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Sulfur dioxide insertion into a range of (4-alkylcyclohex-2-enyl)-, (5-alkylcyclohex-2-enyl)-, and (6-al- 
kylcyclohex-2-eny1)stannanes has been studied for the solvents chloroform and methanol, and the reaction 
proceeds y-regiospecifically (with allylic rearrangement) to provide the 0-sulfiiate. For chloroform solvent, 
syn stereospecificity was observed (and hence sulfur dioxide insertion is less sensitive to steric factors than 
trifluoroacetolysis) whereas for methanol solvent (despite y-regiospecificity) insertion is not stereospecific, 
possibly reflecting the importance of methanol coordination at tin, reducing the necessity for intramolecular 
coordination and the consequential operation of the y-syn stereocourse. Comparisons of the results for 
acidolysis and sulfur dioxide insertion of cyclohex-2-enylstannanes demonstrate that SE' reactions lack 
a unique, stereoelectronically enforced stereochemical outcome and that factors such as the nature of the 
electrophile, solvent, steric factors, etc. may operate to render y-syn and y-anti stereocourses of comparable 
energies. 

Introduction 
In the preceding paper,' we demonstrated that y-anti 

acidolysis was highly preferred for cyclohex-2-enyl met- 
allics, unless severe steric factors operated, in which cir- 
cumstances y-syn substitution becomes competitive. We 
also opined that the syn/anti stereo competition could be 
regulated if a suitable appendage of the electrophile could 
coordinate with (and hence stabilize) the departing metallo 
group, via a cylic ensemble (SEi'), leading to syn substi- 
tution. These requirements appeared likely to be met by 
the sulfur dioxide insertion reaction into carbon-tin bonds, 
aspects of which are well-established, particularly the 
production of 0-sulfinate products2 and complete rear- 
rangement3 of allylic moieties attached to tin, as shown. 

(CH3)3SnCH2CH=CH-CH3 + SO2 - 
CH2=CH-CH-S-O-Sn(CH3)3 

I I  
0 

Kinetic: substituent effect? and other studies support an 
electrophilic mechanism for insertion, and possible O43n 
interaction in the transition state, as part of the cyclic 
ensemble alluded to above. We now wish to present in 
detail5 our examination of the stereochemical aspects of 
sulfur dioxide insertion into cyclohex-2-enylstannanes, 
which establish a highly preferred (if not stereospecific) 
mode of y-syn insertion for noncoordinating solvents (e.g. 
chloroform) and confirm the absence of a stereochemical 
rule for SE' processes. 

Results and Discussion 
Treatment of cyclohex-2-enyltrimethylstannane (in 

chloroform) with gaseous sulfur dioxide produced a very 
viscous gel or semisolid, which, without further purifica- 

(1) Wickham, G.; Young, D.; Kitching, W. Organometallics, preceding 
paper in this issue. 

(2) For leading references see: Kitching, W.; Fong, C. W. Organomet. 
Chem. Rev., Sect. A 1970, 5, 281. Also: Wojcicki, A. Adu. Organomet. 
Chem. 1974,12, 32. 

(3) Fong, C. W.; Kitching, W. J. Organomet. Chem. 1970, 22, 107. 
(4) Fong, C. W.; Kitching, W. J. Am. Chem. SOC. 1971,93,3791. Fong, 

C. W.; Kitching, W. J. Organomet. Chem. 1973,59, 213. 
(5) For previous communications see: Young, D.; Kitching, W. J. Org. 

Chem. 1983,48, 614; Tetrahedron Le t t .  1983,24, 5793. 

Scheme I 

\ 
8 65 3 

tion, analyzed adequately for the monoinsertion product, 
and infrared spectra confirmed the 0-sulfinate structure. 
The 13C NMR spectrum established that insertion occurred 
between the cyclohexenyl ring and tin, as 119J17Sn spin 
coupling to ring carbons was not now observed, whereas 
that to methyl carbons (525 and 502 Hz) was. The pres- 
ence of seven signals only (excluding Sn-C satellites about 
(CH3)&) confirmed monoinsertion. 

The 13C NMR spectrum was assigned by comparison 
with that of the deuteriated analogue (2H equally dis- 
tributed between C1 and C3), and these data were of value 
in stereochemical conclusions when the (alkylcyclohex-2- 
eny1)stannanes are employed. (l19Sn NMR measurments 
on some insertion products were conducted, but these 
signals were quite broad and variable with concentration 
and of very limited diagnostic value). 

