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Alkyl radicals, obtained by reaction of Bu3Sn' or ClHg' with alkylmercury halides, will undergo re- 
gioselective and in some cases stereospecific substitution by a free radical chain addition-elimination 
mechanism with 1-alkenylstannanes or -mercurials. The chain reaction is also observed for 1-alkynyl 
derivatives and in the photostimulated demercuration of mixed alkyl and 1-alkenyl- or 1-alkynylmercurials. 
Chain propagation with alkyl radical formation is also observed to occur in the reactions of @-eliminated 
ClHg' with Grignard reagents in PhH-THF solution. In competitive reactions of Bu3Sn' or ClHg' with 
pairs of alkylmercury chlorides, it is observed that a tert-butylmercurial is >lo00 times more reactive than 
a n-butvlmercurial. suaaestina a concerted dissociate electron-transfer process not involving the intermediacy . II I 

of RHP. species. 

We have previously reported free radical chain alkylation 
reactions involving alkylmercury halides and 2-substituted 
1-alkenyl' and 1-alkyny12 derivatives of mercury and tin. 
The reactions involve the regioselective addition of an alkyl 
radical to the carbon bearing the mercury or tin substituent 
followed by p-elimination of MX; ('HgX or Bu3Sn') which 
reacts with RHgX to regenerate the alkyl radical (Scheme 
I). 

Scheme I 
MX, = HgX or Bu3Sn 

R' + ZCH=CHMX, - ZCHCH(R)MX, 

ZCHCH(R)MX, - ZCH=CHR + MX,' 
(1) 

(2) 

(3) 
Bu3Sn' + RHgX - R' + Bu3SnX + HgO (4) 

Tables I and I1 present a summary of yields and ex- 
perimental observations that support the chain mechanism 
for alkenyl derivatives. With both 1-alkenylmercurials and 
-stannaries, a 2-substituent other than alkyl (e.g., Z = aryl, 
chlorine, carboalkoxy, benzenesulfonyl) is required for a 
high yield process. Apparently, if the addition of R' is not 
highly directed to the 1-position, or if an allylic-type radical 
can be formed by hydrogen atom abstraction, the chain 
process of Scheme I is inhibited. Even with t-BuCH=C- 
(H)HgCl, the substitution reaction occurred in only 10% 
yield with c-C6Hl1HgC1 although in this system substitu- 
tion occurs readily in a chain fashion employing PhSSPh 
or PhS- as a precursor to PhS'.3 A low yield of the sub- 
stitution product was observed with CH2=CHSnBu3 or 
Me2C=CHSnBu3 although again with PhS' the substitu- 
tion occurred ~ l e a n l y . ~ , ~  

Further support for the radical chain nature of the 
substitution was obtained by measuring the initial kinetic 
chain length by the (t-Bu),NO' inhibition method. In the 
reaction of 0.1 M (E)-PhCH=CHSnBu, with 3 equiv of 
t-BuHgC1 in Me.$O-d6, the formation of (E)-t-BuCH= 
CHPh could be conveniently followed by 'H NMR using 
CHzClz as an internal standard. Under standard condi- 
tions of irradiation by a 275-W fluorescent sunlamp at  35 

XHg' + RHgX - R' + HgXz + Hgo 

(1) Russel, G. A.; Tashtoush, H.; Ngoviwatchai, P. J. Am. Chem. SOC. 

(2) Russell, G. A.; Ngoviwatchai, P. Tetrahedron Lett. 1986,27, 3479. 
(3) Russell, G. A.; Ngoviwatchai, P.; Tashtoush, H.; Hershberger, J. 

Organometallics 1907, 6, oo00. 
(4 )  The preferred addition of PhS' to CHz=CHSnBu3 is a t  the 13- 

position. The formation of the a-substitution product involves either the 
reversible addition of PhS' or the rearrangement of PhSCHzCHSnBu3 
to CH,CH(SPh)SnBu,. 

1984,106, 4622. 
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"C, the initial rate of formation of the substitution product 
was 2.0 X (mol/L)/min. In the presence of 0.0174 M 
(t-Bu),NO', the reaction was completely inhibited for 57 
min after which it occurred a t  essentially the same rate 
as initially observed in the absence of the inhibitor. The 
rate of the photochemical radical formation from t-BuHgC1 
was 2.8 X (mol/L)/min (-O.l%/min decomposition 
of t-BuHgCl), and if all radicals trapped by (t-Bu),NO' 
are effective in initiating the chain reaction, an initial 
kinetic chain length of 70 is ind i~a ted .~  The kinetic chain 
length (kcl) was not reduced by the addition of 3 equiv of 
n-BuHgC1 to the reaction. In a similar fashion, the initial 
kcl was found to be 56 for (E)-PhCH=C(H)HgCl reacting 
with t-BuHgC1 in Me2SO-d6. 

Tables I and I1 indicate that in general the yields and 
presumably the rates of the reactions increase from R = 
primary to secondary to tertiary alkyl. This may in part 
be due to the increased rate of photoinitiation from the 
tert-butylmercurial, but even with extended periods of 
irradiation, the yields were lower with primary alkyl- 
mercurials than for the secondary or tertiary alkyls. We 
thus examined the relative reactivities of pairs of alkyl- 
mercury chlorides toward the chain propagating ClHg' and 
Bu3Sn'. Since the substitutions involve an appreciable 
kinetic chain length, essentially every alkyl radical formed 
in reaction 3 or 4 must be trapped by the substrate to give 
the alkylation product. Under this condition, the relative 
yields of the two substitution products formed from a 
single substrate reacting with two alkylmercurials should 
be a fair measure of the relative reactivities of the alkyl- 
mercurials toward the attacking 'HgCl or Bu3Sn'. Com- 
petitive reactions of 10 equiv each of 1:l mixtures of n- 
BuHgCl/c-C6HllHgC1 and c-C6HI1HgCl/t-BuHgC1 with 
(E)-PhCH=C(H)HgCl or (E)-PhCH=CHSnBu, were 
performed and the substitution products analyzed by GLC. 
With PhCH=C(H)HgCl it was observed that t-BuHgC1 
was nearly 100 times more reactive than c-C6HllHgC1 
which was in turn nearly 100 times more reactive than 
mBuHgC1. The relative reactivity series for 'HgCI attack 
on RHgCl thus measured was t-Bu:c-C6Hll:n-Bu = 
1.0:0.011:0.0001 at  30-35 "C. Toward Bu3Sn' a similar 
series was observed, t-Bu:c-C6Hl,:n-Bu = 1.0:0.025:0.005. 

We thus conclude that the rates of reactions 3 and 4 are 
controlled by the stabilities of the incipient alkyl radicals. 
Such an observation appears to exclude processes in which 

0 

(5) If (t-Bu),NO' traps only t-Bu', the occurrence of reaction 3 will 
assure that 2 mol of the nitroxide will be consumed for each mole of 
RHgCl which undergoes photolysis. The observed kinetic chain length 
should be independent of whether or not the nitroxide traps 'HgCI. 

