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ABSTRACT: Base-stabilized silanone complex Cp*-
(OC)2W(SiMe3){OdSiMes2(DMAP)} (2) was synthe-
sized by the reaction of (silyl)(silylene)tungsten complex
Cp*(OC)2W(SiMe3)(dSiMes2) (1) with 1 equiv of
pyridine-N-oxide (PNO) in the presence of 4-(dimethyl-
amino)pyridine (DMAP). Further oxygenation of 2 with
3 equiv of PNO at 80 �C resulted in the formation of a
W�O�Si�O�Si framework to give disiloxanoxy com-
plex Cp*(O)2W{OSiMes2(OSiMe3)} (3). Complex 3
was also obtained by the direct reaction of complex 1
with 4 equiv of PNO at 80 �C.

Ketones (R2CdO) have been recognized as one of the most
versatile building blocks for synthesis of a variety of organic

molecules. On the other hand, silanones (R2SidO), a heavier
congener of ketones, are unstable and readily oligomerized to
give organopolysiloxanes (silicones) at ambient temperature.1

Therefore, the peculiarity of the SidObond was revealed only by
low-temperature spectroscopy.2 The high reactivity of silanones
is attributed to the strongly polarized SidO bond, which is
considered to have zwitterionic character with an electron-
deficient Si+ center and a negatively charged oxygen atom.3

Driess and co-workers have recently stabilized and isolated
silanones as Lewis base adducts, I (L = N-heterocyclic carbene
(NHC)), II (L = 4-(dimethylamino)pyridine (DMAP)), and III
(L = cyclourea), in which the electron-deficient Si+ center is
stabilized efficiently by coordination of a Lewis base L as well as
delocalization of the nitrogen lone-pair electrons in the cyclic
diamide substituent (Chart 1).4 A silanone-coordinated Zn
complex IV, which can be categorized as a Lewis base and acid
adduct, was also prepared by addition of II to a Lewis acid,
ZnMe2 (Chart 1).

4f

Coordination of silanones to transition metal fragments to form
silanone complexes LnM(OdSiR2) (LnM = transition metal
fragment) should be a promising way to stabilize silanones.5 A
possible path to synthesis of silanone-coordinated complexes is
oxygen addition to the MdSi bond of silylene transition metal
complexes LnMdSiR2.

6 However, attempts to synthesize the
silanone-coordinated complexes via the oxygen addition path have
failed so far.7 Corriu et al. reported that oxygenation of a silyleneiron
complex by O2 resulted in the formation of cyclotrisiloxane,
which was produced by trimerization of transient silanones.7a

Elimination of the silanone fragment to give cyclotrisiloxane
(OSiiPr2)3 was also reported by Tilley et al. in the reaction of a
cationic silylene complex [Cp*(Me3P)2Os(dSiiPr2)]

+ (Cp* =
η5-C5Me5) with oxygenation reagents.7b

We have investigated the reactivity of (silyl)(silylene)tungsten
and -molybdenum complexes Cp*(OC)2M(SiMe3)(dSiMes2)
(M = W (1), Mo; Mes = 2,4,6-(CH3)3C6H2)

8 and recently
reported that the reaction of 1with sulfur provided cyclic carbene
compound Cp*(S)W{dC(SiMe3)C(dO)OSiMes2S}.

8b This
reaction is proposed to proceed via the initial formation of a
silathione (R2SidS)-coordinated complex and gave the final
product without loss of the silathione ligand.8b This result
prompted us to investigate the reactivity of 1 with oxygenation
reagents. In this paper, we report that the reaction of 1 with
pyridine-N-oxide (PNO) in the presence of DMAP did not cause
the silanone elimination but afforded DMAP-stabilized silanone
complexCp*(OC)2W(SiMe3){OdSiMes2(DMAP)} (2). Further
reaction of 2 with PNO resulted in the oxygenation and migra-
tion of the SiMe3 group to form disiloxanoxy complex Cp*-
(O)2W{OSiMes2(OSiMe3)} (3) as a final product.

Treatment of 1with 1 equiv of PNO in the presence of DMAP
in toluene at 25 �C for 1 h afforded DMAP-stabilized silanone-
coordinated complex 2 with complete consumption of both 1
and PNO. Complex 2 was isolated as red crystals in 71% yield
(eq 1). The elemental analysis data are consistent with the
composition of complex 2.