The lH NMR spectrum was characterized by a down- 
field shift of the (CH&Sn resonance (to 6 0.54 ( * J I I ~ , I I ~ ~ ~ - ~  
= 69.8; 66.9 Hz)) and of CHSOzSn (6 2.65 (w~,~ = 13 Hz)), 
compared with the corresponding proton shifts in the 
starting ~ t a n n a n e . ~ ~ ~  The increased value of 2JSn-H (from 
ca. 54 Hz) is characteristic of a pentacoordinate (CH3),SnW 
system: probably achieved by aggregation in solution. The 
width and shape of CHS02Sn suggests a predominately 
quasi-equatorial proton? and the shielding of C5 (20.05 
ppm compared with 22.9 ppm for C4 of cyclohexene) 
supports a quasi-axial sulfinate group. Reaction of cy- 
clohex-2-enyltriphenylstannane proceeded in an analogous 
fashion (no phenyltin insertion), and for the product, the 
CHS02Sn signal resonated at 6 2.56 (wIl2 = 14 Hz), now 
to higher field of CHSn in the starting stannane (6 2.89). 
This unusual shielding has been attributed to the orien- 
tation of the phenyl groups in an aggregated product 
 specie^.^^^ 

Insertion into (5-Alkylcyclohex-2-eny1)stannanes. 
Reaction of (5-methylcyclohex-2-eny1)trimethylstannane 

(6) For analogous examples see: Wickman, G.; Young, D.; Kitching, 

(7) Fong, C. W. Ph.D. Thesis, University of Queensland, 1971. 
W. J.  Org. Chem. 1982, 47, 4884. 
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Scheme I1 
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cyclohex-2-eny1)trimethylstannane (&/trans = 72538). 
The 'H NMR spectrum of the insertion product exhibited 
two vinylic proton signals and none for CHSO2Sn, indi- 
cating complete allylic rearrangement accompanied in- 
sertion into both the cis and trans stannanes. The 13C 
NMR spectrum consisted of two sets of signals ca. 69:31 
for the sulfinate isomers, and these spectra were assigned 
by comparisons with spectra of the (5-methylcyclohex-2- 
enyl)sulfiiates, and cis- and trans-3,5-dimethylcyclohexene 
and other model compounds. A full discussion is presented 
elsewhere,* but it was concluded that the minor sulfinate 
(with c6 to lower field by 2.54 ppm than in the major 
sulfinate) was the cis isomer (Le. the methyl groups are 
cis). Other aspects of the 13C and 'H NMR spectra were 
in line with this analysis. 

Although stereochemical determinations were not as 
straightforward in this system, it is clear that SO2 insertion 
is highly regioselective for both isomeric stannanes and 
yields the less stable tertiary allylic sulfinates. (Excess 
sulfur dioxide induced a slow decomposition of these 
compounds.) (See Table I, entries 9 and 10.) 
(cis-5-Methylcyclohex-2-enyl)- and (trans-&methyl- 

cyclohex-2-eny1)triphenylstannanes reacted cleanly with 
SOz in chloroform, and the 'H and 13C NMR spectra of 
the sulfinates permitted straightforward stereochemical 
assignments. CHSOzSn signals appeared at  6 2.21 (w1l2 
= 14 Hz) (trans) and 2.05 (wl/z = 28 Hz) (cis), somewhat 
to higher field than the corresponding signals for the 
trimethyltin derivatives. Highly stereoselective syn in- 
sertion occurred, with the trans stannane reacting mar- 
ginally faster than the cis ('H NMR monitoring) (Table 
I, entries 7 and 8). 

Reaction of predominantly (cis-3,5-dimethylcyclohex- 
2-eny1)triphenylstannane with SOz (in chloroform) pro- 
vided sulfinates that were very unstable. 13C signals which 
could be assigned to the products (and the signals for 
decomposition products) indicated that both isomeric 
sulfinates were tertiary. The primary evidence for this 
conclusion was the position of the methyl signals at quite 
high field (6 17.77 (major) and 17.36), which compared well 
with those for the insertion products of (cis-3,5-di- 
methylcyclohex-2-eny1)- and (trans-3,5-dimethylcyclo- 
hex-2-eny1)trimethylstannanes at 16.80 (cis) and 17.94 ppm 
(trans). The major sulfinate was tentatively assigned trans 
stereochemistry (i.e. trans-methyl groups). 

The reactions of the nearly conformationally homoge- 
neous (cis- 5-tert- butylcyclohex- 2-en yl) - and (trans- 5- 
tert-butylcyclohex-2-eny1)trimethylstannanes with SO2 in 
chloroform proceeded with the same y-syn stereopath that 
characterized the 5-methyl compounds. Stereochemical 
conclusions were based on 13C and 'H NMR assignments 
as outlined for the 5-methyl compounds, with particular 
emphasis on the Cs chemical shifts (A6 = 3.10 ppm; higher 
field C5 being trans) and width of the H1 signals as before. 
In the cis isomer HGax was identified (6 1.07) as a quartet 
(J = 11.8 Hz). The regiochemistry of this reaction was 
examined by using a deuteriated derivative, and the cis 
isomer (with unequal 2H distributions between positions 
1 (46%) and 3 (54%)) a t  least reacts with high y-selec- 
tivity. Examination of a reaction after the addition of 
approximately 0.5 equiv of SO2 revealed nearly identical 
reactivities for the cis and trans isomers. This was of 
interest and indicated that the y-syn mode observed with 
both the (cis-5-methylcyclohex-2-enyl)- and (trans-5- 
methylcyclohex-2-eny1)stannanes was not dependent on 
conformational m~bil i ty .~ Additionally, the y-syn insertion 