1988 American Chemical Society 
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Table I. Reactions of 1-Alkenylmercury Halides with Organomercurials 
substrate 

(E)-PhCH=CHHgCl 
(E)-PhCH=CHHgCl 
(E)-PhCH=CHHgCl 
(E)-PhCH=CHHgCl 
(E)-PhCH=CHHgCl 
(E)-PhCH=CHHgCl 
(E)-PhCH=CHHgCl 
(E)-PhCH-CHHgCl 
(E)-PhCH=CHHgCl 
(E)-PhCH=CHHgCl 
(E)-PhCH=CHHgCl 
(E)-PhCH=CHHgCl 
PhzC=CHHgBr 
PhzC=CHHgBr 
PhzC=CHHgBr 
PhzC=CHHgCl 

PhzC=CHHgBr 
PhzC=CHHgBr 
PhzC=CHHgBr 
(E)-Me3CCH=CHHgBr 
MezC=CHHgBr 

PhzC=CHHgCl 

(E)-ClCH=CHHgCl 
(Z)-ClCH=CHHgClf 
(E)-ClCH=CHHgCl 
(Z)-ClCH=CHHgCl' 

organomercurial (equiv) 
t-BuHgC1 (5) 
t-BuHgC1 (5) 
t-BuHgC1 (3) 
t-BuHgC1 (3) 
t-BuHgC1 (1.2) 
t-BuHgC1 (1.2) 
t-BuHgC1 (1.2) 
t-BuHgC1 (5) 
C-C6H11HgCl (5) 
i-PrHgC1 (5) 
PhCH,HgCl (5) 
t-BuCHzHgC1 (5) 
t-BuHgC1 (5) 
i-PrHgC1 (5) 
c-C6Hi1HgC1 (5) 
(E)-2-MeO-c-C6Hl,,HgOzCCF, (5) 
PhCH(OMe)CH,HgO,CCF, (5) - .  
(PhCOCHJ2Hg 11)- 
PhCHzHgCl (5) 
t-BuCHzHgC1 (5) 
C-C6Hi,HgC1 (5) 
C-C6H11HgCI (5) 
t-BuHgC1 (1.2) 
t-BuHgC1 (1.2) 
c - C ~ H ~ ~ H ~ C I  (1.2) 
C - C ~ H I ~ H ~ C I  (1.2) 

conditionsa 
MezSO, S, 4 h 
MezSO, dark, 50 "C, 24 h 
MezSO, t-BuzNO 10 mol %, S, 1 h 
Me,SO, S, 1 h 
MezSO, S, 4 h 
MezSO, NaI (1.2 equiv), S, 4 h 
MezSO, NaI (2.4 equiv), S, 4 h 
Me,SO, NaI (10 equiv), dark, 25 "C, 24 h 
Me,SO, R, 12 h 
Me,SO, R, 12 h 
Me2S0, R, 12 h 
MezSO, R, 12 h 
MezSO, R, 12 h 
Me2S0, R, 12 h 
MezSO, R, 12 h 
MeOH, R, 24 h 
MeOH/MezSO, R, 24 h 
MezSO, R, 12 h 
MezSO, R, 12 h 
Me2S0, R, 12 h 
Me2S0, R, 12 h 
Me2S0, R, 12 h 
Me2S0, R, 10 h 
Me,SO, R, 10 h 
Me2S0, R, 10 h 
Me,SO, R, 10 h 

% yield ( E / Z ) b  
97 (31.4) 
0 
5 

79 
51 
59 
71 
23 
78 (6.4) 
83C 
31'3d 
23e 

100 
96 
97 
69 
69 
21 
56e 
30 
1 O C  

<10 
33 (5.6) 
44 (2.7) 
28 (4.3) 
38 (0.7) 

"The substrate (0.1 mmol) and the mercurial in 10 mL of a nitrogen-purged solvent were irradiated in a Pyrex tube; S = 275-W sunlamp 
ca. 20 cm from reaction vessel; R = 350-nm Rayonet photoreactor. Yields were determined by 'H NMR; E/Z ratios were determined by 
GLC. cMixture of E and Z isomers. dBibenzvl was formed in 70% vield (based upon PhCH,HgCl). eBibenzyl was formed in 60% yield 
(based upon PhCHzHgC1). /Starting materialhad a Z / E  ratio of 3.0: 

the rate-determining step is the formation of RHg' (as a 
precursor to R') since the structure of R should have little 
effect on the formation of RHg'. In particular, it is difficult 
to understand why t-BuHg' would be formed more readily 
than n-BuHg'.6 It  appears that reactions 3 and 4 must 
be processes in which R' is formed in the rate-determining 
step and are most likely concerted reactions. Reaction of 
Bu3Sn' with RHgCl to formg BuaSnCl and RHg' seems to 
be excluded, and the reaction most likely involves disso- 
ciative electron transfer to form Bu3Snf, R', HgO, and C1-. 
The oxidation potential of Bu3Sn' is not known, and 
electron transfer to RHgCl may require Coulombic sta- 
bilization by the interaction between Bu3Sn+ and C1-. 
Alternately, Bu3Sn' may attack at the mercury atom to 
displace R' and form Bu3SnHgC1 which subsequently 
eliminates HgO. 

A photostimulated radical chain reaction of PhCH= 
CHSnBu3 with alkyl halides to yield PhCH=CHR and 
Bu3SnX occurred with RX = CC4, Me02CCH2Br, and 
n-BuI and in poor yield with i-PrI.lvlo With t-BuBr no 
reaction was observed upon UV photolysis a t  30 OC al- 
though inefficient reactions have been reported with other 
secondary and tertiary halides a t  86 "C with 32-48 mol 70 
of azobis(isobutyronitrile).loC The corresponding l-alke- 

(6) The reduction of RHgX by alkaline NaBHl involves a radical chain 
process in which RHgH reacts by hydrogen atom transfer to form RHg'. 
Reaction of an excess of a 1:l mixture of t-BuHgC1 and n-BuHgC1 with 
NaBH4 in the presence of CH,=C(CI)CN forms t-BuCH,CH(Cl)CN and 
n-BuCH,CH(Cl)CN in approximately a 1:l ratio at high CH,=C(Cl)CN 
concentration. The results demonstrate that there is little kinetic effect 
of the structure of R for competing reactions which directly from RHg..',* 

(7) Russell, G. A. P r e p .  Am. Chem. SOC., Diu. Pet. Chem. 1986, 31, 
891. 

(8) Russell, G. A.; Jiang, W.; Hu. S. S.; Khanna, R. K. J. Org. Chem. 
1986,51, 5498. 

(9) Bloodworth, A. J.; Courtneidae, J. L. J. Chem. Soc., Perkin Trans 
1 1982, 1797. 

(10) For other examples of this process involving Bu3Sn' + RX - 
Bu3SnX + R', see: (a) Saihi, M. L.; Pereyre, M. Bull. SOC. Chim. Fr. 1973, 
1251. (b) Baldwin, J. E.; Kelly, D. R.; Ziegler, C. B. J. Chem. SOC., Chem. 
Commun. 1984,133. (c) Baldwin, J. E.; Kelly, D. R. J. Chem. Soc., Chem. 
Commun. 1985, 682. 

