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h at room temperature (chromatography conditions of trioxide 3a) 
led to recovery of the trioxide 3a as confirmed by IH NMR.  

Thermal Stability of Syn,Anti Trioxide 3b. Heating a solution of 
0.1 mmol of 3b in 1 mL of toluene in a sealed tube for I h at 190 OC 
(thermolysis conditions of anti-2b -+ 3b) gave unchanged 3b as 
confirmed by *H NMR. 

Silica Gel Stability of Syn,Anti Trioxide 3b. Stirring a solution of 
0.1 mmol of 3b in 10 mL of CH2C12 in the presence of silica gel for 
3 h at room temperature (chromatography conditions of trioxide 3b) 
afforded 3b unchanged as confirmed by IH NMR.  
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Abstract: The room temperature reaction of vinylmercurials, mercury carboxylates, and a catalytic amount of palladium ace- 
tate provides a novel stereospecific route to a variety of enol carboxylates. The mercuration and subsequent palladium-cata- 
lyzed esterification of internal acetylenes afford trans ene diacetates in a convenient one-pot procedure. Lead tetraacetate also 
reacts with vinylmercurials to afford enol acetates. 

Enol esters have proven to be extremely valuable interme- 
diates in organic synthesis. Epoxidation2-’ I or halogena- 
tion’2-20 of these compounds affords a-acyloxy- or a-halo- 
carbonyl compounds. Photolysis,21 reduction,22 acylation, and 
~ - e a r r a n g e m e n t ~ ~ - ~ ~  all result in  carbon-carbon bond .forma- 
tion. One especially important application of enol esters lies 
in their facile conversion to regio- and stereospecific lithium 
enolates upon treatment with methyllithium (eq I ) . 3 7 - 4 3  Very 

few general methods are available for the stereospecific gen- 
eration of such enolates in spite of their widespread utility in 
organic synthesis. 

Unfortunately, relatively few methods are presently avail- 
able for the synthesis of enol esters. The most widely practiced 
technique involves the treatment of aldehydes or ketones under 
either acid or basic conditions with the appropriate acid an- 
hydride or chloride (eq 2).2.’,’2,’3,16,’7.30,37-39,42-61 Other major 

n - 
II 

(2) 
\ /m R H O  

I I1 
R-C-C-R - ,C=C, 

I 
R 

R’ ‘R 

methods for preparing enol esters involve the addition of car- 
boxylic acids to alkynes62-8’ (eq 3 and 4) and the palladium- 
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promoted acetoxylation of olefins (eq 5 and 6).82983 Although 
limited in scope, vinyl acetate can be arylated using a r e n e ~ , ~ ~ - ~ ~  
triarylpho~phines,~’ or a r y l m e r c u r i a l ~ ~ ~ - ~ ~  and palladium 
catalysts (eq 7). 

n 
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JI 
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n I 

RC-CR + HOCR‘ - RC-CHR 

0 
II 

RCH=CH2 + HOCR’ 
0 

0 
Pd(I1) I1 - RC=CH2 + RCH-CHOCR’ (5) 

n - 
II 

RCH,CH-CHCHP + HOCR’ 
0 

YCR’ 
I1 

0 &, 
Pd(1I) I I - RCH,C=CHCH,R + RCHCH==CHCH& (6) 
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H2C=CHOAc - ArCH=CHOAc (7)  
Finally, the thermal decomposition of vinylmercury car- 

boxylates also results in enol ester formation (eq 8).91-94 Un- 
0 
il 

(RCH=CH)*Hg + HOCR' 
0 0 

A II 
-+ (RCH=CHHgOCR') ----t RCH=CHOCR + Hg (8) 

fortunately, none of these methods affords enol esters of high 
regio- and stereospecificity, and low yields are not un- 
common. 

Prior to the present work, only one method has been reported 
for the stereospecific formation of enol esters. This method 
utilizes the regio- and stereospecific acid-catalyzed ring 
opening and elimination of a,P-epoxysilanes formed by hy- 
drosilation and epoxidation of terminal acetylenes (eq 9).95 

R\ /O\<H 
RCECH - -+ 

.OAc 
H IC- .%Mea 

R 
HOAc/Ac,O \ / - BF, . Et,O /"="\, (9) 

H 
Unfortunately, no evidence has been provided to indicate 
whether a,P-epoxysilanes formed from internal acetylenes 
react in a similar manner. 

Results and Discussion 
Synthesis of Enol Esters. During an examination of the re- 

actions of vinylmercurials and palladium  salt^?^,^^ a new 
method for the synthesis of enol esters was discovered which 
appeared particularly promising. Preliminary studies indicated 
that trans-3,3-dimethyl- 1 -butenylmercuric chloride reacts with 
1 equiv of palladium acetate a t  room temperature in tetrahy- 
drofuran (THF) to form trans-l-acetoxy-3,3-dimethyl-l- 
butene in'25-30% yield (eq 10). It was subsequently observed 

(CH&\ /H 

+ Pd(OAc)* + /C=yOAc (10) 
(CHAC\ /H 

H f=C\ HgCl H 

H /"="\ 

that this reaction could be made catalytic in palladium and the 
yield vastly improved if mercuric acetate was added in equiv- 
alent amounts (eq 11). Although vinylmercuric acetates are 

+ Hg(OAch 
(CHd&C\ /H 

HgCl 

cat. Pd(OAc), (CH3)fi)c=c( (11) 
d 'OAc 

known to  decompose to enol relatively high 
temperatures are required and cis-trans mixtures result. In the 
presence of catalytic amounts of palladium acetate this same 
reaction proceeds catalytically and stereospecifically a t  room 
temperature, but the yields a re  still lower than when the 
vinylmercuric chloride and mercuric acetate are used (eq 12). 

