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The oxidation of terminal olefins by Jones reagent in the presence of a catalytic quantity of mercury(II) affords
good yields (>lO"t") of the corresponding methyl ketones. Similar oxidations of 1,2-disubstituted olefins gives fair
(20-70%) yields; in the case of unsymmetrically substituted olefins, mixtures of ketones are produced.

The Wacker process for oxidation of olefins to ketones
has three mechanistically distinct parts:3 first, activation of
the olefinic double bond toward nucleophilic attack by
coordination with Pd(II) and addition of a hydroxide moi-
ety to this electrophilic double bond; second, conversion of
the resulting 2-hydroxyethylpalladium(Il) compound to
ketone and a (formally) Pd(O) atom by a series of palladi-
um(II) hydride addition-eliminations involving vinylic al-
cohol intermediates; third, reoxidation of the palladium(0)
to palladium(Il) by copper(Il). Wacker oxidation is an ex-
tremely useful and general reaction. It is, nonetheless,
worthwhile to try to develop procedures for oxidizing ole-
fins that use as catalysts metals less expensive than palla-
dium, and which involve reactions (and possibly generate

products) different from those of the Wacker oxidation.
Mercury(Il) is an obvious candidate for the catalyst for
new oxidation reactions: it resembles palladium(Il) in its
ability to activate olefins for nucleophilic attack,a but dif-
fers in that decomposition of the oxymercuration products

normally generates cations by loss of mercury(0) rather
than olefins by loss of mercury hydride.s Unfortunately,
neither we nor others6 have been able to discover a satisfac-
tory solution to the principal problem in developing a mer-
cury(II)-catalyzed analog of the Wacker oxidation: viz., an
efficient regeneration of mercury(Il) from mercury(0). In
the absence of a solution to this problem, there are, how-
ever, ways of involving mercury(II) in catalytic oxidation of
olefins other than in a direct analog of a Wacker oxidation.
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Table I
Oxidation of Terminal Olef ins by Jones Reagent Catalvzed bv Mercury(II)

Regist ry  no. Reqist ry  no.

Iso la ted

y i e l d ,  o i

One, explored in this paper, ut i l izes mercury(II)  in oxymer-

curation of an olefin, oxidizes the hydroxyl moiety of the

result ing 2-hydroxyalkylmercury(II)  compound to an acid-

labi le 2-ketoalkylmercury(I l)  derivative, and regenerates

mercury(II) by proteolysis of the carbon-mercury bond of

this substance (eq 1). Thus, the mercury(I l)  performs the

OH

RCH:cH, * fHgoacl* *9 nJucu,H*oa.

oo
l lH* l l

RCCH, + [HgOAc]* ." RCCHTHgOAc

essential function of olefin activation, but is regenerated

without leaving the mercury(II)  oxidation level. This cycle

is, in a sense, one in which mercury(I l)  catalyzes the hydra-

t ion of the double bond, and in which the reaction is driven

in the direction of the thermodynamically less stable hy-

drated form by trapping this form by oxidation to ketone.

Results and Discussion

Jones reagent (CrO:rHzSO+-HzO) oxidizes alcohols to

ketones efficiently, and is relatively unreactive toward ole-

fins.? When Jones reagent is added to an acetone solution

of an olefin at 20", a slow, nonselective oxidation takes

place. Addition of mercuric acetate or mercuric propionate

?ZO mol o/o based on olefin) to the solution results in a rapid

consumption of the oxidant. Terminal olef ins are converted

to methyl ketones in yields of 80-90o/o (Table I);  1,2-disub-

stituted olefins react readily, but give low yields of ketones

under these condit ions. The yield of methyl ketones result-

ing from the catalyzed Jones oxidation of terminal olefins

is relatively insensitive to the amount of mercuric salt

added (Figure 1). The catalyzed oxidation of terminal ole-

fins by sodium dichromate-trifluoroacetic acid solution

showed similar insensitivity to the amount of mercuric salt

added; the yields were, however, substantially lower than

those obtained using Jones reagent (Figure 1). Note that

the plots in Figure 1 are based on data collected under

,o,rghly comparable conditions, but that these conditions

are not necessarily those that generated the highest yield of

product. In particular, in plot A of Figure 1, the maximum

ietected yield of 2-octanone was approximately 507o, while

the best yield isolated under optimized synthetic condi-

tions was 82olo (see the Experimental Section for details).

