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Preparations of the silyl complexes [NEt4][(CO)sMSi(SnMe,)3] (M = Cr, [NEt,][l]; M = Mo, [NEt4][2]; M = W, [NEt,][3]) 
from [NEt,] [(CO)sMCI] and (THF),LiSi(SnMe,), are reported. Additionally, syntheses of Si(SnMe,), and (THF),LiSi(SnMe,), 
are described. Attempts to cleave a Si-Sn bond in [NEt,] [3] are discussed. Halogens I, and IC1 react with [NEt4][3] to yield 
[NEt,] [(CO),WI] and ISi(SnMe,), or CISi(SnMe,),, respectively. Two equivalents of HCI are necessary to effect complete 
conversion of [NEt4][3] to [NEt,][(CO),WCI] and CISi(SnMe,),. No Si-Sn bond cleavage in [NEt4][3] is observed with Li 
or N a  metal, sodium naphthalenide, NaOMe, LiBEt,H, or LiMe. The one-electron oxidants [Cp,Fe] [FeCI,] and AgOTf react 
with [NEt,] [3 to give uncharacterized solids. The complex [NEt,] [3] crystallizes in the monoclinic space group P 2 , / n ,  with u 

(4) A, slightly longer than the W-Si bond in the previously reported [PPN][(CO),WSiMe,] (2.614 (2) A). 
= 13.958 (4) d , b = 18.501 (4) A, c = 14.035 (4) A, /3 = 94.96 (2)O, V = 361 1 ( 2 )  A), and Z = 4. The W-Si bond is 2.652 

Introduction 
There is long-standing interest in transition-metal silylene 

complexes due to their possible intermediacy in reactions between 
transition-metal centers and silicon compounds.! Such complexes 
have been elusive synthetic targets, but recently syntheses of 
base-stabilized silylene complexes have been reported.2 A 
base-free analogue has not been isolated although there is evidence 
for existence of [($-CSMe5)(PMe3)2Ru=SiPh2]BPh4 in 
The synthetic route that we have used for synthesis of the cationic 
species [(~5-C5Me5)(PMe3)2RuSiPh2(NCMe)]BPh4 involves ab- 
straction of a group from a silyl ligand.28,b Two approaches that 
might allow extension of this method to preparation of a base-free 
silylene complex are ( 1 ) incorporation of more electron-releasing 
substituents a t  silicon that would help stabilize an electron-de- 
ficient, three-coordinate silicon center and (2) removal of a group 
bound to silicon in a negatively charged silyl derivative, so that 
a neutral silylene complex results. A neutral silylene complex 
should be less electrophilic at  silicon than a cationic silylene 
complex, although electron density at  the metal center could play 
a more dominating role. 

To investigate the approaches described above, we have designed 
a silyl ligand that contains electropositive (trimethylstannyl) 
substituents, -Si(SnMe,),, and have introduced this group into 
anionic complexes of chromium, molybdenum, and tungsten. It 
was hoped that the anions [(CO)SMSi(SnMe3)3]- ([I]-, M = Cr; 
[2]-, M = Mo; [3]-, M = W) would possess relatively weak Si-Sn 
bonds that could be cleaved to produce neutral silylene complexes. 
These species were expected to possess relatively strong transi- 
tion-metal-silicon bonds due to the low-valent transition-metal 
center and an overall negative charge.' In this paper, we report 
the synthesis and characterization of Si(SnMe,), and 
(THF)3LiSi(SnMe3)3, and use of the latter species to prepare salts 
of [1]-, [2]-, and [3]-. Attempts to bring about cleavage of the 
Si-Sn bonds in these complexes are also described. 

Results and Discussion 
Synthesis of (THF),LiSi(SnMe,),, The silyl lithium 

(THF),LiSi(SiMe,), is well-established as a useful reagent for 
synthesis of a variety of transition-metal silyl c o m p l e x e ~ . ~ ~ ~  Its 

(1) Tilley, T. D. In  The Chemistry of Organic Silicon Compounds; Patai, 
S., Rappoport, Z., Eds.; Wiley: New York, 1989; Chapter 24, p 1415 
and references therein. 
(a) Straus, D. A.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J. J .  Am. 
Cfiem. Soc. 1987, 109, 5872. (b) Straus, D. A,; Zhang, C.; Quimbita, 
G. E.; Grumbine, S. D.; Heyn, R. H.; Tilley, T. D.; Rheingold, A. L.; 
Geib, S. J. J .  Am. Cfiem. SOC. 1990. 112, 2673. (c) Zybill, C.; Muller, 
G. Angew. Cfiem., Inr .  Ed. Engl. 1987, 26, 669. (d) Zybill, C.; Wil- 
kinson, D. L.; Muller, G. Angew. Cfiem., Inr. Ed. Engl. 1988, 27, 5 8 3 .  
(e) Zybill, C.; Muller, G. Organometallics 1988, 7, 1368. (f') Zybill, 
C.; Wilkinson, D. L.; Leis, C.; Muller, G. Angew. Cfiem., Inr. Ed. Engl. 
1989,28, 203. (g) Ueno, K.; Tobita, H.; Shimoi, M.; Ogino, H. J .  Am. 
Cfiem. SOC. 1988, 110, 4092. (h)  Tobita, H.; Ueno, K.; Shimoi, M.; 
Ogino, H. J .  Am. Cfiem. SOC. 1990, 112, 3415. 
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synthesis from Si(SiMe3)4 and me thy l l i t h i~m~ suggested that an 
analogous reaction of Si(SnMe3)4 with methyllithium might 
provide a convenient route to (THF)3LiSi(SnMe3)3. A first at- 
tempt to prepare Si(SnMe3)4 was based on the known synthesis 
of Si(SiMe3)4S and involved stirring Me3SnCI and SiC14 with 
lithium metal in tetrahydrofuran. This procedure gave no isolable 
product. However, a moderate yield of Si(SnMe3), is obtained 
when a solution of LiSnMe, in tetrahydrofurad is added to SiCI, 
(eq 1). S ~ ( S I I M ~ , ) ~  is a light-yellow, crystalline compound that 

THF 
SiC14 + 4LiSnMe3 Si(SnMe,), (1) 

unlike Si(SiMe3)4 is moderately air-sensitive. The stannyl de- 
rivative is less thermally stable in the solid state than Si(SiMe,), 
(mp 319-321 OCS), decomposing a t  240 "C. The infrared 
spectrum of Si(SnMeJ4 exhibits bands assigned to the Si-Sn 
bonds at  491, 510, and 755 cm-I. These may be compared to 
analogous Si-Si bands in Si(SiMe3)4 at  614,679, and 830 ~ m - l . ~  