Scheme I1 

(E)-ZCH=CHMX, -I- R* (Z)-ZCH=CHMX, -t R* 

l a  2a 

H 
Jr 

H R 
41 

R 

H P Z  Z V H  

I I 

MXn \ M xn 

2 b  
(Z ) -ZCH=CHR + MX; 

1 l b  
(E ) -ZCH=CHR + MX,* 

nylmercury chloride gave poor yields of the alkylation 
products contaminated with the 1-alkenyl halides upon UV 
photolysis with Me1 or i-PrI in PhH at 35-40 OC.ll For 
both (E)-PhCH=CHSnBu3 and (E)-PhCH=C(H)HgCl, 
faster reactions and higher yields are observed by using 
RHgCl instead of the alkyl halides, particularly when R 
= a secondary or tertiary alkyl. 

The photostimulated reactions of t-BuHgC1 in Me2S0 
were faster in the presence of added NaI (Table I), but the 
final yields of alkylation products were only slightly im- 
proved. The increased rate of reaction is probably con- 
nected with a more rapid initiation process for t-BuHgI, 
possibly involving electron transfer from I- to the mercu- 
rial. In fact, with the t-BuHgCl/NaI system in Me2S0, 
a free radical process, completely inhibited by 10 mol % 
of (t-Bu),NO', was initiated in the dark at 30 "C. 

Tables I and I1 demonstrate that the substitution pro- 
cess can occur in a stereospecific manner with retention 

(11) Russell, G. A.; Hershberger, J. J. Am. Chem. SOC. 1980,102,7603. 
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Table 11. Reactions of 1-Alkenylstannanes with RHgCl 

(E)-PhCH=CHSnBu3 i-PrHgC1 PhH, S, 18 h 86 (11.5) 
(E)-PhCH=CHSnBu3 i-PrHgC1 PhH, AIBN 4 mol %, 80 OC, 16 h 73 (15.6) 

substrate mercurial conditions" % yield ( E / Z ) b  

(E)-PhCH=CHSnBu3 i-PrHgC1 PhH, dark, 50 OC, 24 h 0 
(E)-PhCH=CHSnBu3 i-PrHgC1 PhH, S, t-BuzNO 10 mol %, 16 h 35 (10.1) 

(E)-PhCH=CHSnBu3 c-C~HliHgC1 PhH, S, 18 h 77 (19.0) 

(E)-PhCH=CHSnBu3 A5-C6H11HgCI PhH, R, 32 h 55c (7.3) 

(E)-PhCH=CHSnBu3 A3-C4H,HgCl PhH, R, 36 h 45 (7.3) 

PhzC=CHSnBu3 t-BuCHzHgC1 PhH, S, 72 h 10 

PhzC=CHSnBu3 i-PrHgC1 PhH, R, 28 h 73 

Me2C=CHSnBu3 C- CSHgCHzHgCl PhH, R, 96 h 0 
MezC=CHSnBu3 t-BuHgC1 PhH, S, 18 h 0 

(E)-PhCH=CHSnBu3 c - C ~ H ~ ~ H ~ C I  MezSO, S, 16 h 88 (19.0) 

(E)-PhCH=CHSnBu3 t-BuHgC1 PhH, S, 14 h 83 (49.0) 

(E)-PhCH=CHSnBu3 n-BuHgC1 PhH, R, 40 h 46 (6.1) 

(E)-PhCH=CHSnBu3 C-CSHgCHzHgCl PhH, R, 48 h 52 (5.7) 
(E)-PhCH=CHSnBu3 PhCHzHgCl PhH, S, 15 h 18d (10.1) 

PhzC=CHSnBu3 c - C ~ H ~ ~ H ~ C I  MezSO, R, 32 h 76 

Ph2C=CHSnBu3 t-BuHgC1 PhH, R, 18 h 78 

(E)-MeOzCCH=CHSnBu3 C-C6HiiHgCI PhH/MezSO, R, 5 h 66 (23.0) 
(Z)-MeOzCCH=CHSnBu3 C-C~HI~H~CI  PhH/MezSO, R, 5 h 70 (2.1) 
(E)-MeOzCCH=CHSnBu3 t-BuHgC1 PhH, R, 5 h 36 (>50) 
(Z)-MeOzCCH=CHSnBu3 t-BuHgC1 PhH, R, 5 h 49 (>50) 

CHz=CHSnBu3 c-C~H11HgCl Me2S0, R, 24 h 8 

(E)-PhSOzCH=CHSnBu3 t-BuHgC1 Me2S0, S, 3 h lOd (>50) 

"The substrate (1 mmol) and the mercurial (1.2-1.6 mmol) in 10 mL of a nitrogen-purged solvent in a Pyrex tube were irradiated with a 
275-W sunlamp (S) ca. 15-20 cm from the reaction vessel or in a 350-nm Rayonet photoreactor (R). bYields were determined by 'H NMR; 
E/Z ratios were determined by GLC. Only cyclized products ( (E)-  and (Z)-PhCH=CHCHZ-c-C5Hg) were observed. Bibenzyl was formed 
as the main product. eMe3CCHzCHzSnBu3 (-80% yield) was obtained when the reaction mixture was worked up with NaBH4. fThe 
substrate (0.1 mmol) and t-BuHgC1 (0.5 mmol) in nitrogen-purged MezSO-d6 (1 mL) in an NMR tube were irradiated with a 275-W sunlamp 
ca. 20 cm from the tube. Yield was determined by 'H NMR using CHzClz as an internal standard. 

CHz=CHSnBu3 c-CSH,HgCl PhH, R, 24 h 10 

CHz=CHSnBu3 t-BuHgC1 PhH/MezSO, S, 2 h <lo' 

Table 111. Photostimulated Reactions of 1-Alkenyl- or Alkylmercurials with Other Alkyl or 1-Alkenyl Organometallics 
reactants 

mercurial organometallic (equiv) conditionsa coupling product,b % 
t-BuHgC1 PhCH=CHMgBrc (0.6) THF, R, 24 h 47 (GC) 
t-BuHgC1 PhCH=CHMgBr' (4) THF, R, 24 h 30 (GC) 
C-C6H11HgCI PhCH=CHMgBrC (4) PhH/THF, R, 24 h 25 (GC) 
n-BuHgC1 PhCH=CHMgBr' (4) PhH/THF, R, 24 h 16 (GC) 
PhCHzHgCl PhCH=CHMgBr (4) PhH/THF, R, 24 h 23d (GC) 
PhCH-CHHgBu- tC PhH, R, 24 h 73 (1) 
PhCH=CHHgCeHll-cC PhH, R, 24 h 60 (1) 
PhCH=CHHgBu-n" PhH, R, 24 h 12 (GLC) 
PhCH=CHHgCHzPh' PhH, R, 24 h 30d (NMR) 
(E)-PhCH=CHHgCl t-BuMgC1 (2) PhH/THF, R, 5 h 63 (GC); E/Z = >50 
(E)-PhCH=CHHgCl t-BuLi (1) PhH, R, 24 h 67 (GC); E/Z = 18.2 
t-BuHgC1 PhzC=CHMgBr THF, R, 24 h <5 (NMR) 
C-C6H11HgCI PhzC=CHMgBr THF, R, 24 h 0 
PhCHzHgCl PhzC=CHMgBr THF, R, 24 h 0 
PhzC=CHHgCl t-BuMgC1 (2) PhH/THF, R, 5 h 38 (GC) 
PhzC=CHHgBr i-PrMgBr PhH/THF, R, 24 h 35 (NMR) 
PhZC=CHHgCl t-BuLi (1) PhH, R, 24 h 56 (GC) 
(E)-PhCH=CHHgCl (C-C&i&B ( 5 )  PhH, R, 2 h 22 (NMR) 
Ph,C=CHHgBr (C-CBHI~)BB (5) PhH, S, 1 h 42 (NMR) 
Ph2C=CHHgBr i-Pr3Al (5) PhH, R, 24 h 33 (NMR) 