( C I S )  

(trans) 

Table I 

entry R R' R" cs/transa solv cis/trans" 
1 CH, H CH3 59:41 CDCI, 59:41 
2 CH3 H CH3 71129 CDC13 67~33 
3 CH3 H CH3 29~71 CDC13 25~75 
4 CH3 H CH, 30:70 CDCl, 3466 
5 CH3 H CH, 5842 CD,OD ca. 39:61 
6 CH, H CH3 3664 CD30D ca. 31:69 

8 CH, H Ph 81:19 CDC13 83:17 
9 CH3 CH3 CH, 72:28 CDCI3 31b:69' 

10 CH3 CH3 CH3 6436 CDC13 36'54' 
11 CH3 CH3 CH3 64:36 CDBOD 65:35 

7 CH3 H Ph 22:78 CDC13 23:77 

12 (CHJ3C H CH3 24~76 CDC13 26:74 
13 (CH3)SC H CH3 62:38 CDC13 61:39 

nRatios of starting stannanes and product sulfinates were de- 
termined by 'H, 'IgSn, and 13C NMR spectroscopy. *Refers to 
orientation of methyl groups. 

(cis/trans = 59:41) with sulfur dioxide in chloroform 
provided the monoinsertion product as a viscous gel, 
consisting, on the basis of the 13C NMR spectrum, of two 
isomeric sulfinates (60:40). The signals were assigned by 
consideration of the data for the parent sulfinate, other 
5-methylcyclohex-2-enyl derivatives, and certain deuteri- 
ated sulfinates. The major sulfinate (59%) was assigned 
as the cis diastereomer, primarily on the basis of the 
shielding of C5 in the minor isomer (A6 = 2.72), attribut- 
able to the y-shielding effect on the sulfinate group. 

The 'H NMR spectrum confirmed these assignments 
firstly because H1 in the major sulfinate was considerably 
broader, indicative of a quasi-axial proton.6 This orien- 
tation was required by the appearance of Heax (6 1.11) as 
a quartet (J = 12 Hz), requiring three large couplings (to 
H6,, H5, and Hl). Reaction of a predominately trans 
stannane mixture resulted in the trans rich sulfinate 
mixture. The results are shown below in Table I (entries 
1-4) and confirm syn insertion consistent with the SEi' 
description. 

The regiochemistry (not assessable in the unlabeled 
5-alkyl system) was examined by utilizing a predominantly 
(cis-5-methylcyclohex-2-enyl)trimethylstannane (68 % ) 
which was 2H labeled at  C3 (vinylic; 58%) and C1 (allylic; 
42 % ) whereas the label was equally distributed between 
C1 and C3 in the minor (32%) trans stannane.6 A com- 
bination of 2H and 13C NMR spectra confirmed that for 
the cis stannane, SO2 insertion was accompanied by allylic 
rearrangement and as noted before syn stereochemistry. 
(The 2H signals in the sulfinate product were at 6 2.73 (ca. 
66%) and 5.76 (ca. 34%).) A further assay of the regio- 
chemistry was conducted by employing (33-dimethyl- (8) Young, D. Ph.D Thesis, University of Queensland, 1986. 
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Table I1 
SnR3 
I 

entry R cis/ trans cis/ trans 
33:67 36:64 
71:29 73:27 
13:87 16:84 3 Ph 

4 P h  64:36 68:32 

into cis-5-tert-butyl stannane at about the same rate as 
for the trans stannane (with quasi-axial tin group) was 
somewhat surprising as the cis isomer would require more 
geometrical reorganization to permit a cyclic transition 
state apparently favored for this insertion in chloroform. 
This would require the C-Sn bond to be substantially 
perturbed with bond lengthening and significant rehy- 
bridization (formal sp3 toward sp2) a t  the carbon bearing 
tin, permitting the tin atom to be incorporated and en- 
joying 0-Sn stabilizing within a cyclic coordinative en- 
semble (Table I, entries 12 and 13). 