The synthesis of (THF),LiSi(SnMe,), is analogous to that of 
(THF),LiSi(SiMe,), (eq 2). The compound is obtained in 81% 
yield as light-yellow crystals from pentane. Efforts to obtain pure 

+ MeLi (THF),LiSi(SnMe,), (2) 

analytical samples were consistently hampered by persistent im- 
purities (5-10%) that do not impede subsequent reactions. A 
minor decomposition product is s i ( S r ~ M e , ) ~ ,  which is observed 
only after repeated recrystallization attempts. As expected, the 
29Si N M R  shift for (THF),LiSi(SnMe,),, -1 22.0 ppm, is upfield 
from that of Si(SnMeJ4, -69.2 ppm. The lJsnsi coupling constants 
for the two compounds are similar: 227 Hz for Si(SnMe3), and 
239 Hz for (THF),LiSi(SnMeJ,. The 29Si N M R  shifts for 
(THF),LiSi(SnMe,), and S ~ ( S I I M ~ , ) ~  are downfield of shifts for 
the analogous (THF)3LiSi(SiMe3)3 and Si(SiMe3)4 derivatives, 
which occur at  -184.5 and -135.5 ppm re~pectively.~ A previous 
report briefly describes the synthesis of LiSi(SnMe3), from Si- 
(SnMe3)4 and methyllithium in diethyl ether.' In addition, 

THF 

(3) See, for example: (a) Couldwell, M. C.; Simpson, J.; Robinson, W. T. 
J .  Orgunomet. Cfiem. 1976,107, 323. (b) Nicholson, B. K.; Simpson, 
J.; Robinson, W. T. J .  Orgunomet. Cfiem. 1973,47, 403. (c) Chisholm, 
M. H.; Chiu, H.-T.; Folting, K.; Huffman, J. C. Inorg. Cfiem. 1984,23, 
4097. (d) Campion, B. K.; Falk, J.; Tilley, T. D. J .  Am. Cfiem. SOC. 
1987, 109, 2049. (e) Arnold, J.; Tilley, T. D.; Rheingold, A. L.; Geib, 
S. J. Inorg. Cfiem. 1987, 26, 2106. (f) Roddick, D. M.; Tilley. T. D.; 
Rheingold, A. L.; Geib, S. J .  J .  Am. Cfiem. SOC. 1987, 109, 945. (g) 
Arnold, J.; Roddick, D. M.; Tilley, T. D.; Rheingold, A. L.; Geib. S. 
L. Inorg. Cfiem. 1988, 27, 3510. (h) Elsner, F. H.; Tilley, T. D.; 
Rheingold, A. L.; Geib, S. L. J .  Organomer. Chem. 1988, 358. 169. (i) 
Heyn, R. H.; Tilley, T. D. Inorg. Cfiem. 1989, 28, 1768. (j) Campion, 
B.K.;Heyn,R.H.;Tilley,T.D.J.Am.Cfiem.Soc.1990,112,2011. 

(4) Gutekunst, G.; Brook, A. G. J .  Organomel. Cfiem. 1982, 225, I .  
( 5 )  Gilman, H.; Smith, C. L. J .  Orgonomet. Cfiem. 1967, 8, 245. 
(6) Tamborski, C.; Ford, F. E.; Soloski, E. J. J .  Org. Cfiem. 1963, 28, 237. 
(7) Biffar, W.; Gasparis-Ebeling, T.; Noth, H.; Storch, W.; Wrackmeyer, 

B. J .  Magn. Reson. 1981, 44, 54. 
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Figure 1. ORTEP view of the anion of [NEt4][(CO)SWSi(SnMe3)3] with 
atom-labeling scheme. 

Table 1. Crystallographic Data for [NEt4][3] 
chem formula: C22H47NOsSiSn3W space group: P2, ln  (No. 14) 
fw = 973.63 T = 23 OC 
a = 13.958 (4) A 
b = 18.501 (4) A 
c = 14.035 (4) A 
@ = 94.96 (2)’ 
V=3611 ( 2 ) A  
z = 4  

A = 0.71073 A 
pcalcd = 1.79 g cm-3 

= 53.6 cm-I 
transm coeff = 0.590-1.000 
R, = 4.44% 
RwF = 5.20% 

Si(SnMe3), and HSi(SnMe,), were isolated, among other prod- 
ucts, from the complex reaction between KSiH3 and Me3SnC1.* 

The lithium silyl (THF)3LiSi(SnMe3)3 undergoes the expected 
reaction with HCI, giving LiCl and the silane HSi(SnMe3)3. The 
latter compound was isolated as an oil and characterized by ’H 
NMR and infrared spectroscopy. Reaction of HSi(SnMe3)3 with 
carbon tetrachloride gives quantitative yields of CHC13 and 
C1Si(SnMe3)3. 

Synthesis of [NEt4X(CO)5MSi(SnMe3)3] Complexes. Reaction 
of the metal halides [NEt,][(CO),MCI] ( M  = Cr, Mo, W) with 
(THF)3LiSi(SnMe3)3 in tetrahydrofuran gives good yields of the 
corresponding anionic silyl complexes as light-yellow to orange 
crystals from diethyl ether (eq 3). This procedure is analogous 

[iVEt.,-j[ij,‘ M = Mo 
[NEt,][3], M = W 

to that of Graham9 for the anions [(CO),MSiR,]- (R3 = Ph,, 
MePh2; M = Cr, Mo, W). These compounds were characterized 
by IH, I3C, and 29Si N M R  spectroscopy, elemental analysis, and 
IR spectroscopy and, for [NEt4] [3], by X-ray crystallography. 
Salts of [I]-, [2]-, and [3]- are very mildly air-sensitive, but show 
no sign of decomposition over extended periods under an inert 
atmosphere. Solutions of [NEt,] [3] in acetonitrile-d3 are stable 
for up to 1 month, but solutions in dichloromethane-d, exhibit 
marked decomposition within days. The ? 3 i  NMR chemical shifts 
for anions [1]--[3]- move progressively to higher field going from 
chromium to tungsten, which is the expected trend for complexes 
of this type.’JO The magnitude of the lJSiSn coupling constant 
for [3]- (172 Hz) is greater than that observed for [1]- (158 Hz). 
Unfortunately, this coupling was not observed in the room-tem- 
perature 29Si N M R  spectrum of [2]-. Note that these ‘JSiSn 
coupling constants are significantly lower than those observed for 
Me3SnSiMe3 (580 Hz)” and Si(SnMe,), (227 Hz) .  

