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Fig. 3. ORTEP diagram of the molecular structure of 9. Thermal
ellipsoids are drawn at 50% probability level. Hydrogen atoms are
omitted for the sake of clarity; selected bond distances (A) and angles
(°): YI-NI, 2.246(2); Y1-N2, 2.337(2); Y1-Ol1, 2.386(2); Y1-O2,
2.439(2); Y1-Cpeenis 2.356(2); CI1-Sil-N1, 97.7(1); Sil-N1-YI,
104.5309);  Cpeen—YI-NI1, 97.37(7); Cpeen—Y1-N2, 120.50(7);
CPeent=Y1-0O1, 111.54(7); Cpeen—Y1-02, 105.36(7); NI-Y1-N2,
99.34(7); N1-Y1-02, 153.69(6); O1-Y1-02, 65.94(6); O2-Y1-N2,
80.53(6).

DME was found to be also a suitable Lewis base to
dissolve the insoluble pyrrolide 8 formed by the pro-
tonolysis of the alkyl 1 with pyrrole (Scheme 2). Re-
crystallization of 8 from DME gives crystals of the
DME adduct 9, which are suitable for X-ray structure

analysis (Fig. 3). The molecular structure of 9 in the
crystal is as expected, showing a four-legged piano stool
configuration. The Y-N bond distances for the
pyrrolide ligand (in both crystallographically indepen-
dent molecules) are 2.337(2) and 2.319(2) A, whereas,
the Y-N distances for the ancillary ligands are 2.246(2)
and 2.247(2) A. These values are within the expected
range for Y-N bond lengths such as those of 2.184(7)
and 2.255(8) and in [Y(n’n'-CsMe,SiMe,NCMe;)-
{N(SiMe;),}] [8a]. Generally, the distance of the metal
to the amido nitrogen atom of the chelating ligand
appears to be by about 3% longer than that to the
silylamido nitrogen, as found in the samarium complex
[Sm(n’n!-CsMe,SiMe,NCMe,){N(SiMe;),}] [8b]. The
NMR spectra are identical with those obtained from
pyridine-ds solutions of 8 except that free DME can be
detected. N-Methylpyrrole reacts with 1 under ortho-
metalation to give a 2-N-methylpyrrolide complex as a
N-methylpyrrole adduct 10.

When the alkyl complex containing the CH,SiMe,
link  [Y(n®n'-CsMe,CH,SiMe,NCMe,)(CH,SiMe;)(-
THF)] (11) [7] was reacted with furan, a mixture of
both the dimer 12 and the THF adduct was formed
(Scheme 3). The new THF-free complex 12 was soluble
in hydrocarbons and NMR spectra in C;D4 showed the
presence of a symmetrical molecule. Most interestingly,
a triplet at 201.7 ppm with 'Jy = 24.7 Hz was detected
in the "*C-NMR spectrum, indicating a dimeric struc-
ture in which not only the oxygen, but the 2-carbon of
the furyl group is interacting with both yttrium atoms.
As expected, however, when the *C-NMR spectrum of
12 was recorded in THF-d;, a doublet at 208.0 ppm
with 1Jyc = 55.0 Hz was observed for the 2-furyl car-
bon atom.
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Fig. 4. orRTEP diagram of the molecular structure of 14. Thermal
ellipsoids are drawn at 50% probability level. Hydrogen atoms are
omitted for the sake of clarity; selected bond distances (A) and angle
(°): Y1-C21, 2.436(3); Y1-NI, 2.218(3); Y1-Ol, 2.335(2); Y1-Cpeent»
2.324(3); Cl1-Co6-Sil, 115.7(2); C6-Sil-N1, 106.7(2); Sil-N1-Y1,
123.5(1);  C21-Y1-Cpgenes  111.01;  N1-Y1-Cpeep,  106.0(1);
O1-Y—Cpeenis 109.7(1); N1-Y1-01, 114.39(9); O1-Y1-C21, 102.7(1);
C21-Y1-N1, 113.0(1).

