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5 (0.64 m o l ,  90 &) was added. After a reaction time of 2 h (the 
same results were obtained after stirring overnight), the brown- 
green solution waa evaporated to drynesa and the residue washed 
several times with diethyl ether until the fiitrate was colorless. 
We were unable to obtain a pure complex after several attempts 
at recrystallization. A mixture of different species was always 
obtained, from which the two complexes [Cp*Ru($-p- 
MeOCBH40H)](CF3S03) (7) and [Cp*Ru(qe-p- 
Me0C&,OMe)](CF3SO3) (8) were identified by comparison to 
an authentic sample (see below). 
Reaction of Cp*Ru+ with 4Methoxyphenol. CF$O& (0.28 

"01, 25 pL) was added to a stirred dichloromethane solution 
(10 mL) of [Cp*RuOMeIz (from 0.28 mmol (86 mg) of 
(CpZRuClz),,). After 10 min of stirring, MeOC&OH (0.28 "01, 
35 mg) was added. After it was stirred overnight, the mixture 
was evaporated to dryness. The midue was washed several times 
with diethyl ether until the filtrate waa colorless. The precipitate 
was recrystallized from CHZClz/Eh0, affording [Cp*Ru(+p- 
MeOC&40H)] (CF&03) (7) as greenish crystals (yield ca. 80%). 
Anal. Calcd for Cl&290p3SRu: C, 42.44; H, 4.52. Found: C, 

3.93 (e, 3 H, OCHJ, 5.90 and 6.05 (AA'BB', 4 H, Japp = 6.6 Hz, 

56.7 (q, Jc-H = 146 Hz, OCH3), 74.4 (d, JGH = 177 Hz, C&), 

95.3 (6, Cs(cH.4~)- 
Reaction of Cp*Ru+ with 1,4Dimethoxybenzene. The same 

procedure as above was used with CF3S03H (0.49 mmol,45 pL), 
(Cp*RuClz), (0.49 mmol, 150 mg) and C6H4(OMe)z (0.48 mmol, 
66 mg). [C~*RU(C&,(OM~)~)](CF~SO~) (8) was obtained as a 
gray powder (yield ca. 80%). Anal. Calcd for ClJ-€2SOsF3SRu: 

42.05; H, 4.65. 'H NMR ((CDdzCO): 6 2.11 ( ~ ~ 1 5  H, Cb(CH,)s), 

C&4). 'Bc NMR ((CDJZCO): 6 9.7 (9, JGH 128 Hz, C,(CHJd, 

75.6 (d, JC-H 176 Hz, C&4), 128.2 (8, CBH4), 130.0 (8,  CeH4), 

C, 43.59; H, 4.78. Found C, 43.51; H, 4.78. 'H NMR ((CDJZCO): 
6 2.13 ( ~ ~ 1 5  H, Cs(CH3)6), 3.95 (8,6 H, OCHd, 6.12 (8,4 H, C&) .  

Reaction of Cp*Ru+ with 3,3,6,6-Tetramethoxy-l,4-~yclo- 
hexadiene (6). The same procedure as above was used with 

and 6 (0.64 "01, 127 mg). [Cp*R~(~~-l,2,4-(MeO)Bc,Hdl- 
(CFaOJ (9) was obtained as a gray powder (yield ca 60%). AnaL 
Calcd for C~n06F3SRu:  c ,  43.40, H, 4.88. Found C, 43.08; 

(s,3 H,OCHd,4.00 (s,3 H,0CH3),4.06 (s,3 H,OCHB),5.90 (dd, 

CF$O,H (0.65 "01~57 pL), (Cp*RuClJ,, (0.65 "01,200 mg), 

H, 4.83. 'H NMR ((CD3)zCO): 6 2.10 (8,  15 H, C,(CH&), 3.97 

1 H, JHg 
6.4 Hz, $1, 6.43 (d, 1 ft: J H ~ H  = 1.7 Hz, H3). '3C%%~ 
((CD3)zCO): 6 9.8 (q, Jc-H 128 BZ, C,(CH3)5), 57.1 (9, JGH = 
147 Hz, OCH3), 57.3 (9, JGH = 147 Hz, OCHd, 57.4 (8, Jc-H 
147 Hz, OCH3), 65.3 (d, J ~ H  = 179 Hz, C5), 70.9 (d, JGH 179 
Hz, Ce), 72.3 (d, JC-H = 174 HZ, C3),121.3 (8,  Clorzor4), 122.7 (8, 

= 1.7 Hz, JHr 6.4 Hz, H5), 6.32 (d, 1 H, J 

C~orlor4), 128.9 (8, C4oreorJ. 
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Ab initio MO calculations have been carried out to study the reactions of pentacoordiited eilicon speciea 
SiHQ; and SiH$< with H- and F. The poeeibility of ligand displacementa taking place via he.acoordinated 
intermediates has been diecuaeed by locating the transition state on the potential energy surface. The 
difference in mechanism between the reaction of silicon species and the biomolecular nucleophilic sub- 
stitution reaction of carbon compounds has been clarified by applying the orbital interaction scheme. 