The structure of 2 was confirmed by crystal structure analysis
(Figure 1). The tungsten atom is attached to a DMAP-stabilized
silanone OdSiMes2(DMAP), SiMe3, Cp*, and two CO ligands.
The long W 3 3 3 Si2 distance (3.639(2) Å) and the wide W�
O3�Si2 angle (155.3(3)�) indicate no direct interaction between

Chart 1
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W and Si2, i.e., η1-coordination of the silanone ligand via the
oxygen atom. This is also supported by the fact that the W�O3
bond distance (2.165(4) Å) is significantly longer than W�OSiR3
single bonds (1.79�1.97 Å)9 and slightly shorter than those of the
η1-coordinated OdCR2 to tungsten (2.21�2.39 Å).10 The struc-
tual parameters for the base-stabilized silanone ligand in 2 are
comparable to those of the Driess’s silanones I, II, and III and
silanone zinc complex IV.4 The Si2�O3bond length (1.558(4) Å)
is shorter than usual Si�O single bonds (1.60�1.66 Å),11 compar-
able to those observed for I (1.541(2) Å),4b II (1.545(2) Å),4e III
(1.532(2) Å),4d and IV (1.548(1) Å),4f and in the range of
the theoretically calculated R2SidO bond lengths (1.50�
1.60 Å).1c,3c,5,12 The bond distance between the silanone
silicon (Si2) and the coordinated DMAP nitrogen (N1)
(1.865(5) Å) is also comparable to those in II (1.862(2) Å)4e

and IV (1.848(2) Å)4f and much longer than usual Si�N single
bonds (1.69�1.77 Å).11 The sum of the three bond angles
around Si2 except for the Si2�N1 bond is 344(1)�, which is
between ideal sp2 (360�) and sp3 (327�) hybridizations.

Complex 2 shows two 29Si NMR signals assignable to the
DMAP-stabilized silanone ligand and the SiMe3 group at �26
and 19 ppm, respectively. The former is significantly shifted to
higher field than that of the silylene silicon atom in 1 (380
ppm)13 and those of base-stabilized silylenetungsten complexes
(49�148 ppm),13�15 while the latter is within the usual chemical
shift range for W�SiR3 complexes (�3 to 29 ppm).13,14,16 In the
IR spectrum of 2, two intense νCdO bands were observed at 1857
and 1763 cm�1, which are red-shifted about 30�60 cm�1

compared to those observed for 1 (1890 and 1828 cm�1).13

This red shift implies the stronger electron-donating character of
the η1-coordinated OdSiMes2(DMAP) ligand in 2 than that of
the silylene ligand SiMes2 in 1 and implies the significant
contribution of the strongly polarized form, Cp*(OC)2W

δ�-
(SiMe3){OSiMes2(DMAPδ+)}.

The silanone complex 2 is stable at ambient temperature but
decomposes gradually at 50 �C (76% for 180 h) and rapidly at
80 �C (79% for 3 h) in C6D6 to give complex mixtures. In
contrast to the thermolysis of 2, oxygenation of silanone
complex 2 took place quickly and relatively cleanly in the
presence of 3 equiv of PNO in C6D6 at 80 �C for 1 h. This
reaction proceeded with the construction of a W�O�Si�O�
Si framework and the replacement of two CO with two oxo
ligands to afford dioxo(disiloxanoxy)tungsten complex 3 in

66% NMR yield (Scheme 1). Complex 3 was also obtained by
the direct reaction between 1 and 4 equiv of PNO in toluene at
80 �C for 3 h (Scheme 1). Elemental analysis supports the
composition of 3. The 29Si NMR spectrum of 3 showed the
resonances for Me3Si and Mes2Si at 11 and �34 ppm, respec-
tively, which are comparable to those for the corresponding
OSiMe3 group (�5 to 25 ppm) and O�SiAr2�O group (�40
to 0 ppm), respectively.17 In the IR spectrum, two WdO
stretching absorptions were observed at 899 and 954 cm�1.18

These spectroscopic data support the structure of 3 shown in
Scheme 1. The structure of 3 is further established by crystal
structure analysis of an η5-C5Me4Et (Cp*

Et) derivative of 3, i.e.,
Cp*Et(O)2W{OSiMes2(OSiMe3)} (30) (Figure 2).