The reaction of the alkyl 11 with thiophene smoothly
gives the THF adduct [Y(n’n'-CsMe,CH,SiMe,-
NCMe,)(2-C,H;S)(THF)] (14) selectively as hydrocar-
bon-soluble, colorless crystals. At room temperature,
the chiral molecule has a mirror plane due to the usual
lability of the THF. In the 'H-NMR spectrum the
2-thienyl group shows resonances at 7.39 (d, *Jyy = 2.8
Hz, C,H,S-3), 7.46 (dd, 3J;y = 2.8 Hz, 4.4 Hz, C,H,S-
4), and 7.76 ppm (d, *Jyy = 4.4 Hz, C,H,S-5). In the
I3C-NMR spectrum the 2-carbon gives rise to a doublet
at 178.2 ppm with 'Jyc =42 Hz, as compared with a
resonance at 176.7 ppm with 'Jyc =55 Hz for 6’ in
THF-d;. The decamethylyttrocene complex [Y(n®-
C;sMe;),(2-C,H;S)(THF)] shows a resonance for the
corresponding carbon atom at 180.24 ppm with 'Jyc =
62 Hz in THF-d;. [3e] The single crystal X-ray structure
analysis of 14 confirmed the postulated structure of a
three-legged piano-stool molecule (Fig. 4). The yttrium-
2-thienyl carbon distance is 2.436(3) A (as well as
2.415(3) A in the second crystallographically indepen-

dent molecule) and comparable to that in the dimeric
complex 4. The sum of the angles at the yttrium center
is 330° (as well as 327°). Other metrical parameters such
as Y-N and Y-O bond lengths are similar to those of
the parent alkyl 11 [7]. The 2-thienyl group is disor-
dered with identical positions for S1 and C22 (as well as
for S2 and C42) [9]. Finally pyrrole reacts with 11 to
give the pyrrolide complex 15 that is only soluble in
pyridine or THF (Eq. (2)).

Me,Si l Y g |messi T
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L @
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3. Conclusion

The two alkyl complexes [Y{n’n'-CsMe,(CH,),-
SiMe,NCMe,} (CH,SiMe;)(THF)] (1, x=0; 11, x=1)
smoothly undergo o-bond metathesis with furan and
thiophene to give tetramethylsilane and ortho-meta-
lated products. Depending on the ancillary ligand,
dimeric, THF, or DME adducts can be isolated and
structurally characterized. In agreement with the nega-
tive activation entropy and large kinetic isotope effect
for the reaction of 1 with thiophene, [6] all reactions
appear to follow associative pathways (Scheme 4), since
the DME adducts of the alkyls [Y {n°:n'-CsMe,(CH,),-
SiMe,NCMe,}(CH,SiMe;)(DME)] do not react with
furan and thiophene. Thus yttrium complexes with a
linked amido-cyclopentadienyl ligand have three ligand
sites that are accessible (one X- and two L-type ligands;
in principle up to five orbitals are available). This is in
contrast to the situation in scandium complexes
[Sc{n’n'-CsMe,SiMe,NCMe,} X(L)], where the
dimeric hydride [Sc(n’:n'-CsMe,SiMe,NCMe,)(PMe;)-
(n-H)], is the only five-coordinate species [10]. Metal-
locene hydrido and alkyl derivatives commonly accom-
modate one X and one L ligands, but are relatively
more reactive toward C,H-bond activation reactions
[11]. Despite the sterically open ligand sphere, the
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THF A THE
: vi-----¢H /
[YI—CH,SiMe; — | | ]\ "SH — Y] + SiMe,
® .& \‘\ ,,H
=
X \ X \ :X
N AN =
i

Scheme 4.
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strongly m-donating amido group apparently renders
the Group 3 metal less electrophilic. The dramatic
solubility difference upon extending the linking group
from SiMe, to CH,SiMe, is ascribed to the decreased
electrophilicity of the yttrium center [7]. This is may be
due to the increased steric demand of the longer bridge
with additional conformational flexibility.