Introduction coordinated species have been suggested to be the inter- 
mediates in nucleophilic displacementa a t  silicon cen- The Of pnta- and brs.10-12 Hexacoordinated are now 

species is developing rapidly.'+ For instance, penta- assumed to intervene in the of organosilicon 

(1) (a) Frye, C. L.; Vogal, G. E.; Hall, J. A. J. Am. Chem. SOC. 1961, 
83,996. (b) Boer, F. P.; Flynn, J. J.; Turley, J. W. J.  Am. Chem. SOC. 
1%8,90,6973. (c) Frye, C. L.; Vincent, G. A; FXmel, W .  A. J. Am. Chem. 
Soc. 1971,93,6806. 

(2) (a) Damrauer, R.; Depuy, C. H.; Bierbaum, V. M. Organometallics 
1982,1,1653. (b) Depuy, C. H.; Bierbaum, V. M.; Damrauer, R. J.  Am. 
Chem. Soc. 1984,106,4061. (c) Damrauer, R.; Danahey, S. E. Organo- 
metallic8 1986,5, 1490. 

(3) Schomburg, D.; Krebs, R. Znorg. Chem. 1984,29,1378. 
(4) Brandemark, U.; Siegbahn, P. E. M. Theor. Chim. Acta 1984,66, 

233. 
(6) H W z ,  D. J.; Squires, R. R. J.  Am. Chem. SOC. 1986,108,3139. 
(6) Mejetich, G.; Caeares, A.; Chapman, D.; Behnke, M. J. Org. Chem. 

1986,51,1746. 

(7) Tandura, St. N.; Alekeeev, N. V.; Voronkov, M. G. Top. Curr. 
Chem. 1986,131,99-189. 

(8) Comu, R J. P.; Young, J. C. In The Chemistry of Organic Silicon 
Compounds; Patai, S. hppoport, Z., W, Why: Chicheater, U.K., 1989; 

(9) Carre, F. H.; Corriu, €2. J. P.; Lanneau, G. F.; Yu, Z. Organo- 
metallics 1991,10, 1236. 

(10) Corriu, R. J. P.; Guerin, C.; Moreau, J. J. E. In The Chemistry 
of Organic Silicon Compounds; Patai, S.,  Rappoport, Z., E&.; Wiley: 
Chichater, U.K., 1989; pp 305-370. 

(11) Bassindale, A. R.; Taylor, P. G. In The Chemistry of Organic 
Silicon Compounds; Patai, S., Rappoport, Z., Ede.; Why: Chicheater, 
U.K., 1989; pp 839-892. 

(12) Holmes, R. R. Chem. Reo. 1990,90, 17-31. 

pp 1241-1288. 
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The racemization of halosilanes in the 
base-catalyzed fluorine displacements of SiFa- in polar 
solvents and the intramolecular rearrangements of silicon 
peroxides promoted by F have all been interpreted by 
proposing hexacoordinated transition states or reaction 
intermediate~. '~J~>~ The synthetic applications of hexa- 
coordinated organosilicates are becoming more and more 
important. 

A number of theoretical calculations have been carried 
out on pentacoordinated silicon species in order to reveal 
the nature of hypervalent bonds.21-30 Qualitatively, the 
concept of three-center, four-electron bonds represented 
by a combination of a doubly occupied bonding MO and 
a nonbonding MO seems to be a c c e ~ t e d . ~ ~ * ~ ~  The differ- 
ence between a silicon center and a carbon center in the 
trend of forming pentacoordinated species has been as- 
cribed to the existence of a low-lying unoccupied MO in 
the silicon species.33 In this paper, we report the results 

Fujimoto et al. 

(13) (a) Corriu, R. J. P.; Guerin, C. Adu. Organomet. Chem. 1982,20, 
265. (b) Corriu, R. J. P. Pure Appl. Chem. 1988,60,99. (c) Corriu, R. 
J. P.; Guerin, G.; Henner, B. J. L.; Wong Chi Man, W. W. C. Organo- 
metallics 1988,7,237. (d) Chuit, C.; Corriu, R. J. P. J. Orgonomet. Chem. 
1988, 368, 57. (e) Boudin, A.; Cerveau, G.; Chuit, C.; Corriu, R. J. P.; 
Reye, C. Bull. Chem. SOC. Jpn. 1988,101,61. (0 Boudin, A.; Cerveau, 
G.; Chuit, C.; &mu, R. J. P.; Reye, C. Organometallics 1988,7,786,1165. 
(g) Corriu, R. J. P.; Guerin, C.; Henner, B. J. L.; Wang, Q. Organo- 
metallics 1991, 10, 2297, 3200, 3574. 
(14) Webeter, 0. W.; Hertler, W. R.; Sogah, D. Y.; Farnham, W. B.; 

RajanBabu, T. V. J. Am. Chem. SOC. 1983,105,5706. 
(15) Bassindale, A. R.; Lau, J. C.-Y.; Taylor, P. G. J. Organomet. 