The W�O1 (1.912(3) Å) and Si�O (av. 1.632(3) Å)
distances are within the usual range for W�OSiR3 single bonds
(1.79�1.97 Å)9 and Si�O single bonds (1.60�1.66 Å),11

respectively. The WdO3 and WdO4 bond distances (1.724(4)
and 1.740(4) Å) are typical of those observed for bis(oxo)
tungsten complexes (1.71�1.74 Å).18a,19

Complex 2 would be formed by oxygen addition to the WdSi
bond in 1 to give a base-free silanone complex Cp*(OC)2W-
(SiMe3)(OdSiMes2), followed by coordination of DMAP (or
the resulting free pyridine, which is readily replaced by a more basic
DMAP).20 The mechanism of the transformation from 2 to disilox-
anoxy complex 3with PNO is still unclear. However, monitoring the

Figure 1. ORTEP drawing of 2. Hydrogen atoms are omitted for clarity.
Selected bond lengths (Å) and angles (�): W�Si1 2.625(2), W�O3
2.165(4), Si2�O3 1.558(4), Si2�N1 1.865(5), Si1�W�O3 134.81(12),
W�O3�Si2 155.3(3), O3�Si2�C6 113.5(3), O3�Si2�C15 113.3(3),
C6�Si2�C15 117.2(3).

Scheme 1

Figure 2. ORTEP drawing of 30. Hydrogen atoms are omitted for
clarity. Selected bond lengths (Å) and angles (�): W�O1 1.912(3),
W�O3 1.724(4), W�O4 1.740(4), Si1�O1 1.638(3), Si1�O2
1.619(3), Si2�O2 1.638(3), O1�W�O3 103.59(18), O1�W�O4
106.04(17), O3�W�O4 105.7(3).
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reaction by 1H NMR indicates that the reaction proceeds via the
formation of PNO-coordinated silanone complex Cp*(OC)2W-
(SiMe3){OdSiMes2(PNO)} (A), which is identified on the basis
of the similarity of its 1HNMR signals to those observed for 2, except
for the Lewis base fragment.21 Further reactivity of silanone complex
2 and themechanistic details of transformation of 2 to 3 are currently
under investigation.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental details, tables,
figures, and CIF files. This material is available free of charge
via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
ueno@gunma-u.ac.jp

’ACKNOWLEDGMENT

This work was supported by Grants-in-Aid for Scientific
Research (Nos. 20655011 and 23550066) and the “Element
Innovation” Project from the Ministry of Education, Culture,
Sports, Science and Technology of Japan.

’REFERENCES

(1) (a) Tokitoh, N.; Okazaki, R. In The Chemistry of Organic Silicon
Compounds; Rappoport, Z., Apeloig, Y., Eds.; Wiley: New York, 1998;
Vol. 2, Chapter 17, p 1063. (b) Tokitoh, N.; Okazaki, R. Adv.
Organomet. Chem. 2001, 47, 121. (c) Raabe, G.; Michl, J. Chem. Rev.
1985, 85, 419. (d) Power, P. P. Chem. Rev. 1999, 99, 3463.
(2) (a) Schnockel, H. Z. Anorg. Allg. Chem. 1980, 460, 37.

(b) Arrington, C. A.; West, R.; Michl, J. J. Am. Chem. Soc. 1983,
105, 6176. (c) Withnall, R.; Andrews, L. J. Am. Chem. Soc. 1985,
107, 2567. (d) Khabashesku, V. N.; Kerzina, Z. A.; Baskir, E. G.; Maltsev,
A. K.; Nefedov, O. M. J. Organomet. Chem. 1988, 347, 277.
(e) Khabashesku, V. N.; Kerzina, Z. A.; Kudin, K. N.; Nefedov, O. M.
J. Organomet. Chem. 1998, 566, 45.