HgOAc H /c= 

(12) 
\ IH (CH3XC 

15% Pd(OAc), 

(CH3)3c' d 
H P=YOAc 

25-30% 

Our reaction proceeds smoothly a t  room temperature and af- 
fords high yields of the corresponding enol acetate in greater 
than 99% stereospecificity. In the absence of palladium acetate, 
the vinylmercuric chloride and mercuric acetate give no vinyl 
acetate product. 

These results prompted a closer study of the reaction of 
vinylmercuric chlorides with mercury and palladium carbox- 
ylates. trans-3,3-Dimethyl-l-butenylmercuric chloride was 
chosen as a model system. Instead of mercuric carboxylates, 
less toxic and cheaper copper salts were also examined as 
possible reoxidants for the palladium in these reactions. 
However, copper acetate, copper acetate plus sodium acetate, 
and copper chloride plus sodium acetate all gave only very low 
yields (<20%) of enol acetate. It would appear that the mer- 
cury salts.serve as more than a simple reoxidant for palladium, 
and are  intimately involved in the mechanism of enol ester 
formation. Next, the most suitable quantity of Pd(OAc)2 for 
this system was determined. Although 0.5% catalyst gave the 
same yields as 1 and 5% (77% yield), concentrations of less than 
1% Pd(OAc)z.were not used in subsequent work in order to 
facilitate accurate weighings. Under these conditions 24-48 
h reaction time was required for the reaction to reach com- 
pletion. 

The scope of this new stereospecific enol ester synthesis was 
then examined using the optimum reaction conditions with a 
wide assortment of vinylmercurials. The results are summa- 
rized in Table I. Most reactions were complete in 24-48 h. By 
increasing the amount of catalyst, the reaction rates and yields 
increased in some cases. Aryl-substituted vinylmercuric 
chlorides seem to react faster and produce higher yields of enol 
esters than the alkyl-substituted compounds. No major dif- 
ficulties were encountered in using more highly hindered di- 
and trisubstituted vinylmercurials. Especially encouraging was 
the ability to prepare ene diacetates from readily available 
~-acetoxyvinylmercurials98-~04 (eq 13) and d i m e r c u r i a l ~ ' ~ ~  
(eq 14). 

0 
It 

CH3/ h g C I  
0 

One can also readily prepare enol esters of other carboxylic 
acids. For example, using trans-styrylmercuric chloride, 
mercuric butyrate, and 13% palladium acetate, the corre- 
sponding styryl butyrate ester was obtained in 72% yield (eq 
15). In similar fashion trans- 1 -benzoyloxy-3,3-dimethyl- 1 - 
butene was prepared using mercuric benzoate (eq 16). In this 
case approximately statistical amounts of the corresponding 
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Table I. Synthesis of Enol Esters 

mercuric % Pd(OAc)* time, 
entry vinylmercurial carboxylate enol ester catalyst h % yield“ 

0.5 
1 

5 

5 
16 
22 

I 

48 
12 
24 
48 
24 

48 
48 
48 

77 
70 
75 
77 (42) 
77 

45b 
(50) 
71 

Q ,c=c /H 

H \OCCH, 
II 
0 

Q c=c / H  

H’ \OC(CH,XCH, 
II 
0 

48 100 (72) 

50 (47) 
72 

4 48 
13 48 

1 48 
5 24 

77 (58) 
97 

(68) 

0 
0 

1 5  48 

,c=c 
\W1 

Q 
H 

1 48 (87) ,c 5 c  
H ‘OCCH, 

II 
0 

0 
II 

CH,CO, ,CH, 

HgCl 
\ 

,c=c 
CH . 

0 
II 

CH,CO ,CHI 
%=c 

CH3/ \CMXH3 
II 
0 

1 96 
5 48 

10 48 

36 
60 (35) 
60 

0 
It 

CH,CO\ /CH2CH3 

CH ,CH2 HgCl 
\ 

,c=c 

0 
II 

C W O ,  , CHzCH3 
c =c 

CH&H*’ ‘OCCH, 
I1 
0 

IO 48 
18 48 

80 
86 

n 

CH2CHJ 
II 

/ 
CH,CO, 

‘~-0 
,c=c 

CH,CH, 
II 

II 

0 
0 a YOCCH, 

C H $ j O y c - c D  

0 

17 

100 

6 

48 (31) 

64 (70 “ C )  26 

48 (89) 

0 
II 

II 
0 

- 

a Yield determined by gas-liquid phase chromatography (GLC) using an internal standard; isolated yield in parentheses. -4% yield of 
trans-l-acetoxy-3,3-dimethyl-l-butene. c --I 5% yield of trans-l-acetoxy-3,3-dimethyl- I-butene. 
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H' hgC1 

A 

enol acetate were also observed. In the synthesis of both the 
benzoate and butyrate esters larger amounts of palladium 
acetate catalyst were required in order to obtain high yields 
of the desired esters. Finally, it is noteworthy that mixed ene 
diesters can be prepared via mercuration-esterification of in- 
ternal acetylenes (eq 17). 