X-ray Structure of [NEt4X(CO)5WSi(SnMe3)3]. The structure 
and atom-labeling scheme for the anion [3]- are shown in Figure 
1 .  Crystal and data collection parameters are listed i n  Table I .  

Table 11. Selected Atomic Coordinates (X  I O 4 )  and Equivalent 
Isotropic Displacement Coefficients (A2 X IO’) for [NEt,] [31° 

X Y z U(eq)b 
W 1321 (1) 7457 ( I )  3203 ( 1 )  49 (1)  
Sn(1) 3703 ( I )  7190 ( 1 )  I351 ( I )  60 ( I )  
Sn(2) 4408 (1) 7305 ( I )  4198 (1) 58 (1) 
Sn(3) 3205 ( I )  5531 ( I )  3079 (1)  60 (1) 
Si 3046 (3) 6919 (2) 2964 (2) 40 ( I )  
O(l)  1207 ( I O )  6396 (8) 4929 (9) 118 (7) 
O(2) 476 (IO) 6300 (7) 1676 (9) 106 (6) 
O(3) 1624 ( I O )  8498 ( 6 )  1485 (8) 104 (6) 
O(4) 2283 ( I O )  8588 (7) 4709 (9) 110 (6) 

C(1) I253 ( 1 1 )  6768 (9) 4305 (11) 65 (6) 
C(2) 779 (12) 6712 (9) 2226 ( 1 1 )  64 (6) 
C(3) I524 ( 1 1 )  8131 (9) 2118 (10) 61 (6) 
C(4) 1935 (14) 8209 (9) 4148 (12) 78 (7) 
C(5) 22 ( 1 1 )  7852 (10) 3303 (11)  76 (7) 
C(11) 3949 (16) 8296 ( 1 1 )  1096 (15) I40 (12) 
C(12) 2707 (14) 6821 (12) 234 (12) 127 ( 1 1 )  
C(13) 5056 (12) 6678 (13) 1103 (13) 138 (12) 
C(21) 4718 (14) 8462 (9) 4126 (14) 115 ( I O )  
C(22) 5726 (13) 6797 (12) 3997 (15) 131 ( 1 1 )  
C(23) 4066 (12) 7093 ( I O )  5629 ( 1 1 )  91 (8) 
C(31) 4465 (16) 5068 (10) 2737 (19) 174 (15) 
C(32) 2095 (17) 4966 (10) 2168 (14) 141 (12) 
C(33) 3047 (18) 5147 (9) 4473 (12) 134 (12) 

0(5)  -705 (IO) 8107 (9) 3348 (9) 125 (7) 

“Positional parameters for the cation [NEt,+] are given in the sup- 
Equivalent isotropic U defined as one-third of plementary material. 

the trace of the orthogonalized U,, tensor. 

Table 111. Selected Bond Distances (A) and Bond Angles (deg) for 
“ t 4 l P I  

(a) Bond Distances 
W-Si 2.652 (4) W-C(4) 2.06 (2) 
Si-Sn(l) 2.564 (4) W-C(5) 1.97 (2) 
Si-Sn(2) 2.561 (4) C(I)-O(l) 1.12 (2) 
Si-Sn(3) 2.581 (4) C(2)-0(2) 1.14 (2) 
w-C(1) 2.01 (2) C(3)-0(3) 1.14 (2) 
W-C(2) 2.04 (2) C(4)-0(4) 1.13 (2) 
W-C(3) 2.01 (2) C(S)-0(5) 1.12 (2) 

(b) Bond Angles 
Si-W-C( 1) 87.9 (5) C(3)-W-C(5) 90.9 (7) 
Si-W-C(2) 87.1 (5) C(4)-W-C(5) 92.1 (7) 
Si-W-C(3) 87.0 (4) W-Si-Sn(l) 115.8 ( I )  
Si-W-C(4) 90.2 (5) W-Si-Sn(2) 116.0 ( I )  
Si-W-C(5) 176.8 (4) W-Si-Sn(3) 116.1 ( I )  
C(I)-W-C(2) 92.8 (6) Sn(l)-Si-Sn(Z) 103.9 ( 1 )  
C(l)-W-C(3) 174.6 (6) Sn(l)-Si-Sn(3) 102.4 (1) 
C(I)-W-C(4) 88.7 (6) Sn(Z)-Si-Sn(3) 100.4 ( 1 )  
C(I)-W-C(5) 94.3 (7) W-C(l)-O(l) 178 (1)  
C(2)-W-C(3) 88.7 (6) W-C(2)-0(2) 180 (1) 
C(2)-W-C(4) 176.9 (7) W-C(3)-0(3) 178 ( I )  
C(2)-W-C(5) 90.5 (7) W-C(4)-0(4) 176 (2) 
C(3)-W-C(4) 89.5 (6) W-C(5)-0(5) 177 (2) 

Relevant geometrical parameters are collected in Tables I1 and 
111. The W-Si bond length in [3]- is 2.652 (4) A, which is slightly 
longer than the corresponding distance in [PPN] [(CO)5WSiMe3], 
2.614 (2) A.I2 The Si-Sn distances of 2.564 (4), 2.561 (4), and 
2.581 (4) A agree with the other observed Si-Sn distances, such 
as those found in Cp2Zr[Si(SnMe3)3]C1 (average 2.569 (4) A)I3 
and Ph3SnSiPh2SnPh3 (average 2.575 ( 5 )  A). i4  The W-Si-Sn 
angles, which average to 116.0 (l)’, are somewhat greater than 
the Re-Si-Si angles (average 113.0 (5)’) in the closely related 
(CO)5ReSi(SiMe3)3.3a In  addition, the Sn-Si-Sn angles in [3]-, 
103.9 ( I ) ,  102.4 ( I ) ,  and 100.4 (1)O, are more acute than 
analogous Si-Si-Si angles in (CO)5ReSi(SiMe3)3, which average 
to 105.8 (6)’. The W-C distances for the four equatorial CO 
ligands range from 2.01 (2) to 2.06 (2) A, while the W-C bond 

(8) Amberger, E.; Miihlhofer, E. J .  Organomef. Chem. 1968, 12, 5 5 .  
(9) Isaacs, E. E.; Graham, W. A. G. Can. J .  Chem. 1975, 53, 467. 