Chem. 1988, 341, 213 and references cited therein. 
(16) (a) Kira, M.; Sato, K.; Sakurai, H. J. Am. Chem. SOC. 1988,110, 

4599. (b) Kira, M.; Sato, K.; Sakurai, H. J.  Am. Chem. SOC. 1990,112, 
257. 
(17) Sakurai, H. Synlett 1989, 1. 
(18) Hoeomi, A.; Kohra, M.; Tominaga, Y. Yuki Gosei Kagaku Kyo- 

(19) Morat, R.; Janzen, A. F. Can. J. Chem. 1977,55,3845. 
(20) (a) Kumada, M.; Tamao, K.; Yoshida, J. J. Organomet. Chem. 

1982,239, 115. (b) Tamao, K.; Yoshida, J.; Yamamoto, H.; Kakui, T.; 
Mataumoto, H.; Takahaehi, M.; Kurita, A.; Murata, M.; Kumada, M. 
Organometallics 1982, 1, 355. (c) Tamao, K.; Kakui, T.; Iwahara, T.; 
Kanatani, R.; Yoshida, J.; Kumada, M. Tetrahedron 1983,39,983. (d) 
Tamao, K.; Akita, M.; Maeda, K.; Kumada, M. J. Org. Chem. 1987,52, 
1100. 
(21) Sheldrick, W. S. In The Chemistry of Organic Silicon Com- 

pounds; Patai, S., Rappoport, Z., Eds.; Wiley: Chichester, U.K., 1989; pp 

(22) Wilhite, D. L.; Spialter, L. J.  Am. Chem. SOC. 1973, 95, 2100. 
(23) Anh, N. T.; Minot, C. J. Am. Chem. SOC. 1980,102, 103. 
(24) Dewar, M. J. S.; Healy, E. Organometallics 1982, 1, 1705. 
(25) (a) Sheldon, J. C.; Hayes, R. N.; Bowie, J. H. J. Am. Chem. SOC. 

1984,106,7711. (b) Sheldon, J. C.; Hayes, R. N.; Bowie, J. H. J. Chem. 
SOC., Perkin Trans. 2, 1987, 275. 
(26) (a) Davis, L. P.; Burggraf, L. W.; Gordon, M. S.; Baldridge, K. K. 

J. Am. Chem. SOC. 1985, 107, 4415. (b) Gordon, M. S.; Davis, L. P.; 
Burggraf, L. W.; Damrauer, R. J. Am. Chem. SOC. 1986,108, 7889. (c) 
Davis, L. P.; Buggraf, L. W.; Gordon, M. S. J. Am. Chem. SOC. 1988,110, 
3056. (d) Damrauer, R.; Burggraf, L. W.; Davis, L. P.; Gordon, M. S. J. 
Am. Chem. SOC. 1988,110,6601. (e) Gordon, M. S.; Davis, L. P.; Burg 
graf, L. W. Chem. Phys. Lett. 1989,163,371. (f) Windue, T. L.; Gordon, 
M. S.; Burggraf, L. W.; Davis, L. P. J. Am. Chem. SOC. 1991,113,4356. 
(27) (a) Lareon, J. W.; McMahon, T. B. J. Am. Chem. SOC. 1986,107, 

766. (b) OKeeffe, M. J. Am. Chem. SOC. 1986,108,4341. 
(28) (a) Holmes, R. R.; Day, R. 0.; Chandrasekhar, V.; Holmes, J. M. 

Inorg. Chem. 1986,24,2009. (b) Harland, J. H.; Payne, J. S.; Day, R. 0.; 
Holmes, R. R. Inorg. Chem. 1987,26,760. (c) Deitere, J. A.; Holmes, R. 
R. J. Am. Chem. SOC. 1987,109,1686,1692. (d) Deiters, J. A.; Holmes, 
R. R.; Holmes, J. M. J. Am. Chem. Soc. 1988,110,7672. (e) Deitere, J. 
A.; Holmes, R. R. J. Am. Chem. SOC. 1990,112, 7197. (f) Day, R. 0.; 
Sreelatha, C.; Deitere, J. A,; Johnson, S. E.; Holmes, J. M.; Howe, L.; 
Holmes, R. R. Organometallics 1991, 10, 1758. 
(29) Gronert, S.; Glaeer, R.; Streitwieser, A. J. Am. Chem. SOC. 1989, 

111,3111. 
(30) Sakai, 5.; Imoto, M. THEOCHEM 1989,187,317. 
(31) Cahill, P. A; Dykstra, C. E.; Martin, J. C. J.  Am. Chem. Soc. 1986, 

(32) Albright, T. A.; Burdett, J. K.; Whangbo, M. Orbital Interactions 

kaishi 1989,47,831. 