0 

0 
II 

The esterification reaction failed in two instances. The cis 
addition compound of diphenylacetylene and mercuric ace- 
tate98.'00,'03,'04 gave only very low yields of ene diacetate even 
when 1 full equiv of palladium acetate was used and elevated 
temperatures were employed (eq 18). Furthermore, the 

product that was isolated was observed to be the pure trans 
isomer as determined by comparison with an authentic sample 
prepared by an alternate route. All attempts to prepare enol 
esters of trifluoroacetic acid also failed. Four different vinyl- 
mercurials were examined in this reaction without success. 

In  view of the very limited number of stereospecific proce- 
dures for the synthesis of enol esters, we have closely examined 
the stereochemistry of the products formed by our procedure. 
With the one exception noted above, the reaction appears to 
proceed with complete retention of configuration. In the re- 

actions of the vinylmercurials derived from terminal acetylenes 
via hydroboration-mercuration (entries 1 and 2),1°69107 pure 
trans products were established by analysis of their NMR 
spectra (eq 19). For disubstituted vinylmercurials, careful 

H 
RC-CH - R\c=/ - YC=J (19) ' 'OCR 

I1 
H ' bgCI H 

0 
examination of the mercury-hydrogen coupling constants of 
the v i n y l m e r ~ u r i a l s ' ~ ~ ~ ' ~ ~  and calculation of the anticipated 
chemicals shifts' l o  of the e n d  acetate products established the 
stereochemical configurations reported in Table I .  For ex- 
ample, hydroboration-mercuration of 4,4-dimethyl-Zpentyne 
affords the E vinylmercurial shown (entry 3),Io7 as evidenced 
by the cis mercury-hydrogen coupling constant of J = 362 Hz. 
Similarly, the mercury-hydrogen coupling constant of J = 584 
Hz for ( Z ) -  1 -cyclohexyl-3,3-dimethyl- 1 -idomercuri- 1-butene 
(entry 4), prepared by accidental modification of a literature 
procedure, clearly establishes the Z configuration of this 
vinylmercurial. Each vinylmercurial gave only one isomerically 
pure product as determined by gas chromatography, thin layer 
chromatography, and nuclear magnetic resonance spectros- 
copy. Comparison of the calculated'I0 and observed vinyl 
hydrogen NMR chemical shifts for each of the anticipated enol 
ester products indicated that these reactions proceed with 
complete retention of configuration. 

/ 

H )C=c\ OCCHB H )"=";,,, 
II 
0 

calculated: 6 5 .03  6 4 . 7 9  
found: 6 5 . 0 4  

calculated: 6 4 . 7 2  
found: 6 4 . 7 5  

6 5 . 0 2  

The esterification of cis-stilbenylmercuric chloride (entry 
5) also proceeds with strict retention of configuration as es- 
tablished by comparison with an authentic sample of the cor- 
responding enol acetate. Analysis of the diesters derived from 
2-butyne and 3-hexyne (entries 6 and 7) by gas chromatog- 
raphy, thin layer chromatography, and NMR spectroscopy 
indicates that only one isomer is formed. In these cases the 
product of complete retention is presumed, though not firmly 
established. The complete retention of configuration observed 
in all but one reaction so far examined suggests that this es- 
terification reaction affords a valuable new tool for the de- 
termination of the configuration of vinylmercurials and pro- 
vides a very useful new stereospecific enol ester synthesis. 

The ease with which 2-butyne and 3-hexyne are transformed 
into the corresponding trans ene diacetates via mercuration- 
esterification (eq 20). suggested that this reaction sequence 
might be consolidated to provide a convenient direct synthesis 
of ene diacetates. At present these compounds a re  available 
from the reaction of alkynes and lead tetraacetate,"' but the 
procedure affords only low yields and the products are fre- 
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0 

0 

quently contaminated by the corresponding tetraacetates (eq 
21). As anticipated we have been able to effect the desired 

A 
Pb (OAc), 

HOAc 
RC-CR - 

OAc 

AcO OAc 
I I  
I 1  

+ R-C-C-R (21) 

A d  OAc 
transformation directly from internal acetylenes using mer- 
curic acetate in acetic acid, followed by palladium acetate and 
mercuric acetate in THF (eq 22). The results are summarized 

