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generate the bicyclic molecule 5 now containing the bro- 
mine atom in the CY position. Both the exo and endo 
monobromo isomers are obtained. KO firm decision 
could be made as t o  which path of reaction (A or B) 
is preferred or whether both routes are followed, one 
giving the exo and the other the endo monobromo 
isomer. Hou-ever, path B was considered2 to be the 
preferred route on the basis of the apparent greater 
ease of cleavage of the C-5-0-6 bond in the hydrolysis 
or alcoholysis of substituted bicyclic structures such 
as 1.  

Work on the hydrogenolysis of acetals and ketals 
by mixtures of LiAlH4 and AICls in ether3 has indicated 
that, as is the case for the hydrolysis of acetals, the 
rate-controlling step of the hydrogenolysis reaction is 
the cleavage of the C-0 bond, weakened by the associ- 
ation of its oxygen atom with the Lewis acid. How- 
ever, the subsequent addition of the hydride ion to the 
resulting oxocarbonium ion is very fast and irreversible. 
Product analysis then provides clear evidence of the 
preferred route of bond cleavage. 

We have subjected 1 to  hydrogenolysis by .41H2C1, 
prepared from the appropriate quantities of LiA1H4 

(3) B.  E. Leggetter and R .  K. Brown, Can. J .  Chem., 43, 990 (1964): 
43, 1030 (1965). 

and AlClSj4 and found that 2-hydroxymethyltetrahy- 
dropyran (9, eq 1) was produced in excellent yield. 
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I 
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XO other product could be detected by gas-liquid 
chromatography (glc) of the reaction mixture. Since 
the model of 1 shows that both oxygen atoms are 
readily accessible t o  the Lewis acid (AlHZCl), this reac- 
tion provides evidence to support our view that acid- 
catalyzed bromination of 1 occurs by path B. 

Experimental Section 

To a stirred solution of lithium aluminum hydride (0.427 g, 
0.01125 mol) in 10 ml of dry ether kept a t  9" by an ice bath, 
was added dropwise 10 ml of ether solution of aluminum chloride 
(1.49 g, 0.01125 mol). After the addition, the solution was 
stirred at  room temperature for 15 min. To this stirred mixture 
was then slowly added a solution of 1.71 g (0.015 mol) of 6,8- 
dioxabicyclo[3.2.l]octane (1) in 10 ml of dry ether. The mix- 
ture was then stirred at  room temperature for 2 hr whereupon a 
15% aqueous solution of potassium hydroxide was slowly added 
until no further reaction occurred. The solids were removed by 
filtration and washed with ether. The combined ether solutions 
were dried (NatSOI) and freed from solvent. The residue was 
analyzed by glc aTith a column of 207, butanediol succinate on 
Chromosorb W 60-80 mesh. The compound 2-hydroxymethyl- 
tetrahydropyran was obtained in 9370 yield as the only detectable 
product. 
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Over the past several years, our investigations of 
alumina-catalyzed dienol dehydration1j2 have led us to 
investigate the formation and subsequent reactions of 
various 1,3-cyclohexadienes.3 Several w ~ r k e r s ~ ~ ~  have 
alluded t o  the possibility of the intermediacy of 1,3- 
cyclohexadiene in the alumina-catalyzed dehydration 
of cyclohexanone, even though it is found only as a 
minor product. Most of the reported product anal- 
yses, however, were incomplete, due mainly t o  diffi- 
culties in the separation of complex hydrocarbon mix- 

(1) C. Spangler and N.  Johnson, J .  Ore. Chem , 34, 1444 (1969). 
(2) C. Spangler, zbzd , 31, 346 (1966). 
(3) C. Spangler and R. Hennis, zbzd.,  36, 917 (1971). 
(4) H. ddkins  and 9. Watkins, J .  Amer. Chem. Soc., 73, 2184 (1951). 
( 5 )  G. Woods, U .  8. Dept. Con. ,  O f i c e  Tech. Sew. A D  878,110, 29 (1962). 
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TABLE I 

NOTES 

Ketone, catalyst" (temp, "C, 
column length, cm)  