(10) Krentz, R.; Pomeroy, R. K. Inorg. Chem. 1985, 24, 2976. 
( I  I )  Wrackmeyer, B. In Annual Reporfs on NMR Specfroscopy; Webb. G. 

A., Ed.; Academic Press: London, 1985; Vol. 16, p 73. 

( 1 2 )  Darensbourg, D. J.; Bauch, C. G.; Reibenspies, J. H.; Rheingold, A. L. 
Inorg. Chem. 1988, 27, 4203. 

( I  3) Heyn, R. H.; Tilley, T. D. Unpublished results. 
(14) Adams, S.; Drager, M. J .  Organomef. Chem. 1987, 323, 1 I .  
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Figure 2. Newman projection down the W-Si bond of [3]-. 

to the axial C O  ligand is only 1.97 (2) A. This is possibly a 
reflection of greater r-back-bonding to the C O  ligand that is trans 
to the silyl group. A similar effect is seen in [PPNI- 
[(CO)5WSiMe3].'2 Three of the four equatorial CO's are bent 
toward the Si(SnMe3), ligand, resulting in C (  1)-W-Si, C(2)- 
W-Si, and C(3)-W-Si angles of 87.9 ( 5 ) ,  87.1 (9, and 87.0 (4)", 
respectively. This structural feature has been observed for many 
other carbonyl/silyl c o m p l e x e ~ . ~ ~ * ~ J ~  These angles are less acute 
than those observed for [PPN] [(CO)5WSiMe3], which average 
82.1 (3)".12 As in [PPN][(CO),WSiMe3] and (CO),ReSi- 
(SiMe3), there is one C(carbony1)-M-Si angle in [3]- that is 
slightly greater than 90°, corresponding to a carbonyl ligand that 
is closest to a substituent on the silyl ligand. A view of [3]- down 
the W-Si bond is shown in Figure 2. 

Reactions of [NEt,X(CO),WSi(SnMe3),]. Since [NEt,] [3] is 
expected to possess the strongest metal-silicon bond, we chose 
to study it in search of clean Si-Sn bond cleavage reactions. 
Precedents for such reactions exist in the reported cleavage of the 
Si-Sn bond of Me,SiSnMe, by HCI (to give Me,SiCI and 
Me3SnC1) and by IC1 (to give Me3SiC1 and Me3SnI).I6 Com- 
pound [NEt4][3] is stable to large excesses of both water and 
methanol in acetonitrile-d3 over 24 h. Reaction of [NEt,] [3] with 
2 equiv of HCI (generated in methanol by addition of MeCOCI) 
gave [NEt,] [(CO),WCl] and C1Si(SnMe3),. If only 1 equiv of 
HCI is used [NEt,] [(CO),WCl], CISi(SnMe,),, and unreacted 
[NEt4][3] are isolated. This reaction probably proceeds by initial 
cleavage of the W-Si bond to produce the silyl chloride and 
[NEt4][(CO)5WH], which rapidly combines with a second 
equivalent of HCI to give H2 and [NEt4][(CO),WCI].17 Dropwise 
addition of a diethyl ether solution of IC1 (1 equiv) to a cold (-78 
"C) suspension of [NEt,] [3] in diethyl ether resulted in formation 
of [NEt,] [(CO),WI]l* and C1Si(SnMe3)3, as determined by in- 
frared and N M R  spectroscopy. Addition of Iz (1 equiv) to 
[NEt4][3] in  a similar manner resulted in isolation of [NEt,]- 
[(CO)5WI] as the only tungsten-containing product (based on 
IR spectroscopy). The silicon-containing product is presumably 
ISi(SnMeJ3. 

Further attempts a t  cleavage of a Si-Sn bond were based on 
known reactions of reductants or nucleophiles that cleave Si-Si 
bonds.I9 Stirring [NEt4][3] with a large excess of either Li or 

(15) (a) Rankin, D. W. H.; Robertson, A. J .  Organomet. Chem. 1975,85, 
225. (b) Rankin, D. W. H.; Robertson, A. J. Organomet. Chem. 1975, 
88, 191. (c) Rankin, D. W. H.; Robertson, A. J .  Orgonomet. Chem. 
1976, 105, 331. (d) Robiette, A. G.; Sheldrick, G. M.; Simpson, R. N. 
F.; Aylctt. B. J.; Campbell, J. A. J.  Organomet. Chem. 1968, 14, 279. 
(e) Robinson, W. T.; Ibers, J. A. Inorg. Chem. 1967, 6, 1208. (f) 
Emerson, K.; Ireland, P. R.; Robinson, W. T. Inorg. Chem. 1970.9.436, 

(16) Shaw, C. F., Ill; Allred, A. L. Inorg. Chem. 1971, IO, 1340. 
(17) (a) Gaus, P. L.; Kao, S. C.; Darensbourg, M. Y.; Arndt, L. W. J. Am. 

Chem. Soc. 1984, 106, 4752. (b) Slater, S. G.; Lusk, R.; Schumann, 
B. F.; Darensbourg, M. Organometallics 1982, 1,  1662. (e) Darens- 
burg. D. J.; Rokicki, A.; Darensbourg, M. Y. J. Am. Chem. Soc. 1981, 
103, 3223. 

(18) Abel, E. W.; Butler, 1. S.; Reid, J. G .  J .  Chem. SOC. 1963, 2068. 
(19) (a) Gilman. H.; Winkler, H. J. S. In Organometallic Chemistry; Zeiss, 

H., Ed.; Reinhold: New York, 1960; p 270. (b) Sakurai, H.; Okada, 
A.; Kira, M.; Yonezawa, K. Tetrahedron Left. 1971, 151 I .  (e) Sakurai, 
H.; Kondo, F. J .  Organomet. Chem. 1975, 92, C46. (d) Lipshutz, B. 
H.; Reuter, D. C.; Ellsworth, E. L. J .  Org. Chem. 1989, 54, 4975. 
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N a  metal chips for 54 h in tetrahydrofuran gave no evidence of 
reaction. Compound [NEt4][3] was also stirred with sodium 
naphthalenide in tetrahydrofuran a t  -78 "C for 20 min, after 
which Me1 (2 equiv) was added. On the basis of the IH N M R  
data, no reaction had taken place. 