0 
II 

(22) 
cat. Pd(OAc), 

0 
in Table 11. Attempts to effect this transformation completely 
in acetic acid gave only low yields of the desired diacetates. 
Better yields were also obtained if only 1 equiv of mercuric 
acetate was used in the mercuration step, and the second equiv 
added during the esterification step. A close examination of 
the yields in Table I1 indicates that the yields of diacetate drop 
off drastically as steric hindrance. about the triple bond in- 
creases. The ene diacetates obtained from 3-hexyne and di- 
phenylacetylene were identical in all respects with those ob- 
tained earlier from the corresponding isolated 6-acetoxy- 
vinylmercurials. Since the mercuration of 1 -phenyl- 1 -propyne 
has been reported to give a trans addition compound,’0’,’02 we 
assume that the isolated ene diacetate is also the trans com- 
pound. The stereochemistry of the other two ene diacetates is 
assumed to be trans, though not proven so. This approach to 
ene diesters is obviously restricted to relatively unhindered 
acetylenes in which case the procedure is simple and the yields 
are high. All attempts to prepare ene triacetates from terminal 
acetylenes were unsuccessful. 

W e  have also briefly examined an alternate route to simple 
enol esters from vinylmercurials. W e  have discovered that 
vinylmercurials will also readily react a t  room temperature 
with lead tetraacetate in THF (eq 23-25). Unfortunately, the 
reaction does not appear to offer any advantages over the 
palladium-catalyzed procedure. The yields with more highly 
substituted vinylmercurials are lower and the reaction is not 
as clean. N o  improvement in yield was observed with the ad- 
duct derived from diphenylacetylene either. 

The palladium procedure has also been examined on a va- 
riety of other organomercurials to see if it might provide a 
general method for the stereospecific replacement of mercury 
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80% isolated 

II 
0 

< l o %  

by an acetate group. n-Butylmercuric chloride gave neither 
n-butyl acetate nor octane. Not surprisingly, phenylmercuric 
chloride gave some biphenyl.lI2-’ l 5  Similarly, dialkynylmer- 
curials gave low yields of the corresponding diyne (eq 26). 

(RC=C)2Hg + RCECCECR (26) 
Finally, although we have no direct evidence to bear on the 

subject, it is perhaps worth commenting on possible mecha- 
nisms for these palladium-catalyzed esterification reactions. 
Two possible mechanisms come readily to mind. One involves 
the generation of a vinylpalladium acetate which then under- 
goes stereospecific reductive elimination to the corresponding 
enol ester and palladium metal, which is subsequently reoxi- 
dized to palladium(l1) by the mercuric acetate present 
(Scheme I ) .  The ability of vinylmercuric carboxytates to de- 
compose to the corresponding enol e ~ t e r s ~ l - ~ ~  lends credence 
to this palladium analogy, as do numerous previous literature 
reports on the oxidation of alkyl-,’ I 6 - l  l 9  aryl-,’20-128 and al- 
l y l p a l l a d i ~ m ’ ~ ~ ~ ’ ~ ~  acetates to the corresponding organic ac- 
etates. It is also possible that the mercuric acetate actually 
oxidizes the vinylpalladium(l1) acetate to a palladium(1V) 
species, which only then eliminates the enol acetate. A ste- 
reospecific addition-elimination mechanism may also be 
envisioned (Scheme 11). Quite obviously, further mechanistic 
work is desirable. 

One thing is clear, however. The above procedure provides 
a much-needed convenient new procedure for the stereospecific 
synthesis of enol esters. I n  combination with the hydrobora- 
tion-mercuration of acetylenes, it affords a novel procedure 

Scheme 1 

+ W(OAc), 
H 

+ A&HgCl 
/H - ‘c-c 

R 

H ’ ‘PdOAc 

‘dH + P d  -+ H/” ‘OAc 
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Table 11. Direct Synthesis of Ene Diacetates 

mercuration 
entry acetylene product conditions % Pd(0Ac)z % yielda 

2 (CH,) ,CHCSCH, 

3 (CH,) ,CCSCH, 

5 - m 3  

10 
I 

CH@ 
\ C - d C H 3  24 h, 25 OC 15 40-45 

G H d 4 . d  ‘OaCH, n 
0 

0 

0 
II 

C H b ,  ,CH3 

fJc-c\lXCH3 I1 
0 

17 h, 25 OC 15 I 

70 h, 25 OC 16 (85) 
18 69 

Isolated yield; GLC yield in parentheses. 

Scheme I1 

R, ,H 
‘c=c’ + Pd(OAc), - RCH-CHOAc 

1 1  I-/ ‘HgC1 AcOPd HgCl 

RCH-CHOAc --c %=C’ + Pd + ClHgOAc 
I I  I-/ ‘OAc 

AcOPd HgCl 

for the anti-Markownikoff esterification of terminal acetylenes, 
which nicely complements present methods for the conversion 
of acetylenes to enol esters. 

Experimental Section 
Equipment. All infrared spectra were obtained on a Beckman IR 

4250 spectrophotometer. ‘H NMR spectra were obtained on Varian 
A-60 and HA-IO0 instruments. Mass spectra were recorded on an AEI 
MS 902 and a Finnegan 4023 GC/MS combination. A Varian 920 
gas chromatograph with a thermal conductivity detector was used for 
all GLC analyses. All GLC yields were determined by the use of hy- 
drocarbon internal standards and appropriate correction factors 
calculated from authefltic samples. 