4. Experimental
4.1. General considerations

All operations were performed under an inert atmo-
sphere of Ar using standard Schlenk-line or glovebox
techniques. After drying over KOH, THF was distilled
from sodium benzophenone ketyl. Hexane and
C¢H;CH; were purified by distillation from Na-
triglyme benzophenone ketyl. Anhydrous yttrium
trichloride (ALFA or Strem) was used as received. The
alkyl complexes [Y {n°:n!-CsMe,(CH,), SiMe,NCMe,}-
(CH,SiMe,)(THF)] (1, x=0; 11, x =1) were prepared
according to published procedures [5b,7]. All other
chemicals were commercially available and used after
appropriate purification. NMR spectra were recorded
on a Bruker DRX 400 spectrometer (*H, 400 MHz; '3C,
101 MHz; ¥Y, 19.6 MHz) at 25 °C, unless otherwise
stated. Chemical shifts for 'H and '*C spectra were
referenced internally using the residual solvent reso-
nances and reported relative to tetramethylsilane. %°Y
spectra were referenced externally to a 1 M solution of
YCl; in D,O. Elemental analyses were performed by
the Microanalytical Laboratory of this Department. In
many cases the results were not satisfactory and the
best values from repeated runs were given. Moreover,
the results were inconsistent from run to run and
therefore, not reproducible. We ascribe this difficulty
observed also by other workers [12] to the extreme
sensitivity of the material.

4.2 [Y(n>n!'-CsMe,SiMe,NCMe)(CH,SiMe)(DME)]
2

A suspension of [Y(n’:n'-CsMe,SiMe,NCMe,)(CH.-
SiMe;)(THF)] (1) (200 mg, 402 pumol) in 3 ml of
dimethoxyethane (DME) was stirred at 25 °C for 16 h.
After standing for 5 h at —40 °C, the supernatant was
decanted to afford colorless microcrystals (172 mg,
82%). '"H-NMR (pyridine-ds): 6 — 0.64 (d, *Jyyy=2.9
Hz, 2H, YCH,), 0.08 (s, 9H, CH,SiCHs;), 0.75 (s, 6H,
SiMe,), 1.35 (s, 9H, NCCH;), 1.80, 2.16 (s, 2 x 6H,
C,CH,;), 3.27 (s, 2 x3H, OCH;), 348 (s, 2 x2H,
OCH,). *C-NMR (pyridine-ds): § 4.6 (CH,SiCH3), 8.6
(SiMe,), 11.0, 14.2 (CsCH,), 23.0 (d, 'Jyc=39.6 Hz),
35.1 (CCHy), 53.5 (DME), 58.1 (CCH;), 71.5 (DME),
106.6 (CsMe, attached to SiMe,), 121.4, 124.6 (CsMe,).

Anal. Calc. for C,3H,NO,SL,Y: C, 53.57; H, 9.38; N,
2.72. Found: C, 52.73; H, 9.78; N, 3.06%.

4.3. [Y(n°n'-CsMe,SiMe,NCMe;)(C,H;0-2)(DME)]
)

To a solution of 1 (200 mg, 402 pumol) in CsH;, (5
ml) was added neat furan (470 mg, 6.9 mmol). After
stirring the reaction mixture for 2 h at 25 °C, colorless
microcrystals formed. The supernatant was decanted
and the precipitate was dissolved in DME (5 ml). After
20 h at —40 °C, colorless crystals (48 mg, 24%) were
obtained. Single crystals for X-ray structure analysis
were grown from DME solutions at 25 °C. '"H-NMR
(pyridine-ds): 6 0.81 (s, 6H, SiMe,), 1.39 (s, 9H,
NCCH,), 1.99, 2.09 (s, 2 x 6H, C;CH;), 3.28 (s, 2 x
3H, OCHs;), 3.51 (2 x 2H, OCH,), 6.52 (dd, *Jyq;; = 3.0
Hz, 1.4 Hz, 1H, 4-C,H;0), 6.57 (d, *Jy; = 3.0 Hz, 1H,
3-C,H;0), 7.89 (d, *Juu = 1.4 Hz, 1H, 5-C,H;0). "*C-
NMR (pyridine-ds): 6 9.1 (SiMe,), 11.5, 14.7 (CsCH,),
35.4 (CCH,), 54.5 (DME), 58.6 (CCH;), 72.0 (DME),
107.3 (CsMe, attached to SiMe,), 108.5, 118.4 (C,H;0),
122.7, 126.2 (CsMe,), 143.7 (C,H;0), 209.2 (d, 'Jyc =
52.3 Hz, 2-C,H;0). Anal. Calc. for C,;H,,NO,Si,Y: C,
55.74; H, 8.14; N, 2.83. Found: C, 54.71; H, 8.73; N,
3.52%.