Sakurai has reported that reaction of Me6Si2 with NaOMe in 
hexamethylphosphoramide (HMPA) results in Si-Si bond 
cleavage to give NaSiMe3 and MeOSiMe3.19b*C An analogous 
attempt to cleave a Si-Sn bond of [3]- involved addition of an 
HMPA solution of [NEt,] [3] to an HMPA solution of NaOMe, 
followed by addition of MeI. This appeared to result only in the 
isolation of a cation-exchanged product, and no evidence for the 
expected Si-Sn bond cleavage products was observed by N M R .  
Attempts to cleave a Si-Sn bond of [3]- with other nucleophiles 
gave similar results. Compound [NEt,] [3] did not react with 
LiBEt3H in tetrahydrofuran over 48 h. The attempted reaction 
of [NEt,] [3] with LiMe in tetrahydrofuran over 5.5 h gave similar 
results. 

Other attempts a t  Si-Sn bond cleavage were based on the 
known stability of the %Me3 radicalZo and the possibility that 
a one-electron oxidation might produce a silylene complex (eq 4). 

[ ( CO), WSi(SnMe,),] - - [ ( C 0 ) 5 W  Si( SnMe,),] 
ox 

-e- 
-'/2Mc&SnMe, 

(CO)5W=Si(SnMe3)2 (4) 

Oxidation of [NEt,] [3] with [Cp,Fe][FeCI,] in diethyl ether gave 
Cp2Fe and an unidentified mixture of tungsten-containing prod- 
ucts. Infrared spectroscopy of these solids showed only absorptions 
that can be attributed to coordinated CO, and no absorptions that 
can be assigned to a -S~(SIIM~,)~ ligand were observed. Therefore, 
oxidative cleavage of the W-Si bond of [3]- probably occurred. 
When AgOTf was used as an oxidant in benzene-d,, Ag precip- 
itated as a black solid, but no clean tungsten- or silicon-containing 
products could be isolated. There was no evidence for formation 
of Me6Snz, on the basis of ' H  N M R  spectroscopy. 

In conclusion, [NEt,] [3] readily reacts with electrophilic 
reagents such as acids, halogens, and oxidants, and the preferred 
site of reactivity is the W-Si bond. Nucleophiles and reducing 
reagents are unreactive toward [NEt,] [3]. The latter reagents 
should be more reactive toward a neutral or cationic complex with 
the -Si(SnMe,), ligand. We are currently investigating the ability 
of other transition-metal systems to incorporate the -Si(SnMe3), 
ligand and the possibility that a more successful route to a neutral 
silylene complex could involve abstraction of SnMe3+ from a 
cationic [L,MSi(SnMe,),]+ complex. 
Experimental Section 

Manipulations were performed under an atmosphere of nitrogen or 
argon by using high-vacuum-line techniques, Schlenk techniques, or a 
Vacuum Atmospheres glovebox. Dry, oxygen-free solvents were em- 
ployed throughout. Elemental analyses were performed by Microana- 
lytiches Labor Pascher. Infrared spectra were recorded on a Perkin- 
Elmer 1330 spectrometer. NMR spectra were recorded with a GE-QE 
300 instrument at 300, 75.5, or 59.6 MHz (IH, I3C, and 29Si, respec- 
tively) or on a Varian EM 390 instrument (90 MHz, IH). 29Si NMR 
spectra were obtained by using INEPT,21 with an optimized coupling 
constant ,JSiH = 3 Hz. Generally, 119Sn-29Si couplings were only ob- 
servable after overnight acquisitions with 75-100 mg of sample in 0.5 mL 
of benzene-d, or acetonitrile-d,. Hydrogen chloride (Matheson), tri- 
methylstannyl chloride, methyllithium, and iodine monochloride (Ald- 
rich) were used as received. Silicon tetrachloride and MeCOCl were 
distilled under argon prior to use. M(CO), (M = Cr, Mo, W) and iodine 
were purified by sublimation. Tetraethylammonium chloride (Alfa) was 
dried by heating at 80 'C under vacuum overnight. The compounds 
[NEt,][(CO),MCI] (M = Cr, Mo, W) were prepared according to a 
published procedure.I8 

Si(SnMe,),. A 1000-mL three-neck flask equipped with a 250" 
addition funnel was charged with 35.0 g (5.00 mol, 41 equiv) of Li wire 

(20) Davies, A. G . ;  Smith, D. J. In Comprehensive Organometallic Chem- 
istry; Wilkinson, G . ,  Ed.; Pergamon: Oxford, England, 1982; Vol. 2, 
p 519. 

(21) Blinka, T. A.; Helmer, B. J.; West, R. Adu. Orgonomet. Chem. 1984, 
23, 193. 
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(Na content ca. 2%). cut into approximately 2 mm-long pieces. To a 
cooled (0 "C, constant-temperature bath) suspension of the Li in 250 mL 
of tetrahydrofuran was added a solution of MeJSnCl (100 g, 0.50 mol, 
4.1 equiv) in  tetrahydrofuran (150 mL) dropwise over 1 h. After the 
mixture was stirred for 3 h at 0 "C, the dark green supernatant was 
decanted away from the partially reacted Li wire and added to a second 
1000-mL three-neck flask, which was equipped with a 125-mL addition 
funnel. A solution of 14.0 mL of SiCl, (0.12 mol, 1 equiv) in 100 mL 
of tetrahydrofuran was placed in  the addition funnel and added dropwise 
over 1 h to the cooled (0 "C) solution of LiSnMe,. The resulting dark 
brown, heterogeneous mixture was stirred at 0 "C for 12 h and then 
warmed to room temperature and stirred for an additional 36 h. After 
removal of all volatiles, the resulting dark brown residue was extracted 
three times with 150 mL of pentane. The combined, dark yellow extracts 
were concentrated and cooled (-40 "C). Light yellow crystals of Si- 
(%Me,), were collected by filtration. Subsequent crystallizations gave 
a total combined yield of 20 g (0.03 mol, 25%). Yellow to orange dis- 
coloration may occur due to slight impurities, which do not seem to 
adversly affect subsequent reactions. Further purification of isolated 
crystals is possible via sublimation (100 "C, 0.001 Torr). Mp: 240 OC 
dec. Anal. Calcd for CI2H3,SiSn4: C, 21.1; H, 5 . 3 1 .  Found: C, 21.5; 
H, 5.27. IH NMR (300 MHz, 23 "C, benzene-d,): 6 0.29 ( ,Jsn~ = 48.6 
Hz). I3C('H} NMR (75.5 MHz, 23 "C, benzene-d,): 6 -6.80 ('Jsnc = 
253 Hz. 265 Hz, ,JSnC = 9.8 Hz). 29Si('H} NMR (59.6 MHz, 23 "C, 
benzene-d,): 6 -69.2 (IJsnsi = 227 Hz). IR (Nujol, CsI, c d ) :  1187 
w, 1180 w, 755 vs br, 510 s, 491 s, 363 w. 