The major function of the plots in Figure 1 is to establish

the relative sensitivities of primary and secondary olefins

to catalysis by mercury(Il) and to provide a qualitative es-

timation of the absolute activity of mercury(Il) as a cata-

lyst in reactions based on Jones reagent and dichromate

ion as oxidants.
The vield of ketones from 1,2-disubstituted olefins can
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Figure l .  The vield of 'ketone depends on the rat io of equiva-
lents of mercury(II)  to olef in present at the start of the reaction: A,
(EICO2)2Hg-catalyzed oxidation of 1-octene to 2-octanone (25o,
acetone, Jones reagent, t8 hr);  B, (EICO2)2Hg-catalyzed oxidation
of 1-octene to 2-octanone (25',  dioxane, NazCr:Oz'2HzO-
CF:rCOu H, 18 hr); C, (FltCO2)2Hg-catalyzed oxidation of a mixture
<rf cr.s- and trans-2-octene to a mixture of 2- and 3-octanclne (25o,
dioxane, NazCr.:O;.2H2O-CF3COzH, 18 hr). Note that the maxi-
mum yield shown in A does not correspond to an optimized yield
(see the text for a discussion of this point).

be impr<lved using different reaction conditions (Table II);

however, each 1,2-disubstituted olefin required different

optimum conditions. Mercuric acetate oxymercurates ole-

fins efficiently in aqueous tetrahydrofuran or dioxanea'8

and these solvents also proved useful as oxidation media.

Experiments in these solvents were carried out using sodi-

um dichromate as oxidant, and making the solution acidic

with trifluoroacetic acid. The yields of ketones from the ox-

idation of 1,2-disubstituted olefins were significantly poor-

er when other chromate salts, Jones reagent, hydrogen per-

oxide, or hypochlorite ion were used as oxidants. Yields

were also poorer when mercury(Il) chloride, nitrate, and

tosylate were used in place of mercury(Il) propionate.

Several metal ions other than mercury(Il) were explored

briefly, and found to be unsatisfactory as catalysts. No re-

action took place on treating 2-octene with sodium dichro-

mate-trifluoroacetic acid solution in the presence of thalli-
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Table II
Oxidation of 1,2-Disubsti tuted Olefins bv Sodium Dichromate-Trif luoroacetic Acid Solut ion

Catalyzed by lllercury( II )

Olef in Regist ry  no, Product Registry no,

Isolated

yield, %

c is-2-Octene

trans-2-Octene

Cyclohexene
Cyclododecenec
Norbornene
a2 '3-Cholestene

7642-04-8

13389-42-  I

1 1 0 - 8 3 - 8
1 501 -82-2
498-  66-8

1  5910-23-  3

2-Octanone (64Vd +
3-octanone (9670)

2-Octanone (Og7o) +
3-octanone (37Va)

Cyclohexanone
Cyclododecanone
Norcamphord
No reaction

1 06- 68- 3

1  08-94-  1
8 3 0 - 1 3 - ?
4 9 7 -  3 8 -  1

5 6 0

540

4lb

3 6 D

20"

d Oxidation was car ed out in the presence of0.2 equiv of mercuric propionate. b Oxidation was canied out in the presence of 0.5 equiv of
mercuric propionate. ' A mixture ofcis and trans isomers. d The product was isolated as the 2,4-dinitrophenylhydrazone.

um(I), suggesting that olefin activation was slow. Similar
treatment of 2-octene in the presence of gold(II I) ,  pal ladi-
um(II),  and rhodium(Il l )  afforded mixtures of 2- and 3-
octanone in yields of 30, 10, and 296, respectively. Gold(0)
and palladium(0) deposited on the walls of the reaction
vessel in substantial amounts during the oxidation.