227-303. 

107,6359. 

in Chemistry; Wiley: New York, 1986; p 258. 

/ \  
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F 
1 

H 

2 

&h c* 
Figure 1. Stable structures of pentacoordinated silicon species 
1 and 2. Bond lengths are given in A and bond angles in degrees. 

Table I. Total Energies and Activation Bar r i e r s  of TS1. - 
TS2, and TS3 

TS1 TS2  TS3 
total energy, hartrees 

a -490.39569 -490.39970 -490.39621 
b -490.52085 -490.52398 -490.51915 
C -490.54011 -490.54317 -490.53855 

activation energy, kcal/mol 
a 88.965 83.516 86.704 
b 92.257 81.026 84.055 
C 92.671 81.409 84.306 

product 4 3 3 

a MP2/6-31G**//RHF/3-2lG*. * MP2/6-31++G**/ /RHF/6- 
31++G**. 'MP4SDTQ/6-31++G**//RHF/6-31++G**. 

of our MO calculations on the reaction models of penta- 
coordinated halosilanes to yield hexacoordinated species. 

Results and Discussion 
Structures of Penta- and Hexacoordinated Silicon 

Species. The following mechanism involving the partic- 
ipation of penta- and hexacoordinated silicon anions has 
been suggested for the reaction of R,,SiY, (n = 1-3 and 
Y = F, C1, OR, m, etc.) with hydrogen peroxide to yield 

F 

F F 

'I..+ 4 H -  RO,,,.~ (Si- - ROH 
HOO-Si- - 

R'I I 

(33) (a) Sini, G.; Ohaneeaian, G.; Hiberty, P. C.; Shaik, S. 5. J. Am. 
Chem. SOC. 1990, 112, 1407. (b) Fujimoto, H.; Yabuki, T.; Tamao, K.; 
Fukui, K. THEOCHEM, in preea. 
(34).(a) Tamao, K.; Ishida, N.; Tanaka, T.; Kumada, M. Organo- 

metallrcs 1983,2,1694. (b) Tamao, K.; Hayaehi, T.; Ito, Y. In Frontiers 
of Orgonosilicon Chemistry; Baeaindde, A. R., Gesper, P. P., W.; Royal 
Society of Chemistry: Cambridge, U.K., 1991; pp 197-207. 
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I 
F 

Ts1 ,753.41 

Figure 2. Structures of TS1, TS2, and TS3. 

F 

i1.7w 
88.0 

H 

TS2 , 658.81 

F 

F. ...p% 
*... -... 

F 
1.582 

H 

TS4 , 178.81 

Figure 3. Structures of TS4, TSS, and TS6. 

With a view to determining a basic aspect of the reaction, 
we study here the simplest reaction models. The reaction 
of SiH3F and of SiH2F2 with a fluoride ion gives rise to 
pentacoordinated species, SiH3F2- and SiH2F3-, respec- 
tively. The pentacoordinated species are assumed then 
to react further with a hydride ion or a fluoride ion to yield 
hexacoordinated species. Several different transition s t a t e  
appear in these processes, depending on the structure of 
the pentacoordinated species and on the direction of attack 
of the anion. 

In experiments, silicate anions and, probably, dianions 
are produced in the presence of fluorides of alkali metals. 
Accordingly, the anionic species should be stabilized in 
solutions by releasing the excess electronic charge over the 
counterions and solvent molecules.s However, to use the 
MO scheme, it is assumed in the present study that the 
penta- and hexacoordinated species have a formal charge 
of -1 and -2, respectively. We report in this paper the 
structures of the anionic silicon species and of the tran- 
sition states that appear on the way in going from the 
pentacoordinated species to the hexacoordinated species. 
An adequate description of the energetics of anions re- 
quires the addition of diffuse functions to the basis set.% 
In this study, the MO calculations were performed within 
the RHF/6-31++G** scheme3' and the energy of the 
silicon species has been evaluated at the MP2 and 

(35) (a) Harland, J. J.; Payne, J. S.; Day, R. 0.; Holmes, R. R. Inorg. 
Chem. 1987,26,760. (b) Johneon, S. E.; Payne, J. S.; Day, R. 0.; Holmes, 
J. M.; Holmes, R. R. Inorg. Chem. 1989,28, 3190 and references cited 
therein. 

(36) (a) Chandraeelrhar, J.; Andrade, J. G.; Schleyer, P. v. R. J. Am. 
Chem. SOC. 1981, 103, 5609. (b) Spitznaagel, G. W.; Clark, T.; Chan- 
drawbar ,  J.; Schleyer, P. v. R. J. Comput. Chem. 1982,3, 363. 

(37) Frisch, M. J.; Pople, J. A.; Binkley, J. S. J. Chem. Phys. 1984,80, 
3265. 