(THF),LiSi(SnMe,),. Si(SnMe,), ( 1  I . I  3 g, 16.3 mmol) was placed 
in a 500-mL three-neck flask equipped with a 250-mL addition funnel. 
The solid was dissolved in tetrahydrofuran (200 mL) to give a dark 
yellow solution. Methyllithium ( 1  1.8 mL, 1.4 M solution in Et20) was 
syringed into the addition funnel and diluted with 50 mL of tetra- 
hydrofuran. The MeLi solution was added dropwise over 0.5 h. The 
resulting red-brown solution was stirred for 22 h. Volatiles were removed 
in vacuo, and the resulting orange-brown residue was extracted with 
pentane (2  X 150 mL; 1 X 75 mL). Concentration and cooling to -40 
"C gave an initial crop of yellow crystals, which was isolated by filtration 
and dried. Repeated concentration, cooling, and filtration gave a total 
of four crops of yellow crystals (9.74 g, 81.2%). The amount of coor- 
dinated tetrahydrofuran can vary from crop to crop, depending on the 
concentration of the starting solution and the drying time of the isolated 
crystals. 'H NMR (300 MHz, 23 OC, benzene-d,): 6 0.44 ('JsnH = 39.4 
Hz, 27 H, SnCH,). 1.47 (m, 12 H, OCH,CH,), 3.51 (m, 12 H, OCH2). 
'3C(1H} NMR (75.5 MHz, 23 "C, benzene-d,): 6 -3.74 (IJsnc = 162 Hz, 
,JSnC = 22.0 Hz, SnCH,). 25.5 (OCH,CH,), 68.6 (004,). 29Si{'H} 
NMR (59.6 MHz, 23 "C, benzene-d,): 6 -122.0 (IJsns, = 239 Hz). IR 
(Nujol, Csl, cm-I): 1266 m, 1046 vs, 916 m, 894 s, 747 vs br, 495 vs, 
391 m,382 m,372 m. 

HSi(SnMe,),. (THF),LiSi(SnMe,), (1.210 g. 1.63 mmol) was placed 
in a 100-mL Schlenk flask, and addition of 40 mL of pentane produced 
a yellow suspension. A gas addition bulb of known volume was connected 
to the reaction flask. The stirred suspension of (THF),LiSi(SnMe,), was 
cooled to -1 96 'C, and the flask was evacuated. HCI gas ( 1  equiv) was 
introduced into the bulb and then condensed into the flask. After gradual 
warming of the reaction mixture to room temperature with stirring, 
volatiles were removed in vacuo. Extraction of the residue with 25 mL 
of pentane provided a yellow solution. Removal of all volatiles from this 
extract gave HSi(SnMe,), as a yellow oil (0.645 g, 76%). 'H NMR (300 
MHz, 23 "C, benzene-d,): 6 0.28 (*JsnH = 48.9 Hz, 27 H,  SnCH,), 3.16 
('JsnV = 11.3 Hz, 1 H, SiH). IR (neat, CsI, cm-l): 2977 s, 2910 s, 2072 
m (SI-H), 1258 w,  1172 w,  1095 w, 1016 w, 760 vs, 600 s, 589 s, 511  
s, 496 s, 350 w. 

CISi(SnMe,),. In an NMR tube, HSi(SnMe,), (0.061 g, 0.12 mmol) 
was dissolved in benzene-d6 (0.4 mL). Carbon tetrachloride (0.012 mL, 
0.12 mmol) was added via syringe. After 6 h, NMR spectroscopy showed 
only signals for CISi(SnMe,), and CHCI, (as determined by addition of 
an authentic sample). 'H NMR (300 MHz, 23 'C, benzene-d,): 6 0.28 

[NEt41(CO)SCrSi(SnMe3)3] ([NEt,Il]). [NEt,] [(CO)SCrCI] (0.328 
g, 0.917 mmol) and (THF),LiSi(SnMe,), (0.692 g, 0.918 mmol) were 
placed in an aluminum-foil-covered flask. Tetrahydrofuran (50 mL) was 
added, and the solution was stirred for 18 h. The volatiles were removed 
in  vacuo, and the yellow residue was extracted with diethyl ether (2 X 
25 mL). The combined extracts were concentrated to 5 mL, and the 
somewhat murky solution was cooled to -35 "C. Isolation of the resulting 
yellow crystals gave an initial crop of 0.27 g (0.256 mmol). Subsequent 
crystallizations gave a total yield of 0.339 g (0.403 mmol, 43.9%). Anal. 
Calcd for C2,H4,CrNO5SiSn3: C, 31.4; H, 5.63; N, 1.66. Found: C, 
31.4; H, 5.65; N, 1.70. Mp: > I 1 5  "C dec. 'H NMR (300 MHz, 23 
OC, acetonitrile-d,): 6 0.095 ('JsnH = 43.4 Hz, 27 H, SnCH,), 1.20 (tt, 

('Js,H = 49.8 Hz). 

J = 7.3. 2 Hz, 12 H. NCHZCH3). 3 . 1 5  (9. J = 7.3 Hz, 8 H, NCH,). 

Heyn and Tilley 

"C('H} NMR (75.5 MHz, 23 "C, acetonitrile-d,): 6 -5.41 ('Jsnc = 190 
Hz, )JSnC = 18.3 Hz, SnC), 7.66 (NCH,CH,), 53.0 (NCH,), 226.7 (,JSllc 
= 21.4 Hz, CrCO), 231.0 (CrCO). 29Sil'H} (59.6 MHz, 23 O C ,  aceto- 
nitrile-d,): 6 -26.2 ('Jsnsl = 158 Hz). IR (CH,CN, CsF, cm-l): uco 
2019, 1898, 1871. 