4.4. [Y(n°#n'-CsMe,SiMe,NCMe;){2-(0OC,H,Me-5)}],
(7)

To a solution of 1 (200 mg, 402 pumol) in CsH,, (5
ml) was added 2-methylfuran (550 mg, 6.7 mmol). The
solution was stirred for 4.5 h at 25 °C, and cooled
down to —40 °C. After standing for 2 days at this
temperature, yellow microcrystals were obtained (101
mg, 60%). 'H-NMR (THF-dy): 6 0.39 (s, 6H, SiCH,),
1.26 (s, 9H, NCCH,), 2.01, 2.02 (s, 2 x 6H, Cs;CH,),
2.20 (s, 3H, C,H,CH;), 5.59 (br, 1H, C,H,CH,), 6.06
(d, *Jgy = 2.6 Hz, 1H, C,H,CH;). *C-NMR (THF-dy):
0 8.8 (SiCH,), 11.6 (CsCH,), 13.9 (C,H,CH,), 14.9
(CsCH,), 35.3 (CCH,), 54.6 (CCH,5), 104.3 (C,H,CH,),
107.0 (CsCH; attached to SiMe,), 120.4 (C,H,CH,),
121.6, 126.7 (CsCH,), 1514 (C,H,CH;), 206.6 (d,
Jye=600 Hz, CH,CH;). Anal. Calc. for
C,,H,,NO,SiY: C, 58.64; H, 8.20; N, 2.85. Found: C,
56.31; H, 8.00; N, 3.68%.

4.5 [Y(n°n'-CsMe,SiMe,NCMe;)(n '-xN-C,H,N)-
(DME)] (9)

To a solution of 1 (200 mg, 402 pumol) in CsH,, (9
ml) was added neat pyrrole (28 pl, 0.4 mmol). After
stirring for 3 h at 25 °C, colorless microcrystals
formed. The supernatant was decanted and the precipi-
tate was dissolved in DME (18 ml). The solution was
left standing for 6 days at —40 °C, giving colorless
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crystals (48 mg, 24%). Single crystals for X-ray struc-
ture analysis were grown from DME solutions at
25 °C. 'TH-NMR (pyridine-ds): 6 0.79 (s, 6H, SiMe,),
1.40 (s, 9H, NCCH,), 1.72, 2.05 (s, 2 x 6H, CsCH,),
3.27 (s, 2 x 3H, OCH,;), 3.49 (s, 2 x 2H, OCH,), 6.67 (s,
2H, C,H,N), 7.07 (s, 2H, C,H,N). *C-NMR (pyridine-
ds): 0 9.0 (SiMe,), 11.3, 15.0 (CsCH;), 34.8 (CCH,),
54.7 (DME), 58.5 (CCH,), 71.9 (DME), 107.3 (CsMe,
attached to SiMe,), 108.6 (C,H,N), 124.7 (CsMe,),
127.2 (C,H,N); one CsMe, signal is obscured by solvent
signals. Anal. Calc. for C,;H,N,O,SiY: C, 55.86; H,
8.36; N, 5.66. Found: C, 55.62; H, 8.48; N, 6.04%.

4.6. [Ytn°n'-CsMe,SiMe,NCMe3){C,H;NCH ;)}-2-
{C,H,NCH)} . 75] (10)

To a solution of [Y(n*n!-CsMe,SiMe,N'Bu)(CH.-
SiMe,)(THF)] (100 mg, 201 pmol) in C;H,, (2 ml) was
added N-methylpyrrole (457 mg, 5.6 mmol). The solu-
tion was stirred at 25 °C for 8 h, and then cooled down
to —40 °C for 7 days to give colorless microcrystals
(76 mg, 79%). 'H-NMR (pyridine-ds): 6 0.74 (s, 6H,
SiCH;), 1.43 (s, 9H, NCCH,;), 1.61, 1.64, 1.93, 2.02 (s,
4 x 3H, CsCH,), 3.40 (s, 2.25H, C,H,NCH,), 3.75 (s,
3H, C,H;NCH,), 5.74 (m, 1H, C,H;NCH;), 5.81 (t,
3Jun = 3.0 Hz, 1H, C,H;NCH,;), 6.28 (m, 2 x 0.75H,
C,H,NCH,;), 6.43 (m, 1H, C,H;NCH,), 7.21 (br, 2 x
0.75H, C,H,NCH,).