TSS, 158.li 

1.719 1 .89.6 

H 

TS3 , 675.01 

88.0 

H 

TS6 I 147.91 

MP4/6-31++G** levels- by applying GAUSSIAN 8 2 , ~ ,  and 
90 programs.m2 

The optimized structures of the pentacoordinated anion 
SiH3F,, produced in the first stage of the reaction of SiHy 
with a fluoride ion, are illustrated in Figure 1. The anion 
1, having two fluoride ligands at the apical positions, is 
shown to be 9.27 kcal/mol more stable at the MP2IRHF 
&3l++G** level than ita structural isomer 2, in accordance 
with the calculations reported so far.26b At higher levels 
of theory, 2 may not be a stable structure but may be a 
transition state.26f For the present, we will study the attack 
of X (X = H-, F) at the silicon center of 1 and 2 from the 
backside of a Si-Y bond (Y = H, F) of the penta- 
coordinated species in the equatorial plane. The transi- 
tion-state structures are shown in Figures 2 and 3, together 
with the imaginary frequency of vibration along the re- 
action coordinate. The Si-X bond being formed between 
the silicon center and the attacking anion is seen to be 
1.4-1.6 times longer than the corresponding bond in the 

(38) Krishnan, R.; Pople, J. A. Int. J.  Quantum Chem. 1978,14,91. 
(39) Kriihnan, R.; Frisch, M. J.; Pople, J. A. J. Chem. Phys. 1980, 72, 

4244. 
(40) Binkley, J. S.; Friech, M. J.; DeFrees, D. J.; Krishnan, R.; 

Whitesides, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A GAUSSIAN 
82; Carnegie-Mellon Chemistry Publishing Unit: Pittsburgh, PA 15213, 
1982 (IMS Library Program, GAUS 82). 

(41) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; 
Melius, C. F.; Martin, R L.; Stewart, J. J. P.; Bobrowia, F. W.; Rohlfii,  
C. M.; Kahn, L. R.; DeFrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. 
J.; Fluder, E. M.; Topiol, S.; Pople, J. A. GAUSSIAN B6; Gaussian, hc.: 
Pittsburgh, PA 15213,1986 (IMS Library Program, GAUS 86). 

(42) Frisch, M. J.; Head-Gordon, M.; %cka, G. W.; Foresman, J. B.; 
Schlegel, H. B.; R.sghavachari, K.; Robb, M. A.; Binkley, J. 5.; Gonzalez, 
C.; DeFrees, D. J.; Fox, D. J.; Whiteside, R. A,; Seeger, R.; Melius, C. F.; 
Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol., S.; Pople, 
J. A. GAUSSIAN 90; Gaussian, Inc.: Pittsburgh, PA 15213, 1990. 
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'li A 

2 . 
P 

F 

-' 

1 1 2 

SyF; + H- 

Figure 4. Energy profile of the reaction between SiH3F2- and a hydride ion. 

loo 'r 

t 

SiH4Ft- 

TS6 
.... ...... 

5 .. . I 

F F ,, : : 
/ / I  
i: : :: : :: : 

:: : :: : ,. * 

1 2 

SjHSF; + F- 
Figure 6. Energy profile of the reaction between SiH3F2- and a fluoride ion. 

stable structures of pentacoordinated species. In contrast, 
the Si-Y bond under attack of an anion is shown to be 
loosened only slightly. This result of the calculation im- 
plies that the displacement of ligands in a penta- 
coordinated silicon species does not have to take place in 
a concerted manner but may proceed via a hexa- 
coordinated transition state or intermediate. 

Figure 4 shows the energy profiie of the reaction with 
a hydride ion. The total energy and the barrier height are 
summarized in Table I. The transition-state structures 
TS1, TS2, and TS3 are almost the same in energy, TS2 
being slightly more stable than TS1 and TS3. One should 
note here that TS1 arises from the more stable isomer 1 
of SiH3F2-, whereas TS2 and TS3 come from 2. The ac- 
tivation energy has been estimated to be 92.26,81.03, and 
84.06 kcal/mol for TS1, TS2, and TS3, respectively, by 
the MP2/6-31++G** level calculation. The MP4 calcu- 
lations have shown slightly higher values. 

A similar result has been obtained for an attack of a 
fluoride ion as shown in Table I1 and in Figure 5. The 

F I 

5 6 

SiH3F:- 

Table 11. Total Energies and Activation Barriers of TS4. - 
TS5, and TS6 

TS4 TSS TS6 
total energy, hartrees 

activation energy, kcal/mol 

product 5 5 6 

31++G**. 

a -589.50326 -589.50316 -589.49710 
b -589.66001 -589.65478 -589.64909 

a 79.904 11.032 80.832 
b 80.380 74.392 71.960 

'MP2/6-31G**//RHF/3-2lG*. *MP2/6-31++G**//RHF/6- 

barrier heights of TS4, TSS, and TS6 are closer than those 
for the attack of a hydride ion. In this case, the more stable 
structure 1 of SiH3F; leads to TS4, which has the lowest 
potential energy. The activation barrier is calculated to 
be 80.38 kcal/mol. This barrier height is about 12 kcal/ 
mol lower than that of TSL and parallels that of TS2. 
From a comparison of the resulta given in Tables I and 11, 
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F 
11.701 

I 
F 

I ti 
F 

TS7 ,698.4 TS8 ,684.71 
Figure 6. Structures of TS7, TS8, and TSS. 