Reagents. All chemicals were used directly as obtained commer- 
cially unless otherwise noted. THF was distilled from calcium hydride 
under nitrogen. The following reagents were used without prior pu- 
rification: 3-hexyne (Farchan), 4-methyl-2-pentyne (Farchan), 
4.4-dimethyI-2-pentyne (Farchan), I -phenyl-] -propyne (Farchan), 
diphenylacetylene (Eastman), acetic acid (Fisher), mercuric acetate 
(Fisher), and palladium acetate (Matthey Bishop). Mercuric trihu- 
~ r o a c e t a t e , ’ ~ ~  mercuric butyrate,’33 and anhydrous mercuric ben- 
~ o a t e ’ ~ ~  were prepared according to literature procedures. 

The majority of the vinylmercurials were prepared by published 

hydroboration-mercuration p r o ~ e d u r e s . ’ ~ ~ ~ ’ ~ ~  1,l-Bis(ch1oromer- 
curi)-3-ethyl- 1 -pentene was prepared from the corresponding diboron 
compound. IO5 rr~ns-2-Acetoxy-3-chloromercuri-2-butene~~-~~ and 
cis- 1 -acetoxy-2-chloromercuri- 1 ,2-diphenylethylene98*1mq103Jw were 
prepared according to literature procedures. frans-3-Acetoxy-4- 
chloromercuri-3-hexene was prepared similarly: 73% yield; mp 

(3  H, t, J = 7 Hz, CH3), 2.16 (3 H, s, 02CCH3), 2.0-2.55 (4 H, m, 
CH2); IR (max) (HCCI3) 2950,2920,2860, 1750,1650,1455,1370, 
1160,970 cm-I. Anal. ( C ~ H I ~ C I H ~ O ~ )  C, H, CI, Hg. 
(Z)-l-Cyclohexyl-3,3-dimethyl-l-iodomercuri~l-butene was 

prepared by accidental modification of a literature procedure.134 To 
58 mmol of BH3 in T H F  (miscalculation) was added a t  0 OC 148 
mmol of cyclohexene. After stirring for 10 h at room temperature, the 
slurry was cooled to 0 OC and 15.1 g (72.6 mmol) of 3.3-dimethyl- 
1 -iodo-l -butyne was added. The clear solution was warmed to room 
temperature over a period of 2.5 h, then cooled to -78 OC. Over a 
period of 45 min 42 m L  of 1.86 M tert-butyllithibm in pentane was 
added dropwise and the solution warmed to room temperature for 30 
min. The THF was removed under vacuum. The organoborane residue 
was extracted with pentane which was subsequently replaced by 30 
mL of T H F  and the solution cooled to 0 OC. Mercuric acetate (23 g, 
72 mmol) was added and the solution stirred for 1 ha t  room temper- 
ature before the entire reaction mixture was poured into an ice-cold 
sodium chloride solution. The TH F was removed under vacuum and 
the precipitate collected and washed with water several times. Re- 
crystallization from 95% ethanol afforded 15.3 g of a mixture of the 
vinylmercuric chloride and iodide. The iodide was the major product 
and could be obtained pure by chromatography on silica gel: mp 74-75 
OC; R~(hexane )  0.5; ’H NMR (DCCI3) 6 1.17 (9 H, s, (CH3)3C), 
1.1-2.0 ( 1  1 H, br, cyclohexyl), 6.28 (1 H, s, vinyl, JH~,H = 584 Hz). 
Anal. ( C I ~ H Z I H ~ I )  C, H, Hg. 

Palladium-Catalyzed Synthesis of Enol Esters. The following 
preparation of rrans-styryl acetate is representative of the procedure 
used in determining the isolated yields reported in Table I .  To deter- 
mine GLC yields, reactions were run  on a I-mmol scale using an ap- 
propriate hydrocarbon internal standard and correction factors cal- 
culated from authentic samples. 

Mercuric acetate (1.61 g, 5.04 mmol) and 1.70 g (5.04 mmol) of 

64.5-65.5 OC; ‘ H  NMR (DCCI3) 6 1.03 (3 H, t , J  = 7 Hz, CH3). 1.10 
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trans-styrylmercuric chlorideIo6 were added to 25 mL of T H F  and 
the reaction mixture was flushed with nitrogen. Palladium acetate 
( I % ,  0.05 mmol) was added and the reaction mixture stirred for 48 
h. Charcoal was added and the solution filtered through Celite which 
was then washed with 50 mL of ether. The organic solvents were re- 
moved under reduced pressure and the residue was extracted several 
times with ether. The extracts were then washed carefully with satu- 
rated sodium chloride solution and 2 M sodium thiosulfate and dried 
over anhydrous sodium sulfate. Removal of the solvent and distillation 
afforded 584 mg (72%) of a colorless oil: bp 80°C (0.25 mm) (lit.89 
bp 87-97 "C (1.5 mm), cis-trans mixture); IH NMRg9 (DCCI3) 6 
2.10(3H,s,02CCH3),6.33(1 H , d , J =  13Hz,vinyl),7.25(5H.s, 
C6H5), 7.80 (1 H ,  d, J = 13 Hz, vinyl); IR (max) (HCCI3) 3090, 
3030,1765,1660,1365,1095,920 cm-I; MS m/e 162.067 03 f 6.5 
ppm (calcd for CloHlo02, 162.068 08). 