4.7. [Y(n 1 '-CsMe,CH,SiMe,NCMes)(u-2-C,H;0)],
12)

To a solution of [Y(n*n!-CsMe,CH,SiMe,NCMe;)-
(CH,SiMe,)(THF)] (11) (496 mg, 1.0 mmol) in 2 ml of
C¢Hs was added at ambient temperature a 20-fold
excess of neat furan (1.362 g, 20.0 mmol) and the
reaction mixture stirred for 6 h. The volatiles were
removed in vacuo and 20 ml of CsH,, was added, the
mixture was cooled at — 30 °C to form a precipitate.
Removal of the supernatant and drying under vacuum
afforded [Y(n>n!-CsMe,CH,SiMe,NCMe,)(n-2-
C,H;0)], (195 mg, 46%) as colorless powder. 'H-NMR
(C¢Dg): 0 0.57 (s, 6H, SiCH,), 1.32 (s, 9H, CMe,), 1.61,
1.95 (s, 2 x 6H, CsCH,), 2.18 (s, 2H, CH,), 6.16 (dd,
3Jun = 3.2, 1.0 Hz, 1H, C,H,0-4), 6.80 (d, *Jyyz=3.2
Hz, 1H, C,H;0-3), 7.49 (d, *Juy = 1.0 Hz, 1H, C,H;O-
5). BC{!H}-NMR (C¢Dy): ¢ 8.6 (SiCH,), 11.4 (CsCH,),
11.6 (CsCH;), 18.1 (CH,), 35.7 (C(CH,);), 54.0
(C(CHy)y), 112.1 (C,H50), 116.5, 117.9 (CsMe,), 124.5
(CsMe, attached to CH,), 146.2 (C,H;0), 201.7 (t,
Jye=124.7 Hz, C,H;0-2), one carbon signal is ob-
scured by solvent signals. 'H-NMR (THF-dy): 6 0.21 (s,
6H, SiCH,), 1.27 (s, 9H, CMe;), 1.90 (s, 2H, CH,),
1.91, 1.98 (s, 2 x 6H, CsCH;), 6.07 (bs, 1H, C,H;0-3),
6.22 (d, Jyy=2.8 Hz, 1H, C,H;0-4), 7.49 (bs, 1H,
C,H;0-5). BC{'H}-NMR (THF-dy): 6 8.8 (SiCH,),

11.5, 12.3 (CsCH,3), 18.4 (CH,), 34.5 (C(CH;),), 54.2
(C(CHy),), 108.1 (C,H;0-4), 1158, 1159 (CsMe,),
119.3 (d, Jye=2.9 Hz, C,H;0-3), 124.1 (CsMe, at-
tached to CH,), 143.0 (C,H;0-5), 208.0 (d, Jyc = 55.0
Hz, C,H;0-2). ¥Y-NMR (C(Dy): 6 263.7. Anal. Calc.
for C,,H;,NOSiY: C, 57.27; H, 7.69; N, 3.34. Found:
C, 54.11; H, 8.27; N, 3.16%.

4.8. [Y(n’n'-CsMe,CH,SiMe,NCMe)-
2-C,H;S)(THF)] (14)