[NEt4X(CO)SMoSi(SnMe3),] ([NEt412]). The procedure was analo- 
gous to that for [NEt,][l], starting with [NEt,][(CO),MoCI] (0.365 g, 
0.977 mmol) and (THF),LiSi(SnMe,), (0.709 g, 0.983 mmol). The total 
yield of orange-yellow crystals was 0.196 g (0.221 mmol, 23%). Anal. 
Calcd for C22H47M~N05SiSn3: C, 29.8; H, 5.35; N, 1.58. Found: C, 
29.8; H, 5.33;  N, 1.63. Mp: 172-196 "C dec. IH NMR (300 MHz, 
23 "C, acetonitrile-d,): 6 0.071 (2JsnH = 42.7 Hz, 27 H, SnCH,), 1.20 

'3Cl'H} NMR (75.5 MHz, 23 "C, acetonitrile-d,): 6 -5.24 ('Jsnc = 190 
Hz, SnC), 7.69 (NCH,CH,), 53.1 (NCH'), 214.7 (MoCO), 217.4 
(MoCO). 29Si('H} NMR (59.6 MHz, 23 "C, acetonitrile-d,): 6 -59.9. 
IR (CsF solution cells, CH3CN, cm-I): uco 2037, 1910, 1862. 

[ NEt41(CO)SWSi(SnMe,),] ([NEt413]). The procedure was analogous 
to that of [NEt,][l], starting with [NEt4][W(CO),CI] (4.12 g, 8.41 
mmol) and (THF),LiSi(SnMe,), (6.22 g, 8.42 mmol). Several crops of 
yellow crystals were isolated in a combined yield of 5.79 g (5.95 mmol, 
70.7%). Anal. Calcd for C2,H4,NOSSiSn3W: C, 27.1; H, 4.86; N, 1.44. 
Found: C, 27.2; H, 4.87; N, 1.45. Mp: >I47 "C dec. 'H NMR (300 
MHz, 23 "C, dichloromethane-d,): 6 0.097 (,JsnH = 42.8 Hz, 27 H, 
SnCH,), 1 . 3 4 ( t t , J = 7 . 3 , 2 H z ,  12H,NCH2CH,),3.19(q,J=7.3Hz, 
8 H, NCH,). I3C('H} NMR (75.5 MHz, 23 OC, dichloromethane-d,): 
6 -5.46 (IJsnc = 192 Hz, ,JSnC = 17 Hz, SnC), 7.73 (NCH,CH,), 53.1 
(NCH,), 204.5 (,Jsnc = 18 Hz, WCO), 207.6 (WCO). 29Si('H} NMR 
(59.6 MHz, 23 "C, acetonitrile-d,): 6 -75.7 ('Jsns, = 172 Hz). IR 
(CH3CN, CsF, cm-I): uco 2035, 1903, 1864. 

Reaction of [NEt413] with 2 equiv of HCI. [NEt4][3] (0.525 g, 0.539 
mmol) was placed in a 100-mL flask, dissolved in methanol (20 mL), and 
cooled to -78 "C. In a separate flask, HCI was formed by the addition 
of MeCOCl (0.08 mL, 1.12 mmol) to 20 mL of MeOH. This HCI/ 
MeOH solution was then added to the solution of [NEt4][3] via cannula. 
The reaction was allowed to slowly warm to room temperature, after 
which it was stirred for an additional 2 h. Volatiles from the dark yellow 
solution were removed, and the residue was extracted first with diethyl 
ether (30 mL) and then with dichloromethane ( I O  mL). No crystals were 
obtained from the diethyl ether extract, but analysis of this solution by 
IH NMR spectroscopy revealed the presence of only CISi(SnMe,),. 
After concentration and cooling (-40 "C), yellow crystals were obtained 
by filtration from the dichloromethane solution (0.099 g, 37%). IR 
spectroscopy identified these crystals as [NEt,] [(CO)sWCI].18 

Reaction of [NEt413] with 1 equiv of HCI. This reaction was conducted 
as described for 2 equiv of HCI (see above) with [NEt4][3] (0.441 g, 
0.453 mmol), MeCOCl (0.035 mL, 0.492 mmol), and MeOH (25 mL). 
The diethyl ether extract contained [NEt4] [3] and CISi(SnMe,),, as 
determined by 'H  NMR spectroscopy. The dichloromethane extract 
gave 0.041 g of yellow crystals upon cooling to -35 "C. NMR and IR 
spectroscopies identified these crystals as a mixture of [NEt,] [3] and 
[NEt,] [ ( c o ) ~ w c ~ l .  

Reaction of [NEt,H3] with I,. A 100-mL flask equipped with a 125- 
mL addition funnel was charged with [NEt4][3] (0.190 g, 0.195 mmol) 
and dichloromethane (20 mL), giving a pale yellow solution. A solution 
of iodine (0.052 g, 0.205 mmol) in 20 mL of dichloromethane was added 
to the solution of [NEt4)[3] dropwise over 30 min. After the mixture 
was stirred for 3 h, volatiles were removed in vacuo. Extraction of the 
yellow residue with dichloromethane, followed by concentration and 
cooling, gave two crops of [NEt,][(CO),WI] (0.075 g, 67%), as deter- 
mined by its IR spectrum.i8 

Reaction of [NEt41(3] with ICI. A 100" flask equipped with a 
125-mL addition funnel and containing a light yellow solution of 
[NEt,][3] (0.712 g, 0.731 mmol) in diethyl ether (30 mL) was cooled 
to -78 "C. The addition funnel was charged with a 0.95 M solution of 
IC1 in  dichloromethane (0.77 mL, 0.732 mmol) and diethyl ether (30 
mL). The entire apparatus was covered with AI foil to protect the 
light-sensitive ICI. The light orange solution of IC1 was added dropwise 
to [NEt,][3] over 20 min. No color change was observed. After 1.25 
h at -78 "C. the reaction was gradually warmed to room temperature 
and stirred for an additional 0.75 h, resulting in a heterogeneous yellow 
mixture. The AI foil was removed, and the reaction was stirred for 1 h 
more. The volatiles were removed in vacuo, and the resulting yellow 
residue was first extracted with diethyl ether (2 X 25 mL). The re- 
maining yellow residue was extracted with dichloromethane (25 mL). 
The volatiles from the diethyl ether extract were removed in vacuo, and 
' H  NMR spectroscopy indicated the presence of C1Si(SnMe3),. The 
dichloromethane extract was concentrated slightly and cooled to -35 "C. 
Two crops of yellow crystals were isolated via filtration. Infrared spec- 
trowopy identified the crystals as [NEt,] [(CO),WI] (0.285 g, 67%). 