TS8 

F . 

I 89.0 

83.3 11.531 

TSS ,625.61 

................ ....... .... .::::: ....... ........ 
,. : ................ :::::>.: :::..... 6 

$ n . ,! I / T S 7  .....e..-- 

..................... --:..-::::: 
Tsg f. ..-, 

: :  

:; : : 

5 / / 
(iii)// ,!(iv) / . * :  . 

7 

SiH2FC + H- 
Figure 7. Energy profile of the reaction between SiH2F3- and a hydride ion. 

a fluoride ion is suggested to be more reactive than a hy- 
dride ion. This is related to the nature of the three-center, 
four-electron bond X-Si-Y that should be stabilized by 
carrying strongly electronegative atoms or groups X and 
Y. In the same context, it is more favorable for an anion 
X to attack a Si-F bond from the backside than to attack 
a Si-H bond. 

Figurea 6 and 7 present respectively the transition-state 
structures and energy profile of the reaction of SiHzF3- 
with a hydride ion. The total energy and the barrier height 
“mmalWd ’ in Table ILL The more stable geometrical 
isomer 7, which has two fluoride ligands at  the apical 
positions, yields the hexacoordinated dianion 5 via TS7 
and TS8. The less stable structure 8 leads to 5 and 6 via 
TS8 and TS9, respectively. 

The barrier for pseudorotation in SiH, and SiH4F 
speciea has been erported to be about 2.5 and 23 kcal/mol, 
respecti~ely.‘~ These calculations suggest that 2 rear- 
ranges to 1 before it reacts with an anion. We note that 
[21/[11 = (q2/q1) exp(-WRT), in which q1 and q2 signify 
the partition functions of 1 and 2, respectively, and AI3 
stands for the energy difference between 1 and 2. Then, 
the probabilities of the reaction going through TS1, TS2, 
and TS3 may be estimated. If we assume that TS1 and 

(43) (a) Gordon, M. 5,; Windus, T. L.; Burggraf, L. W.; Davis, L. P. 
J. Am. Chem. SOC. 1990,112,7167. (b) Windus, T. L.; Gordon, M. S.; 
Burggraf, L. W.; Davis, L. P. J.  Am. Chem. Soe. 1991,113,4356. 

SiH3Ft- 

Table 111. Total Energies and Activation Barriers of TS7, 
TS8. and TS9 

TS7 
total energy, hartrees 

activation energy, kcal/mol 

a -589.51833 
b -589.65965 

a 84.651 

b 80.525 

product 5 

TS8 TS9 

-589.50964 -589.61384 
-589.64995 -589.65181 

90.100 84.036 
(86.438)’ 
86.607 78.198 
(79.364)5 
5 6 

a MP2/6-31G**//RHF/3-21G*. * MP2/6-31++G**//RHF/6- 
31++G**. ‘Via pentacoordinated species 8. 

Table IV. Thermochemical Data for 1,2, and H- and for 
TS1, TS2, and TS3 (at 1 atm and 298.16 KIa 

1 2 H- 
total energy, hartrees -489.66ooo -489.64838 -0.48707 
thermal energy, hartrees 0.03542 0.03436 0.00142 
entropy S, cal/ (mo1.K) 65.855 65.538 26.014 
partition function q 0.00466 0.01215 

TS 1 TS2 TS3 
total energy, hartrees -490.52085 -490.52398 -490.51915 
thermal energy, hartrees 0.03678 0.03638 0.03612 
entropy S, cal/(mol.K) 67.010 67.056 66.661 
AH, cal/mol 97851.092 88093.575 90645.831 
AS, cal/(mol.K) -24.859 -24.496 -24.891 

a Evaluated by the RHF/6-31++G** calculation. 
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A 

3 

F 

11.776 

I 
F 

5 

F 

6 
Figure 8. Structures of SiH4Fzz- and SiH3F2-. 

the pentacoordinated anion 1 are in equilibrium, we obtain 
[TSl]/[l][H-] = exp(hS*/R) exp(-AW/RT). By utilizing 
the thermodynamic data presented in Table IV and the 
ratio of concentrations of the two isomers [2]/[1] as de- 
fined above, we have found that [TSl]:[TS2]:[TS3] = 
1:200:2.2 at 298 K. If we use the energy values corrected 
to the MP2 level, the above ratio is modified to yield a 
result that shows [TSl]:[TS2]:[TS3] = 1:43:0.27. The 
reaction path starting from 2, if it exists, via TS2 is cal- 
culated to be the most favorable. The solvent molecules 
and counterions will play significant roles when a hexa- 
coordinated species collapses to yield pentacoordinated 
anions. 
As the attacking anion becomes more electronegative 

and as a pentacoordinated anion is more heavily substi- 
tuted by electronegative groups, the paths involving less 
stable pentacoordinated species become unfavorable. The 
reaction path that goes through the transition state of the 
lowest potential energy is shown to be the most likely. In 
the case of the reaction of SiHP3- with a hydride ion, the 
path that connects 7 and 5 via TS7 should predominate. 