To a solution of 11 (395 mg, 770 pmol) in C;H,, (15
ml) was added a solution of thiophene (650 mg, 7.71
mmol) in CiH,, (5§ ml). The reaction mixture was
stirred for 4 h at 25 °C, concentrated in vacuum and
cooled to 0 °C to give colorless crystals (270 mg, 69%).
Single crystals for X-ray strucutre analysis were ob-
tained by slow cooling of a C,H,, solution to 0 °C.
'"H-NMR (C(Dy): ¢ 0.53 (s, 6H, SiCH;), 1.03 (m, 4H,
B-CH,, THF), 1.37 (s, 9H, NCCH,;), 1.96, 2.12 (s,
2 x 6H, C;CH,), 2.26 (s, 2H, CH,), 3.42 (m, 4H, o-
CH,, THF), 7.39 (d, 3Juy = 2.8 Hz, 1H, C,H,S-3), 7.46
(dd, 3Jyy=2.8 Hz, 44 Hz, 1H, CH,;S-4), 7.76 (d,
3y = 4.4 Hz, 1H, C,H;S-5). BC{'H}-NMR (C¢Dy): &
8.3 (SiMe,), 11.5, 11.6 (CsCH,), 18.1 (CH,), 24.8 (B-
CH,, THF), 35.1 (CCH,), 53.7 (CCH,), 70.6 (a-CH,,
THF), 116.2, 117.3 (CsMe,), 124.8, 127.5, 129.2
(C,H;5S), 134.3 (CsMe, attached to CH,), 178.2 (d,
'Jyc =42 Hz, C,H;S-2). ¥Y-NMR (CDy): J 355.1.
Anal. Calc. for C,,H,,NOSSiY: C, 56.82; H, 7.88; N,
2.75; S, 6.32. Found: C, 56.90; H, 7.89; N, 2.72; S,
6.31%.

49. [Y(n°n'-CsMe,CH,SiMe,NCMe;)(n'-kN-C,H,N)]
(15)

To a solution of 10 (248 mg, 0.5 mmol) in 1 ml of
C¢Hy was added at ambient temperature neat pyrrole
(34 mg, 0.5 mmol) and the reaction mixture stirred for
5 h. The volatiles were removed in vacuo and 10 ml of
C¢H,, was added to the residue. Removal of the super-
natant and drying under vacuum afforded [Y(n’n!-
CsMe,CH,SiMe,NCMe,)(n'-NC,H,)] (93 mg, 44%) as
colorless powder. "H-NMR (pyridine-ds): 6 0.63 (s, 6H,
SiCH;), 1.38 (s, 9H, CMe,), 1.57, 2.04 (s, 2 x 6H,
CsCH,), 2.27 (s, 2H, CH,), 6.73 (br s, 2H, NC,H,), 7.23
(br s, 2H, NC,H,). *C{'H}-NMR (pyridine-ds): 5 8.8
(SiCH;), 118, 12.7 (CsCH;), 18.2 (CH,, 339
(C(CHy)5), 54.3 (C(CHy)5), 108.3 (NC,H,), 1154, 116.5
(CsMe,), 124.6 (NC,H,), 126.2 (CsMe, attached to
CH,). 'H-NMR (THF): § 0.27 (s, 6H, SiCHj;), 1.31 (s,
9H, CMe;), 1.98 (s, 2H, CH,), 2.00, 2.08 (s, 2 x 6H,
C;CH,), 592 (s, 2H, NC,H,), 6.59 (s, 2H, NC,H,).
BC{'H}-NMR (THF-dy): 6 9.1 (SiCH;), 11.6, 12.5
(CsCH,3), 18.6 (CH,), 35.0 (C(CHs;);), 54.3 (C(CHs)5),
107.5 (NC,H,), 116.0, 116.6 (CsMe,), 125.2 (NC,H,),
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125.4 (CsMe, attached to CH,). ¥Y-NMR (C(Dy): ¢
193.4. Anal. Calc. for C,,H;;N,SiY: C, 57.40; H, 7.95;
N, 6.69. Found: C, 56.27; H, 7.94; N, 7.04%.

4.10. X-ray crystal structure analysis and determination
of the structures of 4, 5, 9, and 14

Single crystals of [Y(n’:n'-CsMe,SiMe,NCMe;)(u-
C,H;S-2)], (4) [6] were obtained by standing a 0.2 mmol
1! CsH,, solution of 1 and thiophene at — 30 °C for
5 days. For the structures of 5, 9, and 14, data sets were
obtained with a Bruker AXS diffractometer at — 90 °C
in the w-scan mode. The data corrections were carried
out using the program system SAINT [13]. The struc-
tures 5 and 14 were solved by Patterson and Fourier
methods using the program SHELXS-86 [14a], the struc-
ture of 9 was solved by isotypical replacement using the