( t t , J =  7.3, 2 Hz, 12 H, NCHJH,), 3.15 ( q , J =  7.3 Hz, 8 H, NCH,). 
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Reaction of [NEt,I3] with NaOMe. A 100-mL flask was charged with 
NaOMe (0.022 g, 0.407 mmol), which was then suspended in hexa- 
methylphosphoramide ( 5  mL). A yellow-orange solution of [NEt,] [3] 
(0.400 g, 0.41 I mmol) in hexamethylphosphoramide ( 5  mL) was gen- 
erated in a separate flask and subsequently added to the NaOMe sus- 
pension via cannula. After being stirred for 1 h, the reaction had evolved 
into a homogeneous, dark orange solution. The reaction vessel was 
evacuated to remove any volatiles formed during the reaction. Addition 
of pentane (50 mL) to the remaining orange solution resulted in the 
formation of a white precipitate, probably NEtJ or Nal. The light 
orange solution was filtered away from the precipitate, and the precipitate 
was washed with pentane (2 X 50 mL). Cooling the light yellow hexa- 
methylphosphoramide/pentane solution to -35 OC yielded an orange oil. 
The colorless supernatent was decanted, and the oil was washed with 
pentane (2 X 25 mL). After excess pentane was removed by evacuation, 
the oil was dissolved in diethyl ether ( 5  mL). Cooling the resulting yellow 
solution to -78 OC afforded yellow crystals (0.1 IO g). Infrared and 'H 
N M R  spectroscopies showed peaks that are consistent with the stoi- 
chiometry [ Na( H MPA),,5] [ (CO),WSi(SnMe3),]. 

X-ray Structure Determination of [NEtJJ]. A pale yellow fragment 
of approximate dimensions 0.22 mm X 0.34 mm X 0.50 mm was cut 
from a much larger crystal and was mounted in a thin-walled glass 
capillary under N2. Centering of 25 randomly selected reflections with 
15' I 28 I 30' provided the unit cell dimensions. Axial photographs 

confirmed the lattice assignment as monoclinic. A summary of the data 
collection and refinement is provided in Table 1. The data were corrected 
for a 9% decay in the intensities of three check reflections, Lorentz and 
polarization effects, and absorption. The space group was uniquely 
determined by systematic absences. Solution was achieved by direct 
methods, and the structure was refined by using full-matrix least-squares 
methods (SHELXTL PLUS computer programs, Nicolet Instrument Corp., 
Madison, WI). All non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were placed in calculated, idealized positions with fixed 
isotropic thermal parameters (d(C-H) = 0.96 A, H thermal parameter 
approximately equal to 1.2 times the isotropic thermal parameter of the 
parent carbon atom). 
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The adsorption of Ru(CO),CI,(THF) onto the surface of hydroxylated metal oxides yields one of two surface metal carbonyls 
depending on the metal oxide. Depending on the nature of the metal oxide, the surface species either retains or loses coordinated 
chloride. The surface species may be described as [Ru(CO),CI,(HO-)] and [Ru(CO),(HO-)(O-),], where HO- and 0- represent 
surface hydroxyl and oxo groups, respectively. Although the exact nature of the ligands provided by the surface remains unknown 
in the adsorbed complexes, the ligands shown provide for the formation of a neutral carbonyl fragment when ruthenium remains 
in  the +2 oxidation state. The former species is generated on silica and NaY zeolite, and the latter is generated upon adsorption 
on alumina and MgO. The proposed structures are consistent with the reactions of the surface species with bipyridine and 
tetracarbonyIcobaltate( I-). The more strongly adsorbed species, [Ru(CO),(HO-)(O-),], generated on alumina and MgO does 
not react with tetracarbonylcobaltate( 1-), while the more weakly adsorbed species, [Ru(CO),CI,(HO-)], on silica and NaY zeolite 
reacts to yield a bimetallic cluster. 

Much of the interest in the chemistry of metal carbonyls with 
solid metal oxides stems from the observation that metal carbonyls 
offer alternative starting materials for the preparation of supported 
metal catalysts.' Metal carbonyls themselves, when supported 
on metal oxides, also have been shown to be catalytically active 
for a wide range of reactions2 Furthermore, heterogeneous 
catalysts derived from metal carbonyls give, in some cases, higher 
selectivity and activity than those prepared from metal salts.3 
Supported ruthenium carbonyls and the catalysts derived from 
them have been shown to be active for the catalytic reduction of 
CO$ the water gas shift r e a ~ t i o n , ~  and the hydrogenation of 
olefins.6 

One problem that plagues the study of adsorbed metal carbonyls 
is the determination of the composition and structure for the 
adsorbed species. It is important to determine the structure of 
the adsorbed carbonyls, since this may influence the catalytic 
activity of materials derived from the carbonyls. Structures for 
adsorbed carbonyls are typically deduced from spectroscopic data 

and by comparison of this data with known compounds that serve 
as models for the adsorbed carbonyls. Preferably a variety of 
spectroscopic techniques are applied to the supported carbonyl; 
a consistent set of results from several methods is most likely to 
give a reliable indication of the structure of the supported carbonyl. 

The formation of ruthenium tricarbonyl on many metal oxides 
has been implicated in the surface chemistry of ruthenium car- 
bonyls under a variety of conditions.'-'' The starting material 
for the adsorbed carbonyls is typically R u ~ ( C O ) ' ~  although 
[ R U ( C O ) ~ C I ~ ] ~ ~  and R u ( C O ) ~ C ~ ~ T H F "  have also been used. 

Bell et  al. have shown that R u ~ ( C O ) ' ~  readily sublimes onto 
untreated SiOz to yield initially physisorbed R u ~ ( C O ) ' ~ . '  The 
physisorbed cluster can then be fragmented under H2 at 500 K 
to give mononuclear and dinuclear ruthenium carbonyls. Basset 
et al. have demonstrated that the oxo-bridged cluster [HRu3(C- 
0) loOSi-] can be formed on hydroxylated Si02.8 Furthermore, 
they showed that the grafted cluster can be fragmented a t  high 

(1)  Bailey, D. C.; Langer, S. H. Chem. Reu. 1981, 81, 109. 
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