(3) (a) Apeloig, Y. In The Chemistry of Organic Silicon Compounds;
Patai, S.; Rappoport, Z., Eds.; Wiley: New York, 1989; Vol. 1, Chapter 2,
p 57. (b) Gordon, M. S.; George, C. J. Am. Chem. Soc. 1984, 106, 609.
(c) Kapp, J.; Remko, M.; Schleyer, P. v. R. J. Am. Chem. Soc. 1996,
118, 5745. (d) Kimura, M.; Nagase, S. Chem. Lett. 2001, 1098.
(4) (a) Yao, S.; Brym, M.; van Wullen, C.; Driess, M. Angew. Chem.,

Int. Ed. 2007, 46, 4159. (b) Xiong, Y.; Yao, S.; Driess, M. J. Am. Chem.
Soc. 2009, 131, 7562. (c) Yao, S.; Xiong, Y.; Driess, M. Chem.—Eur. J.
2010, 16, 1281. (d) Xiong, Y.; Yao, S.; Muller, R.; Kaupp, M.; Driess, M.
Nature Chem. 2010, 2, 577. (e) Xiong, Y.; Yao, S.; Muller, R.; Kaupp, M.;
Driess, M. J. Am. Chem. Soc. 2010, 132, 6912. (f) Xiong, Y.; Yao, S.;
Driess, M. Dalton Trans. 2010, 39, 9282. (g) Xiong, Y.; Yao, S.; Driess,
M. Angew. Chem., Int. Ed. 2010, 49, 6642. (h) Epping, J. D.; Yao, S.;
Karni, M.; Apeloig, Y.; Driess, M. J. Am. Chem. Soc. 2010, 132, 5443.

(5) Theoretical investigations have shown that silanones can be
stabilized by coordination to transition metal fragments: (a) Uzan, O.;
Gozin, Y.;Martin, J. M. L.Chem. Phys. Lett. 1998, 288, 356. (b) Uzan, O.;
Martin, J. M. L. Chem. Phys. Lett. 1998, 290, 535. (c) Sakaki, S.;
Takayama, T.; Sugimoto, M. Organometallics 2001, 20, 3896.
(6) A different approach to silanone transition metal complexes has

been reported: Goikhman, R.; Aizenberg, M.; Shimon, L. J. W.; Milstein,
D.; et al. J. Am. Chem. Soc. 1996, 118, 10894.
(7) (a) Chauhan, B. P. S.; Corriu, R. J. P.; Lanneau, G. F.; Priou, C.;

Auner, N.; Handwerker, H.; Herdtweck, E. Organometallics 1995,
14, 1657. (b) Glaser, P. B.; Wanandi, P. W.; Tilley, T. D.Organometallics
2004, 23, 693.

(8) (a) Hirotsu, M.; Nunokawa, T.; Ueno, K. Organometallics 2006,
25, 1554. (b) Muraoka, T.; Nakamura, T.; Nakamura, A.; Ueno, K.
Organometallics 2010, 29, 6624.

(9) (a) Chisholm, M. H.; Cook, C. M.; Folting, K.; Streib, W. E.
Inorg. Chim. Acta 1992, 198�200, 63. (b) Miao, M.; Willer, M. W.;
Holm, R. H. Inorg. Chem. 2000, 39, 2843. (c) Kuiper, D. S.; Douthwalte,
R. E.; Mayol, A.-R.; Wolczanski, P. T.; Lobkovsky, E. B.; Cundari, T. R.;
Lam, O. P.; Meyer, K. Inorg. Chem. 2008, 47, 7139. (d) Kuiper, D. S.;
Wolczanski, P. T.; Lobkovsky, E. B.; Cundari, T. R. J. Am. Chem. Soc.
2008, 130, 12931.

(10) (a) Corazza, F.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. Inorg.
Chem. 1991, 30, 4465. (b) Lam, H.; Wilkinson, G.; Hussain-Bates, B.;
Hursthouse, M. B. J. Chem. Soc., Dalton Trans. 1993, 781. (c) Arduini, A.;
Massera, C.; Pochini, A.; Secchi, A.; Ugozzoli, F. New J. Chem. 2006,
30, 952.

(11) Kaftory, M.; Kapon, M.; Botoshansky, M. In The Chemistry of
Organic Silicon Compounds; Rappoport, Z., Apeloig, Y., Eds.; Wiley:
New York, 1998; Vol. 2, Chapter 5, p 181.