Insertion into (4-Alkylcyclohex-2-eny1)- and (6- 
Alkylcyclohex-2-eny1)stannanes. (cis-4-tert-Butyl- 
cyclohex-2-eny1)- and (trans-4-tert-butylcyclohex-2- 
eny1)trimethylstannane reacted cleanly with SOz in chlo- 
roform to yield the rearranged sulfinates. (Table 11, entries 
1 and 2). That the products were the rearranged (6- 
tert-butylcyclohex-2-eny1)sulfinates was confirmed by a 
number of features in the 'H and 13C NMR spectra. For 
example, the 13C shifts of the tert-butyl groups were to 
lower field than those for 4-tert-butyl derivatives, indi- 
cating the proximity effect of the (CH3),SnOS0 moiety. 
The chemical shifts of ring carbons also required the re- 
arranged structure. The CHS02Sn 'H signals for the 
isomeric sulfinates were relatively narrow (6 3.14 (br t, wlI2 
= 11.7 Hz), 2.73 (br d, w , / ~  = 10.2 Hz)), and by monitoring 
it was clear that the 6 2.70 signal developed from the trans 
stannane, which reacted ca. 5-8 times as fast as the cis 
stannane. 'H NMR comparisons with cis- and trans-6- 
methylcyclohex-2-enyl chlorides confirmed the assignment 
of the 6 3.14 signal to the cis isomer. This was supported 
by the C5 chemical shift in this isomer (19.51 ppm), some 
2.4 ppm to higher field of the corresponding signal of the 
trans isomer, again reflecting the shielding y-effect of the 
S02Sn(CH3), group. 

Thus, both (cis-4-tert-butylcyclohex-2-enyl)- and 
(trans-4-tert-butylcyclohex-2-enyl)stannan~ undergo strict 
y-syn SO2 insertion, and the slightly slower rate of the 
trans stannane may reflect some impedance of SO2 ap- 
proach to the y-carbon but insufficient to promote de- 
tectable y-anti substitution for this solvent (CHC13). By 
contrast, steric hindrance to y-anti acidolysis of this 
trans-4-tert-butyl stannane resulted in predominant y-syn 
cleavage.' These observations may again suggest that 
carbon-tin bond perturbation is advanced in the transition 
state, whereas carbon-sulfur bond formation is lagging or 
reflects sulfurs' ability to form bonds at  larger distances. 

Similar observations apply to insertion into the (cis-4- 
tert-butylcyclohex-2-eny1)- and (trans-4-tert-butylcyclo- 
hex-2-eny1)triphenylstannanes (for chloroform solvent) 
(Table 11, entries 3 and 4). The 13C NMR spectra were 
of interest in that the trans triphenylstannyl sulfinate 
consisted two diastereomers in approximately equal 
amounts. The spectrum (assigned by INEPT sequence 
etc.) exhibited a particularly large chemical shift difference 
(A6 = 6.0 ppm) for C6 in the diastereomers, which arise 
from the chiral sulfur center present in a monomeric 0- 
sulfinate. We presume aggregation in this sulfinate (by 

1 CH3 
2 CH3 

Table 111. Trimethyl- and Triphenylstannyl 
Cyclohex-2-enylsulfinate Derivatives 

S02SnR3 
I 

4 

compd no. R substitutn stereoisomer 
1 Me 
2 Ph 
3 Me 5-Me cis 
4 Me 5-Me trans 
5 Ph 5-Me cis 
6 Ph 5-Me trans 
7 Me 1,5-Me2 cis" 
8 Me 1,5-Me2 trans" 
9 Me 5-t-BU cis 

10 Me 5-t-BU trans 
11 Me 6-t-BU cis 
12 Me 6-t-BU trans 
13 Ph 6-t-BU cis 
14 Ph 6-t-BU trans 
15 Me 4-Me cis 
16 Me 4-Me trans 
17 Me 6-Me cis 
18 Me 6-Me trans 

a Stereochemistry refers to the two methyl groups. 

bridging 0-S(R)-0 groups with consequential achiral 
sulfur) is hindered by the adjacent tert-butyl group. 

As detailed elsewhere: (cis-4-methylcyclohex-2-enyl)- 
and (trans-4-methylcyclohex-2-enyl)trimethylstannanes 
were obtained as mixtures with the cis- and trans-6-methyl 
isomers. Examination of the regio- and stereochemistry 
of insertion into this four-component mixture appeared 
a daunting task, but fortunately key regions of the lH and 
13C NMR spectra were well-resolved and permitted un- 
equivocal conclusions. Reaction of stannane mixture A1 
below with SO2 (in CDC1,) produced a four-component 
sulfinate mixture S1, and detailed scrutiny of the 'H and 
13C NMR spectra led to Scheme I11 below. The 6-methyl 
sulfinates were identified by their lower field C1 shifts 
(71.33 and 70.48 ppm) compared with those of the 4- 
methyl sulfinates (65.50 and 65.24 ppm), the difference 
ascribable to the deshielding @-methyl effect. Similarly, 
the CH3-C shifts of the 6-methyl sulfinates are to higher 
field, reflecitng the shielding y-effect of the S02Sn(CH3)3 
group, which would be more severe in the cis-6-methyl 
isomer (19.36 and 16.22 ppm compared with 21.09 ppm for 
the 4-methyl isomers). Further differentiation within the 
4-methyl and 6-methyl stereoisomer pairs was based on 
the position and shape of the CHSOanE 'H shifts (Figure 
1) as well as trends in the 13C chemical shifts. For example, 
the Cmethyl isomers exhibited such signals closer together 
(6 2.63 and 2.70) and with different wl12 values (11 and 17 
Hz, respectively) than the 6-methyl pair (6 2.45 = 9 
Hz) and 2.76 ( w l p  = 16 Hz)). These trends parallel those 
for the corresponding  chloride^.^ 