"The mercurial (1 mmol) and the organometallic compound in 5-10 mL of a nitrogen-purged solvent in a Pyrex tube were irradiated in a 
350-nm Rayonet photoreactor (R) or with a 275-W sunlamp (S) ca. 15-20 cm from the reaction vessel. bYields were determined by GLC 
(GC) or 'H NMR (NMR), or isolated (I). E / Z  ratios were determined by GLC. cMixture of E and 2 isomers. Products also consisted of 
both isomers in which the E isomer is the major isomer. 

of configuration, a t  least for the E and 2 substrates C1C- 
H=C(H)HgCl and Me02CCH=CHSnBu3.12 Substitution 
by the homolytic addition-elimination mechanism pre- 
sumably involves the conformational process shown in 
Scheme 11. With MX, = HgCl and Z = C1, stereospeci- 
ficity is observed in reactions with R = c-C6HI1 or t-Bu 
although the degree of selectivity is higher for c-C6Hll than 
t-Bu. Elimination of 'HgC1 from 1 and 2 must compete 
with their interconversion. However, with MX, = Bu3Sn 

and Z = Me02C, the reaction is stereospecific for R = 
C-C,&1 but not for R = t-Bu since both E and 2 substrates 
produce mainly (E)-t-BuCH=CHC02Me.13 Apparently, 
with R = t-Bu, Z = Me02C, and MX, = B u s h ,  the for- 
mation of conformation 2b and the @-elimination of Bu3Sn' 
must be slow relative to the 2 to 1 interconversion. Elim- 
ination from both the l a  and 2a adduct radicals thus 
proceed via the low-energy conformation l b  rather than 

(12) Russell, G. A.; Ngoviwatchai, P. Tetrahedron Lett. 1985,26,4975. 
(13) With I' as the leaving group, the reaction of (E)- or (2)- 

MeO,CCH=CHI with t-BuHgC1 is stereospecific.'* 
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Table IV. Photostimulated Reactions of 2-Phenylethynyl Derivatives with R H d l  
RHgCl (mmol) 

n-BuHeC1 (0.5) 
substrate (mmol) 

(PhCEC)zHg (0.1) c-C6H1;Hgdl (0.5) 
(PhCEC)zHg (0.1) 

(PhC=C)ZHg (0.1) t-BuHgC1 (0.5) 
(PhC=C)zHg (0.1) (EtO)zP(O)HgCl (0.5) 
PhC=CSnBu3 (1) n-BuHpC1 (5) 
PhC=CSnBu3 (1) 
PhC=CSnBu3 (1) 
PhCECLi (1) 
PhCECLi (1) 
P h C d L i  (1) 
PhC=CLi (1) 
PhCECHgBu-t 
PhCECHgBu-t 

c-C6H1$gC1 (5) 

PhCHzHgC1(l) 

t-BuHgC1 (5) 
n-BuHgC1 (1) 

C-CeH11HgCl (1) 
t-BuHgC1 (1) 

conditionsn 
Me,SO, 24 h 
MezSO, 24 h 
MezSO, 24 h 
MezSO, 24 h 
PhH, 24 h 
PhH, 24 h 
PhH, 24 h 
PhH, 24 h 
PhH, 24 h 
PhH, 24 h 
PhH, 24 h 
PhH, 24 h 
MezSO, 24 h 

% PhC=CPb (mmol) % Hgoc 
9 (0.018) 
26 (0.052) 
34 (0.068) 
61 (0.122) 
13d (0.13) 
43O (0.43) 
61d (0.61) 
< l o  10 
Id 20 
23 20 
55 58 
56 (isolated) 72 
369 (isolated) 65 

'The reactants in 10 mL of a nitrogen-purged solvent in a Pyrex tube were irradiated in a 350-nm Rayonet photoreactor. bYields were 
determined by GLC. cMercury metal was formed in all of the reactions. dBu3SnC1 was formed in 70% yield. eBu3SnC1 was formed in 80% 
yield. 'Bibenzyl (0.4 mmol) was obtained. 8 (PhC=C),Hg (0.25 mmol) was isolated. 

Table V. Relative Reactivities of 1-Alkenyl and 1-Alkynyl Derivatives toward c-C6H,1' 
reagent A reagent B conditions" k.41kBb re1 react of reagent A 

CHz=CHCHzSnBu3 PhzC=CHI PhH, 24 h <<0.1 << 1 
CHz=CHSnBu3 PhzC=CHI PhH, 24 h <O.lC <1 
MeeC=CHSnBul PhC=CHI PhH. 24 h 0.1 1 
(E):PhCH=CHSnBu, 
(E)-PhCHeCHI 
(E)-PhCH=CHHgCl 
(E)-PhSOzCH=CHSnBu3 
PhzC=CHSnBu3 

PhC=CSnBu3 

PhC=CI 

Ph&=CHHgCl 

(PhC=C)zHg 

PhzC=CHI 

Ph,C=CHI 
PhzC=CHI 
PhzC=CHI 
PhC=CI 
PhC=CI 
PhC=CI 
Ph&=CHI 
PhzC=CHI 
PhzC=CHI 

PhH; 24 h 
PhH, 24 h 
PhH/MezSO, 24 h 
PhH, 6 h 
PhH, 5 h 
PhH, 6 h 
PhH, 20 h 
MezSO, 24 h 
PhH, 6 h 

0.7 
0.7 
1.5 
0.7 
0.2 
0.5 
0.2 
0.2 
4d 

7 
7 

15 
28 
8 

20 
2 
2 

40 
10 

nCyclohexylmercury chloride (0.1 mmol), reagent A (1 mmol), and reagent B (1 mmol) in 10 mL of a nitrogen-purged solvent in a Pyrex 
tube were irradiated in a 350-nm Rayonet photoreactor. bBased on the yields of the substitution products determined by GLC. 'The major 
product (-80%) in the reaction of CH,=CHSnBu, was derived from @-attack of c-C6Hll'. dPhC=CI and PhzC=CHI react with c-C6Hll' 

form c-C6HllC=CPh and c-C6H11CH=CPhz in high yield.2 

conformation 2b with the destabilizing gauche interactions 
of t-Bu, Me02C, and Bu3Sn. It appears that 'HgC1 is more 
readily eliminated than Bu3Sn'. 