atomic coordinates of 5. The refinements were carried
out using the program SHELXL-97 based on F? [14b].
Anisotropic thermal parameters were refined for the
non-hydrogen atoms (except for disordered groups).
For compounds 5 and 9, all hydrogen atoms could be
located in Fourier difference maps and were refined in
their positions with isotropic thermal parameters. Due
to disorder in the structure of 14, the atoms S1 and C22
(as well as S2 and C42 for the second crystallographi-
cally independent molecule) occupy identical positions
in the crystal structure. Hydrogen atoms were included
into calculated positions. X-ray crystal structural analy-
sis and determination of the structure of 4: The data set
was obtained with an Enraf—Nonius diffactometer at
23 °C in the w-scan mode. The data correction was
carried out using the program system WINGX [15]. The
structure was solved with direct methods and refined

Table 1

Experimental data for the crystal structure determination of the complexes 4, 5, 9, and 14

Compound 4 5 9 14

Crystal data

Empirical formula  C;gHgoN,S,Si,Y, C,3H,0NO,SiY C,3H, N,O,S1Y C,,H,(NOSSiY
Formula weight 843.02 495.57 494.59 507.63
Crystal color Colorless Colorless Colorless Colorless
Crystal size (mm) 0.12x0.18 x0.40 0.02x0.10x0.24 0.115x%0.260 x 0.447 0.18x0.24 < 0.38
Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic
Space group P2,/n Pbca Pbca P2,/c

a (A) 12.4201(9) 16.5945(9) 16.446(1) 17.338(1)

b (A) 12.2075(8) 15.7342(8) 15.681(1) 18.662(1)

¢ (A) 14.352(1) 39.432(2) 39.590(2) 17.110(1)

o (°) 90 90 90 90

p(©) 106.393(7) 90 90 102.666(1)
y (°) 90 90 90 90

Vv (A%) 2087.6(3) 10295.7(9) 10210(1) 5401.4(5)
z 42 16 16 8

Dy (g cm™3) 1.341 1.279 1.287 1.245

u (mm~1') 2.951 2.334 2.351 2.295
F(000) 880 4192 4192 2144

Data collection

20 ax () 48.0 56.6 56.6 46.6

Index ranges

—14<h<10, 0<k<13,
—15<I<16

Solution and refinement

—22<h<22, —20<k<20,
—52<1<52

No of reflections 4668 90 881
measured

No of independent 3262 [R;,, = 0.0983] 12 758 [R, = 0.1322]
reflections

No of observed 1341 6034
reflections

No of parameters 217 844

Goodness-of-fit 1.170 1.023

Final R indices R, =0.0696, R, =0.0382, wR, =0.0677
[[>20()] wR, =0.1371

Final R indices (all R, =0.2667, R, =0.1256, wR, = 0.0825
data) wR, =0.1941

Largest e-max,
e-min (e A~3)

Exctinction
coefficient

0.752 and —0.744

0.425 and —0.695

0.00051(3)

—21<h<21, —20<k<20,
—52<i<51

90 347

12 663 [R;,, = 0.0817]

—23<h<23, —24<k<22,
—-21<1<22

36 882

12980 [R,,, = 0.0538]

7500 8047
852 525
0.857 0.945

R, =0.0339, wR, = 0.0598
R, =0.0808, wR, = 0.0665
0.397 and —0.383

0.00006(3)

R, =0.0459, wR, = 0.1168
R, =0.0857, wR, = 0.1272
0.962 and —1.601

0.0011(2)
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using the program SHELXL-97. The hydrogen atoms
were included into calculated positions (whereby tor-
sional refinement was carried out for the hydrogen
atoms of the methyl groups). For this compound, ori-
entational disorder was found within the thienyl ring
(with identical positions for the atoms S and CI16).
Results are given in Table 1.

5. Supplementary material

Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC, no. 170820 for compound 4,
170821 for compound 5, 170822 for compound 9, and
170823 for compound 14. Copies of this information
may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ UK
(Fax: +44-1223-336033 or e-mail deposit@ccdc.
cam.ac.uk or www: http://www.ccdc.cam.ac.uk.
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