Evidence for the mechanism of the mercury(Il)-cata-
lyzed oxidations (eq 1) is inferential. Treatment of cyclo-
hexene with aqueous mercury(Il) acetate gives trans-2-
hydroxycyclohexylmercuric acetatee (1), which is oxidized
to cyclohexanone in yields very similar to those obtained
from cyclohexene under the same reaction conditions. Sim-
i lar ly, 2-(chloromercuri)cyclohexanone (2) is converted
rapidly and in high yield to cyclohexanone by aqueous sul-
furic or trifluoroacetic acid. Compound I is itself relatively

cipitates, but no metallic mercury is formed and no organic
solvolysis products can be detected. Thus, it appears that
the rapid disappearance of 1 when treated with Jones re-
agent may be an oxidative reaction (eq 2). Cyclohexanol
can be detected in ca. 5olo yield after 5 min reaction time.
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stable toward the acid conditions encountered in the oxida-
tion. Oxidation products arising directly from the ti-hy-
droxyalkylmercury(II) cation therefore seem unlikely. Mer-
cury(0) has been observed to form in small amounts only at
elevated temperatures; no Hg(0) was observed under the
conditions described. The B-hydroxymercury(Il) cations
have previously been shown to be stable in acid solution.l0
The difference in the yields of ketones from 1- and 1,2-di-
substituted olefins under strongly acidic (Jones reagent) or
weakly acidic (NazCrzO?-CF3CO2H) conditions is reason-
ably attributed to differences in the oxidative and/or solvo-
lyticll stabilities of primary and secondary carbon-mercu-
ry bonds. We have tested these stabilities under the condi-
tions of these reactions by examining the behavior of cyclo-
hexylmercuric acetate (3) and n-hexylmercuric acetate (4)
toward Jones reagent in acetone. Compound 3 reacts rapid-
ly; oxidation is complete in 30 min at 20o, yielding cyclo-
hexanone in 65% yield. Under the same conditions, the car-
bon-mercury bond of 4 does not react appreciably: n-hex-
ylmercuric sulfate can be recovered in good yield. Com-
pound I does not solvolyze appreciably when treated with
the components of the Jones reagent without the chromi-
um trioxide (that is, acetone, water, and sulfuric acid): a
small quantity of 2-hydroxycyclohexylmercuric sulfate pre-

Conclusions

Jones reagent or trifluoroacetic acid-sodium dichromate
solution oxidizes olefins to ketones in the presence of cata-
lyt ic quanti t ies of mercury(I l) ;  of the various metals tr ied
as catalysts for the oxidation-thal l ium(I),  gold(II I) ,  pal la-

d ium(I I ) ,  rhod ium(I I I ) ,  and mercury( I I ) -mercury( I I )
gives the best yields. Qualitative evidence described above
suggests that these transformations occur by the sequence
of reactions outlined in eq 1. This oxidation provides a use-
ful alternative to several of the procedures presently used
to convert olefins to ketones. It is less complex than Wack-
er oxidation: the problems that arise in applying Wacker
oxidation to high molecular weight, water-insoluble sub-
stances do not seem to be important, and it is unnecessary
to have present the large excess of copper salts normally
used to make the Wacker oxidation catalytic. It can be ap-
plied to unprotected olefinic carboxylic acids, where dibo-
rane-chromic acid results in destruction of the carboxylic
acid moiety. It is more direct and more economical than the
several procedures (oxymercuration-reduction, epoxida-
tion-reduction) that generate an alcohol preliminary to a
Jones oxidation.