The photostimulated reactions of 1-alkenylmercury 
halides with RMgX, R3B, R,AI, and t-BuLi also yield the 
alkyl substitution product (Table 111). The reaction may 
involve the formation of intermediate alkyl-l-alkenyl- 
mercurials that can decompose as indicated in Scheme 111. 
An analogous reaction to Scheme I11 has been previously 
reported for the conversion of R'CH=C(H)HgSR into 
R'CH=CHSR where the @-eliminated 'HgSR decomposes 
to RS' and Hg0.'l 

Scheme I11 

R' + PhCH=C(H)HgR - PhCH-C(H)(R)HgR (5) 

PhCH-C(H)(R)HgR - PhCH=CHR +RHg' (6) 

(7) 

Reaction of PhCH=CHMgBr with RHgCl formed the 
isolable PhCH=C(H)HgR with R = t-Bu, c-C6H11, PhCH2, 
or n-Bu. On the other hand, reaction of PhCH=C(H)- 
HgCl with RMgCl failed to yield the P-styrenylalkyl- 
mercurial. Photolysis of PhCH=C(H)HgR yielded 
PhCH=CHR and Hgo (Table 111) while photolysis of a 1:l 
mixture of t-BuHgCH=CHPh and n-BuHgCH=CHPh 
gave initially t-BuCH=CHPh and n-BuCH=CHPh in a 
1.4:l ratio. Here the relative reactivity is controlled by 
attack of the alkyl radical upon PhCH=C(H)HgR, and 
there is but a slight effect upon reactivity when R is 
changed from n-Bu to t-Bu. This result excludes the 
possibility that alkyl-1-alkenylmercurials are involved in 

RHg' - R' + HgO 

the reactions of 1-alkenylmercury halides or l-alkenyl- 
stannanes with alkylmercury halides since now competition 
reaction between t-BuHgC1 and n-BuHgC1 yields essen- 
tially only the tert-butylation products. The result also 
confirms the stepwise nature of the addition-elimination 
process of Scheme I. 

Reaction of either PhCH=C(H)HgCl or Ph2C=C(H)- 
HgCl with t-BuLi followed by photolysis yielded the al- 
kylation products, presumably via the intermediacy of the 
alkyl-1-alkenyl mercurial. Photolysis of PhCH=C(H)HgCl 
or Ph2C=C(H)HgC1 with t-BuMgC1 yielded Hgo and the 
tert-butylated product under conditions where the alky- 
lalkenylmercurials were not formed on the basis of isolation 
experiments. These reactions appear to follow Scheme I 
with RMgCl in place of RHgCl (i.e., 'HgC1 + t-BuMgC1 

Arylmercurials and -stannaries could in principle par- 
ticipate in Schemes I and 111. However, these reactions 
are inefficient, at least with the parent phenyl derivatives. 
Photolysis of PhHgCl or PhSnBu3 with an excess of t- 
BuHgCl typically yielded 10-15% of t-BuPh under the 
conditions of Tables I and 11. 

The reactions of Schemes I and I11 have been extended 
to 8-phenylethynyl derivatives (Table IV). Again, the 
substitutions are chain reactions that can be photostimu- 
lated or inhibited by nitroxides and that do not proceed 
in the dark. Reaction of PhC=CLi with t-BuHgC1 gave 
the isolable t - B u H g C e P h  which could be photolyzed to 
t-BuCECPh and Hgo. The somewhat low yields of this 
product observed are due to the concurrent symmetrization 
reaction (2PhCECHgR - (PhC=C)2Hg + R,Hg). 

Table V summarizes competitive reactions of 2- 
phenylethenyl and 2-phenylethynyl derivatives (relative 

- t-Bu' + Hgo + MgC12). 
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to Ph,C=CHI or PhC=CI) with c-C6H11* from c- 
CBHllHgC1. The alkenyl or alkynyl iodides react with R' 
to yield the substitution products by the homolytic ad- 
dition-elimination sequence of Scheme I with MX, = I. 

The ethenyl- and ethynylstannanes were much more 
reactive than Bu3SnCH2CH=CH2. The ethenylmercury 
halides were observed to be about twice as reactive as the 
corresponding tributylstannanes, while for both the stan- 
nanes or mercurials, the reactivity of the ethenyl deriva- 
tives are a factor of 3-4 greater than for the ethynyl ana- 
logues (PhC=CSnBu3 (1.01, PhCH=CHSnBu3 (3.5), 
Ph2C=CHSnBu3 (4)). 

Tin and mercury substituents could perhaps stabilize 
the adduct radicals by a neighboring group bridging effect. 
One might expect this effect to be greater in PhCH-C- 
(H)(R)MX, than in PhCH=C(R)MX, from stereoelec- 
tronic considerations. The results give little support for 
stabilization by bridging at  least in the transition state for 
the addition of R' to alkenyl- and alkynylmetals. On the 
other hand, the substituents HgCl and BySn seem to have 
a fairly large effect in controlling the regioselectivity of the 
addition of R' to ZCH=CHMX, systems. Of course, with 
Z = Ph addition occurs to give the adduct radicals with 
benzylic stabilization. With Z = C1 and MX, = HgCl or 
with Z = Me02C and MX, = Bu3Sn, the preferred point 
of addition is still at the carbon with the MX, substituent. 
However, the yields of substitution products are not 
quantitative and some attack at  the other carbon atom 
may also be occurring. With PhS02CH=CHSnBu3, a 
quantitative yield of the substitution product is observed 
in which t-Bu* has attacked the carbon with the Bu3Sn 
substituent. Since PhSOz should not stabilize a radical 
center, it might be argued that the Bu3Sn substituent is 
somehow stabilizing a radical center at the P-carbon atom. 
However, such stabilization should also occur for 
RCH2CHCH2SnBu3 formed in the attack of R' upon al- 
lylstannane. The low reactivity of CH2=CHCH2SnBu3 
relative to PhS02CH=CHSnBu3 toward t-Bu' (Table V) 
suggests that the relative reactivity and regioselectivity in 
alkyl radical attack is controlled to a large extent by the 
electron-withdrawing ability of the substituents. 

Experimental Section 
1-Alkenylmercury Halides. 2,2-Dimethylethenylmercury 

bromide was prepared from 2,2-dimethylethenylmagnesium 
bromide and mercuric bromide (1:l) in THF: 'H NMR (CDC13) 
6 5.55 (br s, l) ,  1.95 (s,3), 1.90 (s,3). The preparation of the other 
1-alkenylmercury halides employed in this study has been de- 
scribed previ~usly.~ 

Alkylmercury Chlorides. The following general procedure 
was found convenient for the synthesis of several alkylmercury 
halides. To  a Grignard reagent in THF was slowly added 1 equiv 
of mercuric chloride dissolved in THF. The reaction mixture was 
warmed to reflux for 1 h, cooled to room temperature, and poured 
into cold 2% aqueous acetic acid containing several equivalents 
of sodium chloride. The solid product was collected and dried. 
Inorganic salts were removed by dissolving the product in chlo- 
roform, filtering, and concentrating the solution under vacuum. 
Generally, a pure substance resulted. If desirable, the product 
was recrystallized from ethanol. Thus prepared were n-butyl- 
mercury chloride, mp 127.5 "C, isopropylmercury chloride, mp 
94.5-95.5 OC,I5 cyclohexylmercury chloride, mp 163-164 O C , 1 6  

cyclopentylmercury chloride, mp 53-54 OC,16 and 5-hexenyl- 

Russell et al. 