The following enol esters were isolated in identical fashion. 
trans-l-Acetoxy-3,3-dirnethyl-l-butene: bp 80 "C (50 mm); ' H  

5.42 ( 1  H, d, J = 13 Hz, vinyl), 7.08 (1 H,  d, J = 13 Hz, vinyl); IR 
(HCCI3) 3100, 2960,2900,2860, 1745, 16.70, 1475, 1370, 

935 cm-I; MS m/e 142.098 99 i 2.8 ppm (calcd for CsH1402, 
142.099 38). 
(E)-2-Acetoxy-4,4-dimethyl-2-pentene: bp 70 "C (40 mm); IH 

H, s, 02CCH3), 5.04 (1 H, s, CH=C); 1R (max) (CC14) 3020,2960, 
2870, 1755, 1690, 1370, 1 1  15,960,895 cm-I; MS m/e 156.1 13 71 
f 7.8 ppm (calcd for C9H1602, 156.1 15 03). 

( E ) -  1 -Acetoxy-l,2-diphenylethylene: purified by column chro- 
matography, Rf (hexane/ether 1 : l )  0.7, and identified as the pure E 
isomer by comparison with an authentic sample synthesized by an  
alternate procedure;'36 'H N M R  (CC14) 6 2.03 (3 H, s, 02CCH3), 
6.35 ( 1  H, s, CH=C), 7.0-7.45 (10 H, m, C6H5); IR (max) (CC14) 
3080, 3060,3020, 1770, 1665, 1445, 1365, 1205, 1180, 1050, 1025, 
925 cm-l; MS m/e 238.100 62 f 5.2 ppm (calcd for Cl6H1402, 
238.099 38). 

( Z ) -  I -Acetoxy- 1 -cyclohexyl-3,3-dimethyl- 1 -butene: bp 60 OC (0.03 
mm);  IH NMR (DCC13) 6 1.04 (9 H, s, (CH3)3C), 1.0-2.1 ( 1  1 H, 
br m, cyclohexyl), 2.05 (3 H, s, 02CCH3), 4.75 ( 1  H, s, CH=C); IR 
(max) (CC14) 3040,2940,2860,1760,1685,1455,1370,1230,1200, 
1020, 955 cm-I; MS m/e 224.177 64 f 0.01 ppm (calcd for 

31.39, 33.55,42.07, 122.00, 151.50, 169.37. 
trans-Styryl butyrate: bp 80 "C (0.1 mm); mp 44-45 "C; ' H  N M R  

(CCI4) 6 1.01 (3 H, t, J = 7 Hz, CH3), 1.70 (2 H,  m, CHlCHj) ,  2.36 

NMR'3' (DCCI3) 6 1.08 (9 H, S, (CH3)3C), 2.03 (3 H,  S ,  02CCH3), 

N M R  (CC14) 6 1.14 (9 H, S, (CH3)3C), 1.90 (3 H, S, CH3), 1.99 (3 

C14H2402, 224.177 64); I3C N M R  (DCC13) 6 21.15, 26.19, 30.42, 

(2 H, t , J .= 7 Hz, 02CCH2), 6.28 ( 1  H, d , J  = 13 Hz, CH=C), 7.23 
(5 H, S, C6H5). 7.83 (1 H, d, J = 13 Hz, OCH=C); IR (max) (CCI4) 
3080, 3070,3020,2960,2930,2870, 1755, 1660, 1200, 1145, 1105, 
925 cm-I; MS m/e 190.099 39 f 0.5 ppm (calcd for C12H1402. 
190.099 38). 

trans-1-Benzoyloxy-3,3-dimethyl-1 -butene: bp 80 "C (0.3 mm); 
IHNMR(CC14)61.13(9H,~,(CH3)3C),5.57(1 H , d , J =  13H2, 
CH=C), 7.26 ( 1  H , d , J  = 13 Hz, OCH=C), 7.35-8.15 (5 H,  m,  
C6H5); IR (max) (cc14) 3090,2960,2895,2860,1740,1675,1605, 
1350, 1105, 1055, 1010,920 cm-I; MS m/e 204.1 14 76 i 1.4 ppm 
(calcd for C13H1602, 204.1 15 03). 

trans-2,3-Diacetoxy-2-butene: bp 60 "C (0.02 mm); mp 54-55 "C; 
' H  NMR (DCCI3) 6 1.80 (6 H, S ,  CH3C=), 2.18 (6 H, S ,  02CCH3); 
IR (max) (HCC13) 3000, 2920,2850, 1770, 1430, 1370, 1160, 1125, 
1010, 945, 860 cm-I; MS m/e 172.073 60 f 0.22 ppm (calcd for 
CsH1202, 172.073 56). 

trans-3,4-Diacetoxy-3-hexene: bp 70 "C (0.02 mm); mp 45-47 "C; 
' H  N M R  (CC14) 6 0.95 (6 H, t ,  J = 7.5 Hz, CH3), 2 08 (6 H ,  S, 

02CCH3) ,  2.10 (4 H,  q, J = 7.5 Hz, CH2); IR (max) (CC14) 2980, 
2940,2880, 1770, 1465, 1370, 1195, 1150, 1020,910,865 cm-I; MS 
m/e 200.104 810 f 0.3 ppm (calcd for CloHl&, 200.104 867); I3C 

(E)-3-Acetoxy-4-benzoyloxy-3-hexene: bp 1 15-1 20 OC (0.2 mm); 
N M R  (CC14) 6 10.54,20.56, 21.53, 142.07, 168.78. 