Experimental Section

General. Melting points, determined on a Thomas-Hoover cap-
illary melting point apparatus, are not corrected. GLC analysis was
performed using a 10 ft X 0.125 in. 15% Carbowax 20M column on
a F & M Model 810 gas chromatograph equipped with a hydrogen
flame detector and a Hewlett-Packard Model 33738 electronic in-
tegrator. All solvents were reagent grade and were used without
further puri f icat ion. 1-Octene, 2-octene (a mixture of cis and trans
isomers), cis-2-octene, and f rcns-2-<lctene (Chemical Samples C't l .)
were used as supplied. Norbornene, cyclohexene. styrene, c1'clorlrr-
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decene  (a  m ix tu re  o f ' c i s  and  t rans  i somers ) .  3 , l l - d ime thy l -1 -bu tene ,

and undecylenic acid (Aldr ich)  were used as suppl ied.  Mercur ic ac-

etate and sodium dichromate dihydrate (Mal l inckrodt) ,  t r i f luo-
roacet ic  acid (Matheson Coleman and l le l l ) ,  gold( I I I )  chlor ide,  pal-

l ad ium( I I )  ch lo r ide ,  and  tha l l i um( I )  ace ta te  (F i she r  Sc ien t i f i c ) .

and rhodium(I I I )  chlor ide (Al fa)  were used wi thout  fur ther pur i f i -

cat ion.  Elemental  analyses were performed by Robertson l ,abora-

tory,  Florham Park,  N. .J.
Mercur ic Propionate.  Red mercur ic oxide (108 g)  was added in

l0-g port ions to 100 ml of  hot  propionic acid.  The oxide dissolved.
giv ing a s l ight ly  yel lowish solut ion which was f i l tered and al lowed
to cool t<l room temperature. T'he resulting crystals were recrystal-

l ized f rom propionic acid,  washed wi th cold,  dry acetone,  and dr ied

under vacuum (0.04 mm) at  r<tom temperature for  24 hr .  The ; l ie ld
< r f  p roduc t  was  168 .7  g  i €7 "h )  as  wh i te  need les  hav ing  mp 114-116o .

General Procedure for the Mercury(Il ' l-Catalyzed Oxida-

t ion of  Olef ins.  Method A. To a 500-ml er lenmeyer f lask was

added 22.0 g (74 mmol)  of  sodium dichromate dihydrate,  50 ml of

water,  and 300 ml of  d ioxane. With st i r r ing,  6.8 g (20 mmol)  of

mercur ic propionate and 35 ml of  t r i f luoroacet ic  acid were added.
The dark orange-red solut ion was st i r red unt i l  the sal ts had dis-

solved (ca l0 min) ,  and the f lask was placed in a water bath.  With

cont inued st i r r ing,  100 mmol of  o lef in was added. The solut ion be-

came dark and warm; ice was added as necessary to maintain the

temperature at25 *  5o.  The solut ion was st i r red for  l8 hr ,  poured

into water (300 ml) ,  and extracted wi th hexane (3 X 75 ml) .  The

combined extracts were washed wi th water (3 x 50 ml) ,  saturated

sodium chlor ide solut ion (1 X 50 ml) ,  and water (1 X 50 ml)  and

dr ied  (MgSOa) .

General Procedure for the Mercury(Il l-Catalyzed Oxida-

t ion of  Olef ins.  Method B. To a 500-ml er lenmeyer f lask was

added  200  m l  o f  ace tone ,5  m l  o f  wa te r ,  and  6 .8  g  (20  mmt i l )  o f

mercur ic propionate.  The f lask was placed in a water bath and,

wi th st i r r ing,  100 mmol of  o lef in was added to the br ight  vel low so-

lut ion.  Jones reagentT (2M, i5 ml)  was added dropwise dur ing '1 hr .

Sptnner

Ice  was added as  necessary  to  ma in ta in  the  tempera ture  a t  25  +

5o.  The dark  g reen ish-brown so lu t ion  was s t i r red  fo r  an  add i t iona l

4  h r  and then poured in to  water  (200 ml )  and ex t rac ted  w i th  d i -

e thy l  e ther  ( i l  x  75  ml l .  The combined ex t rac ts  were  washed w i th

w a t e r  ( 3  X  5 0  m l ) .  s a t u r a t e d  s o d i u m  c h l o r i d e  s o l u t i o n  ( 1  X  5 0  m l ) .

a n d  w a t e r  ( l  X  5 0  m l )  a n d  d r i e d  ( M e S O q ) .
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