(12) Ho, P.; Melius, C. F. J. Phys. Chem. 1995, 99, 2166.
(13) Ueno, K.; Asami, S.; Watanabe, N.; Ogino, H. Organometallics

2002, 21, 1326.
(14) (a) Ueno, K.; Sakai, M.; Ogino, H. Organometallics 1998,

17, 2138. (b) Suzuki, E.; Okazaki, M.; Tobita, H. Chem. Lett. 2005,
34, 1026. (c) Suzuki, E.; Komuro, T.; Okazaki, M.; Tobita, H. Organo-
metallics 2009, 28, 1791. (d) Suzuki, E.; Komuro, T.; Kanno, Y.; Okazaki,
M.; Tobita, H. Organometallics 2010, 29, 5296.

(15) (a) Sakaba, H.; Tsukamoto, M.; Hirata, T.; Kabuto, C.; Horino,
H. J. Am. Chem. Soc. 2000, 122, 11511. (b) Okazaki, M.; Suzuki, E.;
Miyajima, N.; Tobita, H.; Ogino, H. Organometallics 2003, 22, 4633.
(c) Dannappel, K.; Nienhaus, R.; Schurmann, M.; Costisella, B.;
Jurkschat, K. Z. Anorg. Allg. Chem. 2009, 635, 2126.

(16) (a) Barron, A. R.; Wilkinson, G.; Motevalli, M.; Hursthouse,
M. B. J. Chem. Soc., Dalton Trans. 1987, 837. (b) Sharma, S.; Kapoor,
R. N.; Cervantes-Lee, F.; Pannell, K. H. Polyhedron 1991, 10, 1177.
(c) Koloski, T. S.; Pestana, D. C.; Carol, P. J.; Berry, D. H. Organome-
tallics 1994, 13, 489. (d) Figge, L. K.; Carroll, P. J.; Berry, D. H.
Organometallics 1996, 15, 209. (e)Mork, B. V.; Tilley, T. D. J. Am. Chem.
Soc. 2004, 126, 4375.

(17) (a) Williams, E. A. In The Chemistry of Organic Silicon Com-
pounds; Patai, S.; Rappoport, Z., Eds.; Wiley: New York, 1989; Vol. 1,
Chapter 8, p 511. (b) Marsmann, H. C. In Encyclopedia of Nuclear
Magnetic Resonance; Grant, D. M.; Harris, R. K., Eds.; Wiley: New York,
1996; Vol. 7, p 4386. (c) Schraml, J. Prog. Nucl. Magn. Reson. Spectrosc.
1990, 22, 289.

(18) (a) Rau, M. S.; Krets, C. M.; Geoffroy, G. L.; Rheingold, A. L.;
Haggerty, B. S.Organometallics 1994, 13, 1624. (b) Shiu, C.-W.; Su, C.-J.;
Pin, C.-W.; Chi, Y.; Peng, P. S.-M.; Lee, G.-H. J. Organomet. Chem. 1997,
545�546, 151. (c) Fickert, C.; Nagel, V.; Kiefer, W.; Wahl, G.;
Sundermeyer, J. J. Mol. Struct. 1999, 482�483, 59.

(19) (a) Parkin, G.; Marsh, R. E.; Schaefer, W. P.; Bercaw, J. E. Inorg.
Chem. 1988, 27, 3262. (b) Legzdins, P.; Rettig, S. J.; Sayers, S. F. Acta
Crystallogr. 1996, C52, 1355. (c) Roberts, R. L.; Puschmann, H.;
Howard, J. A. K.; Yamamoto, J. H.; Carty, A. J.; Low, P. J. Dalton Trans.
2003, 1099.

(20) Initial formation of DMAP-coordinated (silyl)(silylene) com-
plex Cp*(OC)2W(SiMe3){dSiMes2(DMAP)} followed by oxygena-
tion is improbable since no spectral change was observed upon addition
of DMAP to silylene complex 1, probably due to the steric crowding by
two Mes groups and the tungsten fragment.

(21) 1H NMR data (300 MHz, C6D6) for complex A are as follow:
δ/ppm 8.43 (m, 2H, PNO), 6.69 (s, 4H,m-H), 6.41 (m, 1H, PNO), 6.10
(m, 2H, PNO), 2.70�2.50 (bs, 12H, o-Me), 2.04 (s, 6H, p-Me), 1.93 (s,
15H, C5Me5), 0.89 (s, 9H, SiMe3). For the data for complex 2, see
Supporting Information.