The above approaches to sulfinate identification were 
supplemented in the following way. As described in detail 
elsewhere: 4-methylcyclohex-2-enol-1 -d was chlorinated 
and trimethylstannylated to yield stannane mixture A2 
below. In the resulting sulfinate mixture S2, two signals 
in the CHSOz region (6 2.76 and 2.43) (ratio 1.55:l) were 
observed and on the basis of y-insertion must correspond 
to the (cis-6-methylcyclohex-2-enyl)- and (trans-6- 
methylcyclohex-2-eny1)sulfinates as shown in Scheme 111. 

(9) Young, D.; Kitching, W.; Wickham, G. Aust. J .  Chem. 1984, 37, 
1841. 
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Scheme 111 

c02- s02- 

S1' S12 5'3 S14 basis 
42% 17% 3 1 % 1 0 % 4 0 % 16% 34% 10% >CHSOZ- 

A1 30 % 15% 3 4 %  13% $3CHS07- 
4 0 ?'e 13% 36% 11% CH3CtO)< 

'H NMR S(>CHS02-) 2 45(wi,2%10 Hz) 2 76 (11) 2 70 (16) 2 6 3  (10) 

S ( C H 3 C ( H ) 0  1 0 0  1 0 2  0 9 4  0 96 
13C NMR S(>CHSO2) 71 3 3  70 48 65 50 65 24 

S(CH3CH) 19 3 6  16 22 21 0 9  21 09 

22% 35% 20% 15% 22 % 35% 28% 15% 

A2 s2' s 2 2  sz3 sz3 

D 
anow 'c' ' 'so2 

Table IV. Carbon-13 NMR Data for Various Cyclohex-2-enylsulfinates 
carbon number 

compd 1 2 3 4 5 6 SnR3 others 
1 65.30 121.73 132.67 24.87 20.05 22.12 1.33" 
2 63.92 121.20 131.85 24.58 19.81 20.31 b 
3 66.35 121.32 132.17 33.77 28.03 30.23 1.21" 22.12 
4 66.15 121.52 132.40 33.50 25.31 30.37 1.21" 21.69 
5 64.64 120.92 130.95 33.47 27.60 27.97 b 21.84 
6 64.26 120.92 131.28 32.87 24.62 28.52 b 21.03 
7 61.67 127.34 131.29 33.56 24.87 38.97 1.18" 22.04, 16.80 
8 62.37 128.78 130.88 34.06 25.49 36.43 1.18" 22.12, 17.94 

26.72 43.04 23.76 1.33" 27.13, 32.36 9 67.20 121.32 132.64 
10 67.20 121.70 133.08 26.72 39.94 23.76 1.33" 27.04, 32.22 
1 1  67.00 120.39 133.03 27.37 19.51 47.84 1.29" 28.82, 32.98 
12 66.23 122.07 133.03 27.27 21.87 40.05 1.29" 28.74, 33.65 
13 66.08 119.69 134.40 27.17 19.33 47.64 b 32.66, 28.62 
1 4c 64.46 120.39 134.09 25.27 23.11 45.98 b 33.27, 28.06 

24.48 21.78 39.89 b 27.36 
15 65.25 120.98 138.76 30.02 28.18 21.13 1.36O 21.18 
16 65.54 120.81 138.62 30.02 29.31 20.90 1.36" 21.18 
17 70.53 121.19 131.39 23.10 27.98 28.59 1.36" 16.15 
18 71.43 120.22 132.06 22.35 27.15 26.75 1.31" 19.28 

" Chemical shifts in ppm are referenced to the central peak of the CDC13 triplet at 77.00 ppm. Values of l19Sn-13C coupling constants in 
(CH3)3Sn derivatives ranged from 511 to 525 Hz and 117Sn-13C couplings from 488 to 502 Hz. *Typical shifts for (C6H5)3SnOS0 are 141.49 
(761.7 Hz; ipso carbon), 136.64 (47.6 Hz; ortho carbon), 128.11 (71.6 Hz; meta carbon), and 129.90 ppm (0.0 Hz; para carbon). CThis 
compound consists of two diastereomers in equal proportions. 