' H  N M R  (DCC13) 6 1 .OO (3 H,  t, J = 7 Hz, CH3). 1.04 (3 H, t, J = 
7 Hz, CH3), 2.22 (3 H, S, 02CCH3), 2.28 (2 H,  q, J = 7 Hz, CH2), 
2.35 (2 H,  q,J = 7 Hz, CH2), 7.3-7.7 (3 H ,  m,  aryl), 8.05-8.2 (2 H,  
m, aryl); IR (max) (CC14) 3060,2980,2940,2880,1760,1745, 1600, 
1455,1370,1220,1155,1090,1065,1050,1025,910cm-1; MSm/e 
262.120 748 f 0.89 ppm (calcd for ClgH1804, 262.120 514); I3c 
142.29, 164.46, 168.88, 221.69, 223.12. 
NMR (DCC13) 6 10.67, 20.61, 21.72, 128.56, 129.48, 130.06, 133.51, 

I,l-Diacetoxy-3-ethyI-l-pentene (1.42 mmol of I,l-bis(chlor0- 

mercuri)-3-ethyl-l-pentene was used): bp 60 "C (0.2 mm); IH  N M R  
(CC14)60.85-1.15(6H,m,CH3), 1.15-1.9(5 H , m , C H z a n d C H ) ,  

Hz, CH=C); IR (max) (CC14) 3010,2960,2920,2870,2850,1785, 
1710,1455,1425,1365,1200,1185,1140,1095,890cm-~;MSm/r 
214.120 49 f 0.13 ppm (calcd for C11H1804, 214.120 51). 

trans-l,2-Diacetoxy- 1.2-diphenylethylene: 100 mg of vinylmer- 
curial employed, reaction run at 70 "C for 44 h, 22% yield by GLC 
analysis. Gas chromatographic isolation afforded the pure trans iso- 
mer, characterized by GLC and TLC comparison with an authentic 
sample prepared by an alternate pr0cedure.l3~ 

Lead Tetraacetate Synthesis of Enol Acetates. The following 
preparation of trans-styryl acetate is representative of the procedure 
used for the synthesis of enol acetates from vinylmercurials and lead 
tetraacetate. trans-Styrylmercuric chloride (0.634 mmol) and lead 
tetraacetate (0.676 mmol) were added to 3 mL of T H F  under argon 
and the mixture was stirred for 48 h. The reaction mixture was taken 
up in ether and washed with saturated sodium chloride solution, 2 M 
sodium thiosulfate, and once again with saturated sodium chloride 
solution, and then dried over anhydrous sodium sulfate. The solvent 
was removed under vacuum and the residue distilled to give 82 mg 
(80%) of [runs-styryl acetate (bp 80 "C (0.02 mm), lit.89 bp 87-97 
"C (1.5 mm), for a cis-trans mixture). 

Direct Synthesis of Ene Diacetates. The following preparation of 
trans-3,4-diacetoxy-3-hexene is representative of the general proce- 
dure used for the direct synthesis of ene diacetates from internal 
acetylenes. 3-Hexyne (830 mg, I O  mmol) was added with cooling to 
a solution of mercuric acetate (3.19 g, I O  mmol) in. 15 mL of acetic 
acid. The reaction vessel was closed and stirring maintained for 24 
h at  room temperature. The acetic acid was removed under vacuum 
and three IO-mL portions of benzene were added and successively 
evaporated in order to remove all traces of acetic acid. The residue 
was taken up in 25 mL of T H F  and mercuric acetate (3.19 g, 10 
mmol) and palladium acetate (260 mg, 1.18 mmol) were added. After 
the mixture was stirred for 48 h at room temperature, charcoal was 
added and the reaction mixture filtered through Celite. The Celite 
was washed with ether and the combined organic layers were washed 
several times with saturated sodium chloride solution and 2 M sodium 
thiosulfate and dried over anhydrous sodium sulfate. Removal of the 
solvent and distillation afforded 1,724 g of pure trans-3,4-diace- 
toxy-3-hexenell' (bp 70 "C (0.02 mm)). All spectra were identical 
with those obtained earlier from the corresponding vinylmercuric 
chloride. 