The structures of 3-6 are illustrated in Figure 8. The 
energy of the highest occupied MO is positive in these 
species, and therefore, 3-6 would spontaneously lose an 
electron, if they were free in the gas phase. We have 
asaumed here that they are produced in the course of the 
reaction between the silicon species and hydrides or 
fluorides of alkali metals. These anions are suggested to 
be stabilized substantially in the reacting system. 

The relative stabilities of transition states obtained 
above are s- ‘ in the following manner: (i) we pay 
attention to the L1-Si-L2 bond (L, and L2 indicate the 
ligands that occupy the apical positions in the starting 
pentacoordinated species) 

Ll 
I 
I 

x- - - - I:.: .Si-L, 

LZ 

Table V. Energies of Penta- and Hexacoordinated Silicon 
Swcies 

3 4 5 6 
total energy, 

hartrees 
a -490.00266 -489.99649 -588.96190 -588.96203 
b -490.53810 -490.53089 -589.67439 -589.67207 
C -490.55682 -490.54982 

1 2 7 8 
total energy, 

hartrees 
a -489.66000 -489.64838 -588.60813 -588.59777 
b -490.16434 -490.14956 -589.28443 -589.27288 
C -490.17750 -490.16260 

RHF/6-31++G**//RHF/6-3l++G**. * MP2/6-31++G**/ / 
RHF/6-31++G**. ‘MP4SDTQ/6-31++G**//RHF/6-3l++G**. 

and the X-Si-L3 bond (L3 signifies a ligand in the equa- 
torial plane) that are approximately linear, then (ii) the 
transition state should be more stable when the number 
of HSi-H bonds is smaller, (iii) the transition state should 
be more stable when the number of F-Si-F bonds is 
greater, and (iv) the transition state should be more stable 
when the ligands L1 and L2 are F. The transition state 
TS2 does not have any HSi-H bond that is almost linear 
and is shown to be more stable than TS1 and TS3. Among 
the latter two, TS1 has a F-Si-F bond, but TS3 does not. 
Then, the energy of the transition state is elevated in the 
order TS2 < TS1 < TS3. In a similar manner, TS7 is 
more stable than TS9, which in turn is more stable than 
TS8. In contrast, TS4, TS5, and TS6 do not have any 
HSi-H bond. Then, TS4 and TS5, each having a FSi-F 
bond, are shown to be more stable than TS6. The relative 
stabilities of TS4 and TS5 are now ascribed to the location 
of fluoride ligands. A three-center, four-electron bond is 
stabilized when it has electronegative ligands. As the 
silicon species is more heavily fluorinated, the preference 
of a structure for the other structures wil l  be less signifi- 
cant. 

Although the activation barrier as one goes from a 
pentacoordinated anion to a hexacoordinated dianion 
calculated above appears to be very high, the energetics 
of the reactions may be influenced significantly by the 
environment. The penta- and hexacoordinated anionic 
species as well as the transition states are supposed to be 
stabilized by delocalizing a part of the excess electronic 
charge onto the solvated cations in actual reacting sys- 
t e m ~ . ~  An interesting point to be noted here is that the 
hesacoordinated species 3-6 are not stabilized much rel- 
ative to the transition states, as indicated in Table V. This 
signifies that the hexacoordinated silicon species produced 
in the reaction process tend to liberate one of the ligands 
or cause rearrangements of ligands to give other penta- 
coordinated species. This makes a clear-cut difference in 
mechanisms from the SN2 type substitution reaction of 
carbon compounds. 

Finally, with a view to seeing chemical reactivities of the 
pentacoordinated silicon species from a chemical bonding 
viewpoint, we have transformed the MOs calculated at the 
3-21G* level of theory for TS1 into pairs of fragment in- 
teracting orbitals.epa The major elements of the bond- 
order matrix between the two fragment species H- and 

(44) Tamao, K.; Hayeehi, T.; Ito, Y.; Shim, M. J.  Am. Chem. Soc. 1990, 
112, 2422. 
(45) (a) Fujimoto, H.; Koga, N.; Fukui, K. J .  Am. Chem. SOC. 1981, 

103,7452. (b) Fujimoto, H.; Koga, N.; Yamasaki, T. J .  Am. Chem. SOC. 
1985,107,6157. (c) Fujimoto, H.; Yam&, T. J.  Am. Chem. SOC. 1986, 
108,518. 
(46) Fujimoto, H. Acc. Chem. Res. 1987,20, 448. 
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F 

Electron Population 

1.677 1.330 

Overlap Population 

-0.021 

H- + CHsF 

1.792 

0.121 

T S l  

0.523 

Figure 9. Comparison of the interactions in TSL and in a model 
S N ~  type reaction in terms of the paired interacting orbitals. 