The proportion of sulfinates in S2 were deterined by 
careful lH and 13C NMR measurements. The 13C NMR 
spectra of the four sdfiiates were completely assigned with 
the aid of these deuteriated derivatives and a DEPT 
(polarization transfer) experiment (Table IV). 

Clearly, each of the isomeric stannanes undergoes highly 
stereo- and regioselective y-syn insertion of sulfur dioxide, 
with no detectable deterrent to this stereopath posed by 
the methyl group in the cis-4-methyl isomer. A partial 
reaction revealed roughly equal rates for the four stan- 
nanes, with formation of the cis-6-methyl sulfinate being 

L 

marginally slower. For chloroform solvent, oxygen coor- 
dination probably serves to stabilize developing positive 
charge on the leaving (CH&Sn group, and this can operate 
intramolecularly for a syn insertion, as shown below. 
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6 2 " 

- 10 " 1  

Figure 1. The 300-MHz 'H NMR spectrum (CDC13 solvent) in 
the CHSOzSn region of a mixture of the (cis-4-methylcyclohex- 
2-enyl)-, (cis-methylcylcohex-2-enyl)-, (trans-4-methylcyclohex- 
2-eny1)- and (truns-6-methylcyclohex-2-enyl)s~ia~ arising from 
sulfur dioxide insertion into the precursor stannanes. 

However, in the case of the pin-2-en-4-ylstannanesl0 
steric effects can enforce apparent y-anti insertion for 
chloroform solvent, but this proceeds very slowly compared 
with y-syn insertion, perhaps highlighting the importance 
of internal coordination for this route in noncoordinating 
solvents. 

If internal (0-Sn) coordination is a key energy lowering 
factor favoring y-syn insertion, a change in solvent from 
chloroform to methanol-efficient coordination at  tinll- 
would be anticipated to remove the necessity for cyclic 
coordination and hence reduce the advantage that the 
y-syn route would otherwise enjoy. The choice of methanol 
as solvent revealed a complication-methanol-induced 
isomerization of the cyclohex-2-enylstannanes. This 
phenomenon has been investigated and reported else- 
where,12 and the isomerization rate was concluded to be 
slow in comparison with insertion. Reaction of (cis-5- 
methylcyclohex-2-eny1)- and (trans-5-methylcyclohex-2- 
eny1)trimethylstannanes (dissolved in methanol for ca. 2 
min before addition of SO2) provided predominantly the 
trans sulfinate (ca 60-70%) irrespective of the starting 
cis/trans ratio. The cis sulfinate was demonstrated not 
to isomerize in some post-kinetic fashion, and hence the 
product distributions probably reflect kinetic control 
(Table I, entries 5 and 6). 

This outcome therefore differs from the situation of 
y-syn insertion for chloroform solvent. However, insertion 
under these conditions maintains high y-regioselectivity, 
as the results for the (3,5-dimethylcyclohex-2-enyl)stan- 
nanes demonstrate (along with other systems) (Table I, 
entries 10 and 11). 

This stereochemistry (with predominantly quasi-axial 
sulfinate) is opposite to that for chloroform solvent, and 
the production of the tertiary sulfinate indicates the 
stereochemistry reflects that of kinetic coontrol. The ob- 
servation that both cis- and trans-&methyl (and tert-butyl) 
provide predominantly the trans sulfinate suggests the tin 
group has little directing influence, and this stereochem- 
istry may reflect "normal" axial electrophilic attack on 
cyclohexene. (cis-4-tert-butylcyclohex-2-enyl)- and 
(trans-4-tert-butylcyclohexenyl)stannanes provided ex- 
clusively the rearranged (trans-6-tert-butylcylcohex-2- 
eny1)sulfinate as determined by careful monitoring by IH 

(IO) Young, D.; Kitching, W. J. Org. Chem. 1985,50,4098. 
(11) Fukoto, J. M.; Jensen, F. R. Acc. Chem. Res. 1983, 16, 177. 
(12) Young, D.; Kitching, W. Silicon, Germanium, Tin Lead Compds. 

(13) Young, D.; Jones, M.; Kitching, W. A u t .  J. Chem. 1986, 39, 563. 
1986, 9, 67. 

Table V. IH NMRa and Analytical Datab for Various 

'H NMR data and anal. data 
Cyclohex-2-enylsulfinates 

compd 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

6 0.54 (8, J = 69.8, 66.9 Hz, (CH3),Sn), 1.42-2.04 (m, 
6 H), 2.65 (m, w1 = 13 Hz, Hl), 5.58 (H,), 5.95 
(Hz). Calcd for d9Hl,0zSsn: C, 34.98; H, 5.87. 
Found: C, 34.05; H, 5.68. 