2.12 (3 H,s ,02CCH3),2.14(3 H , ~ , 0 2 C C H 3 ) , 4 . 5 7  ( 1  H , d . J  = I O  

The following compounds were obtained in  similar fashion. 
( E ) -  I ,2-Diacetoxy- I -phenyl- 1 -propene: bp 70 OC (0.2 mm); I H 

(5 H, m,CsHs); IR (max) (cc14) 3040,3000,2900,1750,1420,1355, 
1170, 1090 cm-I; MS m/e 234.088 68 & 2.3 ppm (calcd for 

(E)-2,3-Diacetoxy-4-methyl-2-pentene: bp 55-60 OC (0.1 mm); 

N M R  (cc14)6 1.95 (6 H , ~ , 0 2 C C H 3 ) , 2 . 1 2 ( 3  H,s,CH3),7.1-7.4 

Cl3Hl404. 234.089 22). 

' H  N M R  (CC14) 6 0.94 (6 H, d, J = 7 Hz, C(CH3)2), 1.67 (3 H, S,  

CH3), 2.09 (3 H, S,  02CCH3), 2.12 (3 H,  S ,  02CCH3). 2.70 ( I  H,  
septet, CH(CH3)2); IR (max) (CC14) 2995, 2950,2895, 1765, 1375, 
1205, 1190, 1150, 1060, 1010, 955, 880; MS nile 200.104 35 f 2.6 
ppm (calcd for CloH1604, 200.104 86). 

(E)-2,3-Diacetoxy-4,4-dimethyl-2-pentene: bp 80 "C (0.1 mm); 

(6  H, s, 02CCH3); IR (max) (CC14) 2970,2920,2870,1760,1480, 
1365, 1195, 1180, ll05,995,940,860cm-'; MS m/e 214.121 02 f 
2.4 ppm (calcd for CllHl804, 214.120 51). 

( E ) -  1,2-Diacetoxy- 1,2-diphenylethylene: the above procedure was 
used except that the mercuration was carried out at 95 OC for 3 h and 
the product collected by gas chromatography. Comparison with au- 
thentic samples of the cis and trans isomers prepared by an alternate 
literature procedure' 37 established the trans stereochemistry. 

' H  NMR (CC14) 6 1.09 (9 H,s ,  (CH3)3C). 1.68 (3  H , s , C H ~ ) ,  2.09 
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Timed Diels-Alder Reactions 
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Abstract: In this paper a unique approach to the synthesis of polycyclic ring systems is disclosed. The approach features an in- 
termolecular Diels-Alder reaction followed by an intramolecular Diels-Alder reaction where the regiochemistry of addition 
is controlled by substituents on the bisdiene and bisdienophile. This methodology has been applied to the synthesis of the fluo- 
renone ring system. 

An efficient convergent strategy is vital for the practical 
synthesis of polycyclic systems. This postulate has motivated 
the creation of ingenious routes to steroids,' vitamins,* and 
 alkaloid^.^ We have recently discovered a novel method, the 
general features of which are depicted below. In this polycy- 

RZ RZ 

A + 
0 

R' 
R3 I1 

RJ- m- C- C-CH, 

I 
R4 

cloaddition (termed a "timed Diels-Alder") a tricyclic ring 
system is formed regiospecifically in a single reaction. In 
principle, a number of compounds might be formed. However, 
one of the diene units in the bisdiene is more reactive than the 
other unit. The same feature is true for the bisdienophile. Thus, 
the initial ring is created by cycloaddition of the more reactive 
diene and dienophile. The second and third rings are formed 
by the intramolecular cycloaddition of the less reactive diene 
and dienophile. At present, we have confined our study to the 
formation of the fluorenone ring system. 

Results and Discussion 
Synthesis of Reactants. The bisdienes used in this investi- 

gation were compounds 1 and 2. The preparation of 1 was 

,OSiMe,R 

1 2 (R = CH,, t-Bu) 

readily accomplished by the use of a Wittig reaction on 4- 
(2-furyl)-3-buten-2-0ne.~ It could be purified by bulb to bulb 

THF + (PhXP-CH, 1 

distillation or by filtration through silica gel. Bisdiene 2 could 
be synthesized by trapping the kinetic anion of 3,5,7-octa- 
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trien-2-one5 with chlorodimethyl-tert-butylsilane or chloro- 
trimethylsilane. Both bisdienes were unstable to prolonged 

HMPA 
i-Pr,NLi, THF, -78 OC 

CH3 d ~ ~ 3  t-Bu(CH,),SiCI 2 

storage but could be stored for days under an inert atmosphere 
at  0 "C. The array of bisdienophiles employed in this study 
consisted of enynones 3,4, and 5, dienones 6 and 7, and diynone 

0 0 
I1 II 

PhCeCCCHBCH2 PhCmCCC(CHJ=CH, 
3 4 

0 
II 

CH302C C=CCCH=CH, 
5 

0 0 
II II 

HzC=CHCCH=CHCH, H,C=CHCCH=CHPh 

6 7 
0 

HC=CCC=CH 
8 

8. The enynones 3 and 4 were made by the coupling of cuprous 

II 

0 0 
II II 

I I 
PhC-CCu + H,C=CCCl - PhCHCCC=CH, 

R 
3 , R = H  
4, R = CH, 

R 

phenylacetylide with the requisite acid chloride according to 
the method of Normant.6 Enynone 5 was similarly prepared. 
CH302C CmCCu + H,C=CHCCl 

0 
II 

CH,O,C CICCCH=CH? 
5 
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