SiH3F2- are then represented practically in terms of an 
orbital pair that ie prei3ent.d in Figure 9. The interacting 
orbital of the SiH3F2- fragment shows a large amplitude 
at the silicon center and overlaps in-phase with the H- 

orbital. The electron populations of these orbitals indicate 
that orbital interactions take place mainly between the 
occupied MO of H- and the unoccupied canonical MO’s 
of SiH8,. A part of the electronic charge has been shifted 
from H- to SiH3F2-. This forms a marked contrast to the 
interaction between CH3F and H-, in which electron de- 
localization between the occupied MO of H- and the 
unoccupied MO’s of CHBF is counterbalanced by the 
overlap repulsion between the occupied MO’s of the two 
species. 

Conclusion 
In experiments, we find various combinations of ligands 

in silicon species. There may naturally be a variety of 
reaction mechanisme. The present analysis on a simplified 
reaction model does not necessarily exclude the concerted 
mechanism but has revealed an interesting aspect of 
chemical interactions between pentacoordinated silicon 
species and nucleophiles. It has been demonstrated that 
pentacoordinated silicon species have a strong ability to 
accept the attacking nucleophile without breaking the bond 
with the leaving group. It seems to be reasonable, there- 
fore, to assume hexacoordinated species as the transition 
state or reaction intermediate in the ligand substitution 
reactions of silicon compounds. 
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Sterically Crowded Aryloxide Compounds of Aluminum: 
Reactions with Main-Group Chlorides 
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The interaction of AIR(BHTl2 and &(BHT)(OEh) (R = Me, Et) with main-group chlorides Me3SnC1, 
SnC12, BC13, Alc13, InCls, and ZnC12, in pentane, EhO, or MeCN, leads to the formation of the aluminum 
chloride compounds AlC1(BHT)2 (11, AlC1(BHT)2(OEh) (21, AlClMe(BHT)(OEh) (31, AlCLEt(BHT)(OEh) 
(4), AlC (BHTNOEtJ (SI, [Alb-C1)Me(BHT)I2 (6), and AlC1(BHT)2(NCMe) (8). In contrast, the reaction 
of AlMe 7 BHT)2 with AlC13 in CH2Cl2 results in Friedel-Crafts alkylation by ‘CH2Cl” at the 4-position 
of BHT to give the substituted cyclohexadien-l-one 7. The kinetics of this reaction have been investigated. 
The reaction of AlMe(BHTI2 with 2 equiv of 2,6-MezpyHC1 yields the ionic complex [2,6-Me2pyH]- 
[AlCb(BHT),] (9). The molecular structures of 5,6, and 9 have been determined by X-ray crystallography. 
Crystal data for 5: monoclinic, m 1 / n ,  a = 10.796 (2) A, b = 17.753 (3) A, c = 11.343 (2) A, B = 97.36 (Q0, 
2 = 4, R = 0.067, R, = 0.078. Crystal data for 6: monoclinic, P2,/n,  a = 10.410 (6) A, b = 9.865 (3) A, 
c = 16.42 (1) A, B = 97.20 (til0, 2 = 2, R = 0.069, R, = 0.088. Crystal data for 9 triclinic, Pi, a = 9.3799 
(8) A, b = 13.898 (1) A, c = 14.8255 (14) A, a = 101.900 (8)O, B = 91.080 (7)O, y = 98.050 (7)O, 2 = 2, R 
= 0.050, R, = 0.062. 

Introduction 
The halodealumination of organduminum compounds 

by main-group halides (eq 1) is a class of reaction of in- 
dustrial significance.2 The method has been successful 

A1R, (n - 1)A1R, 
MX, ___+ MX,-1R - MR, (1) -AIxRp 

for the preparation of organ0 compounds of, among others, 

zinc, mercury? boron? gallium? germanium? tin,’ and 
lead.*t9 The aluminum alkyl chloride coproduct formed 

(1) (a) Harvard University. (b) University of California, Irvine. 
(2) For a summary see: Eiech, J. J. In Comprehensiw Orgummetallic 

Chemietry; Wikineon, G., Stone, F. G. A., AIA, E. w., m.; Pergamon 
Press: Oxford, Jkgland, 1983, Vol. 1, Chapter 6, and references therein. 

(3) Paeynkiewicz, 5. h e m .  Chem. 1960,39, 225. 
(4) K&ter, R.; Morita, Y. Justus Liebigs Ann. Chem. 1967, 704, 70. 
(5) Eiech, J. J. J. Am. Chem. SOC. 1962,84, 3830. 
(6) Glockling, F.; Light, J. R. C. J. Chem. SOC. A 1967, 623. To whom correspondence should be addressed. 
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