6 1.22-2.00 (m, 6 H), 2.56 (m, wl12 = 14 Hz, HI), 5.42 
(Hz), 5.80 (H,); mp 197-198.5 "C). Calcd for 
CZ4Hz4O2SSn: C, 58.21; H, 4.89. Found: C, 58.69; 
H, 4.99. 

1.33-2.18 (m, 5 H), 2.82 (m, w1 = 20 Hz, HI), 5.57 
(H2), 5.92 (H3). Calcd for ClodzoOzSSn: C, 37.18; 
H, 6.24; S, 9.93. Found: C, 37.73; H, 6.28; S, 10.06. 

6 0.55 (8, (CH,),Sn); 0.90 (d, J = 6.5 Hz, CH,), 
1.33-2.18 (m, 5 H); 2.66 (m, wll2 = 12 Hz, HI), 5.57 

6 0.94 (d, J = 6.7 Hz, CH,), 0.90-1.78 (m, 5 H), 2.05 
(m, wllz = 28 Hz, HJ, 4.90 (HJ, 5.39 (H,). Calcd 
for CzsHZ6O2SSn: C, 58.97; H, 5.15. Found: C, 
56.59; H, 5.00. 

6 0.60 (d, J = 5.4 Hz, CH3), 0.90-1.78 (m, 5 H), 2,21 
(m, 

6 0.55 (s, (CH3),Sn), 0.88 (d, J = 6.5 Hz, CH,), 0.97 
(8, CH3), 1.25-2.16 (m, 5 HI, 5.27 (H2), 5.90 (H3 
(unstable) 

6 0.55 (s, (CH3),Sn), 0.96 (d, J = 6.3 Hz, CH3), 1.04 
(8, CHJ, 1.25-2.16 (m, 5 H), 5.37 (Hz), 5.86 (H3) 

6 0.57 (s, (CH3)3Sn), 0.86 (s, (CH3),C), 1.07 (q, J = 
11.8 Hz, Hs,), 1.27-2.19 (m, 4 H), 2.78 (m, wlIz = 
23 Hz, HI), 5.60 (H2), 5.95 (H,). Calcd for 
C13H2602SSn: C, 42.77; H, 7.18. Found: C, 43.06; 
H, 7.08. 

6 0.57 (8, (CH3),Sn), 0.84 (s, (CH,),C), 1.25-2.21 (m, 5 
H), 2.70 (m, wl,2 = 10 Hz, HI), 5.58 (H2), 5.98 (H3) 

6 0.53 (s, (CH&%), 0.97 (s, (CH3),C), 1.54 (m, Hs), 
1.68 (m, H6,), 2.0 (m, H4*, Hb), 2.14 (7, Hk), 3.14 
(m, wl/z = 11.7 Hz, Hl), 5.74 (Hz), 6.02 (H3). Calcd 
for C13H2&@n: C, 42.77; H, 7.18. Found: C, 
42.40; H, 7.25. 

6 0.53 s, (CH3),Sn), 0.88 (8, (CH,),C), 1.50-2.20 (m, 5 
H), 2.73 (m, wlIz = 10.2 Hz, HJ, 5.65 (H2), 6.02 
(H3 

6 0.55 (8, (CH3),Sn), 0.97 (d, J = 6.2 Hz, CH3), 

Wz), 5.92 (H3) 

= 14 Hz, HJ, 4.90 (HJ, 5.39 (H3) 

13 and 14 6 0.8;(s, (CH,),C), 0.94-1.98 (m, 6 H),  5.70 (H2, H3) 

1 5e 
(unstable) 

(m, w1 = 11 Hz, HJ. Calcd for CloHzoO2SSn: C, 
37.18; k, 6.24. Found C, 38.78; H, 6.48. 

(m, w l / p  = 17 Hz, HJ 

(m, w1p = 10 Hz, Hd 

(m, wljz = 9 Hz, Hl) 

6 0.56 (8, (CH3)3Sn), 0.96 (d, J = 7.3 Hz, CH,), 2.62 

16c 

17c 

1 8" 

6 0.56 (8, (CH3)~Sn), 0.94 (d, J = 7.0 Hz, CH,), 2.69 

6 0.56 (8 ,  (CH3),Sn), 1.03 (d, J = 7.1 Hz, CH3), 2.76 

6 0.56 (s, (CH3),Sn), 1.00 (d, J = 6.8 Hz, CH,), 2.44 

OChemical shifts are relative to internal CHC13 at 6 7.24. Aro- 
matic proton resonances (normally from 6 7.00-7.6.0) are not list- 
ed. Microanalyses were performed on isomeric mixtures and are 
presented with the first isomer listed. Other signals obscured in 
mixture. 

and 13C NMR. Under these conditions (SOz in CH,OH) 
allyl anion involvement is excluded (such an intermediate 
would hardly provide only the 6-tert-butyl derivative), and 
the directing influence of the tin group is insufficient to 
overcome the steric obstacle to y-syn cleavage of the cis 
stannane. 