(14) The ESR spectrum of an ethyl radical with a 8-tributyltin sub- 
stituent shows a preferred eclipsed conformation which would be favor- 
able for the &elimination of reaction 2. The conformational preference 
has been attributed to incipient 1,3-bonding; Krusic, P. J.; Kochi, J. K. 
J. Am. Chem. Soc. 1971, 90, 846. 

(15) Robson, I. H.; Wright, G. F. Can. J. Chem. 1960, 38, 21. 
(16) Cost, L. C.; Young, G. B.; Whitesides, G. M. J. Organomet. Chem. 

1977,134, 155. 

mercury chloride, mp 100.5-101.5 OC.16 tert-Butylmercury 
chloride, mp 110-113 OC,17 was also synthesized by the Grignard 
route, but the reaction was carried out a t  0-5 "C. After being 
stirred overnight in an ice bath, the mixture was poured into cold 
2% aqueous acetic acid. The product was extracted with chlo- 
roform, washed with water, and dried over anhydrous sodium 
sulfate. A white solid was obtained after the removal of the 
solvent. The product was recrystallized from chloroform 
(10%)-hexane (90%) to give a white crystalline product in more 
than 50% yield. Literature procedures were employed for the 
preparations of benzylmercury chloride, mp 104 OC,l8 3-bute- 
nylmercury chloride, mp 130 "C dec,lg (diethoxyphosphiny1)- 
mercury chloride, mp 103-104 0C,20 and bis(2-oxo-2-phenyl- 
ethyl)mercury, mp 171-172.5 0C.21 

Diorganomercurials. tert-Butyl(2-phenyletheny1)mercury 
was prepared from the Grignard reagent and tert-butylmercury 
chloride. To a solution of tert-butylmercury chloride (5 mmol) 
in 20 mL of THF cooled in an ice bath was added dropwise (from 
a syringe) the Grignard reagent in THF (- 1 M) under a nitrogen 
atmosphere. The dark color of the Grignard reagent disappeared 
almost immediately, and the addition was continued until the 
dark color of the Grignard reagent remained for a few minutes 
(about 10 mL of the Grignard solution was added). The mixture 
was stirred in the ice bath for about 15 min and then poured into 
2% aqueous acetic acid. The product was extracted with ether, 
washed twice with water, and dried over anhydrous sodium sulfate. 
The oily product after the removal of the solvent was purified 
by silica gel chromatography using ether (10%)-hexane (90%) 
as the elwnt. The pale yellow oil (89% yield) was a mixture of 
E and 2 isomers in a 4:l ratio. The 'H NMR(CDC1,) of the 
mixture had doublets a t  6 7.07 ( J  = 19.5 Hz) and 6.68 (J = 19.5 
Hz) for the E isomer and doublets a t  6 7.94 (J = 12.9 Hz) and 
6.57 (J = 12.9 Hz) for the Z isomer. The same procedure was 
also employed for the synthesis of the following mercurials that 
were obtained as pale yellow liquids. Cyclohexyl(2-phenyl- 
etheny1)mercury was obtained as a mixture of E and 2 isomers 
(4:l) in 62% yield after silica gel chromatography using hexane 
as the eluent. The 'H NMR (CDCl,) of the mixture had doublets 
at 6 7.14 (J = 19.5 Hz) and 6.71 (J = 19.5 Hz) for the E isomer 
and doublets a t  6 8.04 ( J  = 12.9 Hz) and 6.61 (J = 12.9 Hz) for 
the 2 isomer. n-Butyl(2-phenyletheny1)mercury was obtained 
as 4:l mixture of E and Z isomers in 72% yield after silica gel 
chromatography. The 'H NMR (CDCl,) of the mixture showed 
doublets a t  6 7.13 (J = 19.5 Hz) and 6.73 (J = 19.5 Hz) for the 
E isomer and doublets at 6 8.06 ( J  = 12.9 Hz) and 6.60 ( J  = 12.9 
Hz) for the 2 isomer. Benzyl(2-phenyletheny1)mercury was ob- 
tained as a 4:l mixture of E and 2 isomers in 76% isolated yield. 
The 'H NMR (CDC13) of the mixture had a resolved doublet a t  
6 6.61 (J = 19.2 Hz) for the E isomer and doublets at 6 7.85 (J 
= 12.6 Hz) and 6.46 (J = 12.6 Hz) for the 2 isomer. tert-Bu- 
tyl(phenylethyny1)mercury was synthesized as follows. To  a 
well-stirred solution of phenylacetylene (5 "01) in THF (10 mL) 
under a nitrogen atmosphere in a round-bottomed flask cooled 
in an ice bath was added dropwise a solution of n-butyllithium 
(5 mmol) in hexane. The mixture was stirred for a few minutes 
and then allowed to warm to room temperature for 5 min. The 
mixture was recooled in an ice bath, and tert-butylmercury 
chloride was added while the mixture was back-flushed with 
nitrogen. After the addition, the mixture was stirred a t  room 
temperature for 15 min, poured into water, and extracted with 
ether. The ether extract was washed twice with water and dried 
over anhydrous sodium sulfate. Ether was removed under vacuum 
to give a pale yellow oil which consisted of mainly the mercurial 
and a small amount of phenylacetylene. Attempts to purify the 
product by silica gel chromatography resulted in the decompo- 
sition of the mercurial to give a black precipitate of mercury. The 
mercurial had a 'H NMR (CDCl,) of 6 7.55-7.40 (m, 2), 7.35-7.25 
(m, 3), and 1.38 (s, 9). 

(17) Kharasch, M. S.; Swartz, S. J.  Org. Chem. 1938, 3, 405. 
(18) Hilpert, S.; Gruttner, G. Chem. Ber. 1915, 48, 906. 
(19) Smart, J. B.; Hogan, R.; Scherr, P. A.; Emerson, M. T.; Oliver, J. 

(20) Venezky, D. L.; Fox, R. B. J .  Am. Chem. SOC. 1956, 78, 1664. 
(21) House, H. 0.; Auerbach, R. A.; Gall, M.; Peet, N. P. J. Org. Chem. 