In summary, sulfur dioxide insertion for chloroform 
solvent indicates the existence of a y-syn enforcing, co- 
ordinatively stabilized cyclic ensemble of allylic stannane 
and SOz. When this internal coordination is replaced by 
external (solvent) methanol coordination, faithful y-in- 
sertion still operates, but with no clear-cut stereochemistry. 
Thus SOp insertion when compared with acidolysis reveals 
the absence of a stereoelectronically dictated stereochem- 
ical rule for SE' reactions. 
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Chemistry of Heavy Carbene Analogues R2M (M = Si, Ge, Sn). 
12.' Concerted and Nonconcerted Insertion Reactions of the 

Germylene Me2Ge into the Carbon-Halogen Bond 

Jurgen Kocher,* Manfred Lehnig, and Wilhelm P. Neumann 
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During the reaction of MezGe with CC13X (X = C1, Br), PhCHzX (X = Br, I), and PhzCHCl, 'H CIDNP 
is observed in the products of net insertion of MezGe into the carbon-halogen bond and in MezGeXz (X 
= C1, Br). It is concluded that a two-step radical reaction takes place by an abstraction-recombination 
mechanism. No reaction takes place with alkyl halides that have a C-X bond dissociation energy of more 
than about 70 kcal/mol. MezGe is generated thermally at 70-95 "C or photochemically from the 7-ger- 
mabenzonorbornadiene 1 and reacts in both cases in the singlet state. The activation energy for forming 
MezGe from 1 is 19 kcal/mol for the reaction with CC14 Insertion products are also formed with the alkenyl 
halides CH2=CHCHzX, PhCH=CHX (X = C1, Br), and 2-bromobut-2-ene, but without showing CIDNP 
effects. Since MezGeXz was not found either, MezGe reacts in these cases in a nonradical manner. It does 
not react with 1-chlorocyclohexene, but it does react with MezGeXz under formation of digermanes and/or 
oligogermanes without CIDNP. 

Introduction 
Carbenes, R&:, play an important role as intermediates 

in organic chemistry. Similarly, the chemistry of the heavy 
carbene analogues, the silylenes R2Si,3 the germylenes 
R2Ge,4 and the stannylenes R2Sq5 has received much at- 
tention in recent years. In principle, the heavy carbene 
analogues undergo the same types of reactions as the 
carbenes-addition and insertion-but there are charac- 
teristic differences that are still in need of investigation. 
A question that is still of great interest is the spin state 
of the reacting intermediate (singlet or triplet). For ex- 
ample, dimethylgermylenes generated by thermolysis from 
the 7-germabenzonorbornadiene l6 or pentamethyldi- 

(1) Part 11: Appler, H.; Neumann, W. P. J. Organomet. Chem. 1986, 

(2) Kdcher, J. Dr. rer. nat. Thesis, University of Dortmund, 1985. 
(3) Gaspar, P. P. React. Zntermed. (Wiley) 1978,1, 228; 1981,2,335; 

(4) RiviBre, P.; Castel, A,; Setg6, J. J. Am. Chem. SOC. 1980,102,5413. 
(5) Neumann, W. P. The Stannylenes R,Sn in Organometallic and 

Coordination Chemistry of Ce, Sn, and Pb; Gielen, M., Harrison, P. G., 
Eds.; Freund: Tel Aviv, 1978. 

(6) Schriewer, M.; Neumann, W. P. Angew. Chem., Int. Ed. Eng2. 
1981, 20, 1019; J. Am. Chem. SOC. 1983, 105, 897. 

314, 261. 

1986, 3, 333. 

0276-7333/88/2307-1201$01.50/0 

germane' have been shown to undergo concerted 1,4-ad- 
ditions to 1,3-dienes (eq l), indicating a singlet state for 
the reacting species. 

Me Me , ,  4 7Oo-15O0C ph& PIT 
f M ~ z G ~ : ~  

Ph 
Ph 

1 

Ph 

Carbenes are known to undergo insertion into the car- 
bon-hydrogen bond. From the beginning of carbene 
chemistry, two different reaction mechanisms were dis- 
cussed. The first is a concerted one, meaning that the 
insertion occurs in a single step without further reaction 
intermediates via a three-center-type transition state (eq 

(7) Ma, E. C.-L.; Kobayashi, K.; Barzilai, M. W.; Gaspar, P. P. J. 
Organomet. Chem. 1982,224, C 13. 

0 1988 American Chemical Society 
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