P. J. Organomet. Chem. 1974, 64, 1. 

1973, 38, 514. 
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Alkenyl and Alkynyl Derivatives of Tin and Mercury 

Organostannanes. Allyltributylstannane was synthesized by 
the Grignard route as follows. T o  a solution of allylmagnesium 
chloride (0.25 mol) in 200 mL of THF was added tributyltin 
chloride (0.03 mol), and the mixture was refluxed for 2 h. The 
mixture was stirred at room temperature overnight and then 
decomposed by saturated aqueous ammonium chloride solution. 
The mixture was filtered, and the organic layer was separated, 
dried over anhydrous magnesium sulfate, and concentrated. 
Distillation gave 6.5 g (65%) of a clear liquid product: bp 106 
"C (0.1 Torr); 'H NMR (CDCl,) 6 6.05-5.83 (m, l ) ,  4.85-4.55 (m, 
2), 1.77 (d, J = 8.4 Hz, 2), 1.6-1.2 (m, la) ,  0.89 (t, J = 7.2 Hz, 9); 
IR (neat) 3080, 2920, 2880, 2840, 2820, 1605, 1445, 1400, 1355, 
1170, 1050, 1000, 855 cm-'. ((E)-2-(Phenylsulfonyl)ethenyl)tri- 
butylstannane was prepared by the literature procedure:22 'H 
NMR (CDCl,) 6 7.92-7.82 (m, 2), 7.73 (d, J = 18.3 Hz, l), 7.65-7.45 
(m, 3), 6.65 (d, J = 18.3 Hz, l ) ,  1.8-0.7 (m, 27). The preparation 
of all other organostannanes employed in this study has been 
described p rev i~us ly .~  

Other Subtrates. Triisopropylaluminum was prepared by 
the same method reported for the synthesis of triisopentyl- 

Isopropylmagnesium bromide (0.3 mol) in 100 mL 
of diethyl ether was added dropwise to well-stirred and refluxing 
toluene and the ether allowed to distill. The suspension was cooled 
to room temperature, and anhydrous aluminum chloride (0.05 
mol) was added slowly with stirring while the suspension was 
back-flushed with nitrogen. After the mixture was stirred at  room 
temperature overnight, the precipitate was centrifuged. The 
product was isolated by vacuum distillation: bp 4446  "C (2 torr); 
'H NMR (CDCl,) 6 1.55-0.2 (m). The product was sensitive to 
moisture and was handled under a nitrogen atmosphere 
throughout the experiment. 2,2-Diphenylethenyl iodide, mp 
40-40.5 0C,24 phenylethynyl iodide, bp 74 "C (1.6 and 
(E)-/3-icdo-styrene26 were synthesized by the literature procedures. 

General Procedures for Photostimulated Reactions of 
1-Alkenyl Derivatives. The substrates (see Table I-V) were 
dissolved in a nitrogen-purged solvent m a Pyrex tube equipped 
with rubber septum. The mixture was irradiated for a period of 
time in a 350-nm Rayonet photoreactor or with a 275-W sunlamp 
as indicated in the tables. The mixture was then poured into 
water, and the product was extracted with benzene or diethyl 
ether. The extract was washed twice with l0-20% aqueous sodium 
thiosulfate solution to remove the unreacted alkylmercury chloride, 
dried over anhydrous sodium sulfate, and concentrated under 
vacuum. The mixture was then analyzed by GLC and the E/Z 
ratio was obtained from the ratio of the peak areas. To determine 
the product yield, the solvent was completely removed from the 
product mixture under vacuum. A known amount of an internal 
standard, usually dibromomethane, was added to the crude 
product mixture dissolved in deuteriated chloroform. The yield 
was obtained from the intergration of the vinyl proton signal 
comparison with that of the internal standard. 

Reaction Products. The following compounds were prepared 
(Tables I-IV). (E)-3,3-Dimethyl-l-phenyl-l-butene: 'H NMR 
(CDC1,) 6 7.43-7.12 (m, 5), 6.31 (d, J = 16.2 Hz, l), 6.24 (d, J = 
16.2 Hz, l), 1.11 (8, 9); GCMS, m/e  (relative intensity) 160 (M+, 
38), 145 (loo), 117 (36), 115 (22), 91 (50), 77 (21), 51 (21). 
(Z)-3,3-Dimethyl-l-phenyl-l-butene: lH NMR (CDCI,) 6 7.38-7.10 
(m, 5), 6.40 (d, J = 12.6 Hz, l ) ,  5.59 (d, J = 12.6 Hz, l ) ,  0.97 (s, 
9). ((E)-2-Phenylethenyl)cyclohexane: 'H NMR (CDCl,) 6 7.5-7.1 
(m, 5), 6.33 (d, J = 15.9 Hz, l ) ,  6.16 (dd, J = 15.9, 6.9 Hz, l), 
2.20-2.05 (m, l), 1.95-0.83 (m, 10); GCMS, m/e (relative intensity) 
186 (M', 17), 104 (loo), 91 (17). (E)-3-Methyl-l-phenyl-l-butene: 
'H NMR (CDCl,) 6 7.32-7.05 (m, 5), 6.32-6.20 (m, 2), 2.7-2.2 (m, 
l ) ,  1.05 (d, J = 7 Hz, 6); GCMS, m/e  (relative intensity) 146 (M', 
31), 131 ( l o ) ,  91 (50). 1,3-Diphenylpropene: GCMS, m/e (relative 
intensity) 196 (M', 79), 115 (loo), 91 (50). 4,4-Dimethyl-1- 

(22) Ochiai, M.; Ukita, T.; Fugita, E. Tetrahedron Lett. 1983,42,4025. 
(23) Nesmeyanov, A. N.; Kockeshkov, K. A. Methods of Elemento 

Organic Chemistry; North Holland Publishing Co.: Amsterdam, 1967; 
Vol. 1, p 387. 

(24) Sokolov, V. I.; Bashilov, V. V.; Reutov, 0. A. J. Orpanomet. Chem. 
1978, 162, 271. 

(25) Cohen, M. J.; McNelis, E. J. Org. Chem. 1984, 49, 515. 
(26) Brown, H. C.; Hamoka, T.; Ravind 
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phenyl-1-pentene: GCMS, m/e (relative intensity) 174 (M', lo), 
159 (3), 118 (31), 117 (35), 91 (12), 57 (100). 3,3-Dimethyl-l,1- 
diphenyl-1-butene: 'H NMR (CDC13) 6 7.5-6.9 (m, lo),  6.05 (s, 
l ) ,  0.98 (s,9); GCMS, m/e  (relative intensity) 236 (M', 62), 221 
(loo), 143 (72), 91 (37). l,l-diphenyl-3-methyl-l-butene: 'H NMR 
(CDCl,) 6 7.45-7.05 (m, lo), 5.9 (d, J = 9 Hz, 11, 2.8-2.1 (m, l ) ,  
1.02 (d, J = 6.5 Hz, 6); GCMS, m/e  (relative intensity) 222 (M', 
50), 207 (92), 129 (loo), 91 (44). (2,2-Diphenylethenyl)cyclohexane: 
'H NMR (CDC13) 6 7.45-6.90 (m, lo), 5.9 (d, J = 9 Hz, l ) ,  2.35-0.80 
(m, 11); GCMS, m/e  (relative intensity) 262 (M', 32), 180 (loo), 
91 (60). (2,2-Diphenylethenyl)-2-methoxycyclohexane: 'H NMR 
(CDC1,) 6 7.3 (8, 5), 7.22 (8, 5), 5.98 (d, J = 9.5 Hz, l), 3.52-2.8 
(m, 4), 2.5-0.8 (m, 9); GCMS, m/e  (relative intensity) 292 (M', 
55), 260 (40), 217 (51), 205 (78), 112 (loo), 91 (75). 4-Methoxy- 
1,1,4-triphenyl-l-butene: 'H NMR (CDCl,) 6 7.5-6.9 (m, 15), 6.12 
(t, J = 8 Hz, l)8 4.18 (t, J = 6.5 Hz, l), 3.2 (s, 3), 2.55 (m, 2); 
GCMS, m/e  (relative intensity) 314 (M', O. l ) ,  121 (loo), 91 (16), 
77 (16). 4,4,1-Triphenyl-3-buten-l-one: 'H NMR (CDCl,) 6 8.2-6.9 
(m, 15), 6.41 (t, J = 7 Hz, l ) ,  3.8 (d, J = 7 Hz, 2); GCMS, m / e  
(relative intensity) 298 (M', 2), 193 (25), 105 (100). 1,1,3-Tri- 
phenylpropene: GCMS, m / e  (relative intensity) 270 (M', 19), 
192 (loo), 179 (49), 178 (49), 115 (65), 91 (71). 4,4-Dimethyl- 
1,l-diphenyl-1-pentene: GCMS, m/e (relative intensity) 250 (M', 
lo), 193 (89), 115 (loo), 91 (40), 57 (56). ((E)-3,3-Dimethyl-l- 
buteny1)cyclohexane: GCMS, m / e  (relative intensity) 166 (M', 
12), 83 (39), 82 (loo), 67 (47), 55 (70). (2-Methyl-1-propenyl)- 
cyclohexane: GCMS, m/e  (relative intensity) 138 (M', 28), 123 
(29), 95 (61), 81 (65), 67 (loo), 55 (71). (E)-l-Chloro-3,3-di- 
methyl-1-butene: 'H NMR (CDCI,) 6 5.9 (s,2), 1.05 (s, 9); GCMS, 
m/e (relative intensity) 118 (M', lo),  103 (44), 83 (loo), 67 (52). 
((E)-2-Chloroethenyl)cyclohexane: 'H NMR (CDCl,) 6 6.25-5.40 
(m, 2), 2.7-0.5 (m, 11); IR (neat) 2920 (m), 2850 (s), 1620 (m), 1442 
(s), 930 (s), 812 (s), 728 (s) cm-'; GCMS, m/e  (relative intensity) 
144 (M+, E), 109 (26), 82 (64), 67 (100). ((2)-2-Chloro- 
etheny1)cyclohexane: 'H NMR (CDCl,) 6 6.01-5.42 (m, 2), 2.8-0.7 
(m, 11); IR (neat) 2490 (s), 2870 (s), 1637 (m), 1458 (s), 1345 (m), 
962 (m), 893 (m), 810 (w), 743 (s), 715 (s) cm-'; GCMS, m/e  
(relative intensity) 144 (M', 151, 109 (311, 82 (74), 67 (100). 3- 
Cyclopentyl-1-propenylbenzene: 'H NMR (CDCl,) 6 7.55-7.2 (m, 
5), 6.30-6.05 (m, 2), 2.25-1.10 (m, 11); GCMS, m/e  (relative 
intensity) 186 (M', 14), 117 (98), 104 (loo), 91 (25). 1-Phenyl- 
1-hexene: GCMS, m/e (relative intensity) 160 (M', 25), 117 (loo), 
104 (68). Methyl (E)-3-cyclohexylpropenoate: 'H NMR (CDC1,) 

Hz, Jla = 1.5 Hz, l), 3.7 (s,3), 2.9-0.8 (m, 11); GCMS, m/e (relative 
intensity) 168 (M', 31), 94 (45), 87 (82), 79 (61), 67 (99), 55 (100). 
Methyl (Z)-3-cyclohexylpropenoate: GCMS, m / e  (relative in- 
tensity) 168 (M', 53), 94 (54), 87 (78), 79 (57), 67 (98), 55 (100). 
Methyl (E)-4,4-dimethyl-2-pentenoate: 'H NMR (CDCl,) 6 6.98 
(d, J = 15.9 Hz, l ) ,  5.74 (d, J = 15.9 Hz, l ) ,  3.78 (s, 3), 1.08 (s, 
9); GCMS, m / e  (relative intensity) 142 (M', 20), 127 (55), 111 
(41), 95 (56), 83 (loo), 67 (56), 55 (67), 41 (71). (E)-3,3-Di- 
methyl-1-butenyl phenyl sulfone: 'H NMR (CDCl,) 6 7.92-7.90 
(m, 2), 7.74-7.50 (m, 3), 6.99 (d, J = 15.6 Hz, l), 6.21 (d, J = 15.6 
Hz, l ) ,  1.09 (s,9). 1-Phenyl-1-hexyne: 'H NMR (CDCl,) 6 7.6-7.1 
(m, 5), 2.65-0.6 (m, 9); GCMS, m/e  (relative intensity) 158 (M', 
41), 143 (58), 129 (69), 128 (47), 115 (100). (Phenylethynyl)- 
cyclohexane: 'H NMR (CDC1,) 6 7.70-7.05 (m, 5), 1.76-0.80 (m, 
11); GCMS, m / e  (relative intensity) 184 (M', 69), 156 (29), 155 
(59), 142 (42), 141 (loo), 130 (35), 129 (28), 128 (50), 115 (47), 102 
(31). 3,3-Dimethyl-l-phenyl-l-butyne: 'H NMR (CDCl,) 6 
7.40-7.33 (m, 2), 7.28-7.21 (m, 3), 1.31 (s, 9); GCMS, m/e (relative 
intensity) 158 (M', 38), 143 (loo), 128 (42). Diethyl (phenyl- 
ethyny1)phosphonate: 'H NMR (CDCl,) 6 7.7-7.1 (m, 5), 4.6-3.8 
(m, 4), 1.4 (t, 6); GCMS, m / e  (relative intensity) 238 (M', l l ) ,  
210 (16), 195 (15), 165 (21), 129 (24), 128 (29), 102 (100). 
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Addition of trimethylsilyl chloride to a mixture of NazCr(CO)5 and a variety of tertiary amides produced 
(aminocarbene)pentacarbonylchromium(O) complexes in fair to excellent yield. The procedure developed 
is a rapid, convenient, one-pot process and permits the synthesis of carbene complexes not readily available 
by other synthetic routes. These carbene complexes have potential application in the synthesis of p-lactams 
and a-amino acids. 

Introduction 
Heteroatom-stabilized ("Fischer") chromium carbene 

complexes' are being extensively developed as reagents for 
use in organic synthesis.2 Most extensively studied are 
the thermal reactions of methoxyaryl- and methoxy- 
vinylcarbenes with alkynes to  produce hydr~quinone ,~  
heteroaromatic,4 or cyclic ketone6 derivatives, while similar 

thermal reactions with amino arylcarbenes produce inde- 
nones or aminoindenesS6 Thermal reactions of meth- 
oxycarbene complexes with isonitriles produces cyclic bis 
imines.' In contrast, photolytic reaction of methoxp and 
aminocarbeneg complexes with imines produce P-lactams 
and with nucleophiles produce a-amino acid derivatives.'O 

Methoxycarbene complexes are normally synthesized by 
the original Fischer procedure, involving the reaction of 

~ 
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