2, A (400, 26) 
2, A (300, 26) 
2, A (300, 18) 
2, A (400, 18) 
2, B (300, 18) 
2, B (400, 18) 
2, C (300, 18) 
2, C (400, 18) 
3, A (300, 26) 
3, A (400, 26) 
3, A (300, 18) 
3, A (400, 18) 
3, B (300, 18) 
3, B (400, 18) 
3, C (300, 18) 
3, C (400, 18) 

1, A (300, 26) 
1, A (400, 26) 
1, A (300, 18) 
1, A (400, 18) 
1, B (300, 18) 
1, B (400, 18) 
1, C (300, 18) 
1, C (400, 18) 

lo conversionb 

45.5 
20.2 

1.5 
26.4 

8.9 
38.6 
13.5 
36.6 
40.0 
60.3 
36.0 
58.3 
12.4 
42.0 
25.5 
37.0 

51.6 
78.2 
19.0 
42.2 
21.2 
55.4 

9.8 
49.0 

- '% of total hydrocarbon' product ,  1 

0.0 27.5 34.4 2.3 8.8 7.5 11.9 
0.0 32.0 67.3 Trace 0.6 0.1 0.0 
0.0 28.8 66.7 Trace 1.7 Trace 2.8 
0.0 37.2 57.6 1.3 3.0 0.6 0.3 
0,O 28.0 72.0 0.0 0.0 0.0 0.0 

Trace 36.3 53.1 0.2 3.8 4.6 0.1 
0.0 30.0 69.9 0.0 0.0 0.0 0.0 
0.0 33.6 57.3 2.2 3.5 0.2 2.6 

98.7 0.0 0.0 0.4 0.0 0.0 0.9 
81.0 0.0 0.0 2.1 5.0 4.6 6.0 
99.8 0.0 0.0 0.2 0.0 0.0 0.0 
95.0 0.0 0.0 2.6 0.5 0.9 1.0 
99.9 0.0 0.0 0.1 0.0 0.0 0.0 
91.5 Trace 2.7 1.1 1.8 0.1 1.9 
99.9 0.0 0.0 0.1 0.0 0.0 0.0 
80.0 Trace 16.3 0.2 0.4 0.6 2.0 

98.6 1.3 0.1 
90.0 8.2 1.8 
99.2 0.8 0.0 
96.0 2.8 0.6 
98.7 1.3 0.0 
95.4 4.1 0.5 
99.7 0.3 0.0 
97.0 2.8 0.2 

a Catalyst A is KA 101 (Kaiser Chemicals); B is AL-0104 (Harshaw Chemical Co.); C is Houdry HA-100s (Houdry Process and 
Expressed as percentage of original ketone converted to dehydration products, including phenolic material. Chemical Co. ). 

Methylenecyclohexene and unconjugated dienes make up the balance to equal 100% of total hydrocarbon content. 

tures into their respective components. Our recent 
experience with such complex mixtures of this type 
prompted us to reinvestigate the dehydration of cyclo- 
hexanone and to extend our studies to include the 
methylcyclohexanones. 

In  the present study, cyclohexanone (1) was dehy- 
drated over alumina at  300 and 400". Three different 
alumina catalysts were utilized to determine the pres- 
ence or absence of specific catalytic effect on our prod- 
uct distributions. Conversions of the cyclohexanone 
to products varied from 10 to  78%, enabling us to 
determine if product distributions varied significantly 
with percentage conversion. Glpc analysis of the 
lower temperature dehydration products showed them 
to be quite similar to those reported p r e v i o u ~ l y ; ~ , ~  how- 
ever, dehydration a t  400" produced much greater 
amounts of lj3-cyclohexadiene than had been indicated 
earlier. Similarly, 2-methylcycIohexanone (2) and 4- 
methylcyclohexanone (3) were also dehydrated as de- 
scribed for 1. Product distributions (Table I) of both 
of these at  400" also revealed much greater concentra- 
tions of dienes than one would expect from the simple 
disproportionation mechanisms proposed earlier.4J 

In  Table I we have indicated only the product distri- 
bution for the hydrocarbon fraction. In  all cases 
phenolic and, to a lesser extent, *polymeric materials 
were also formed. As we did not intend to discuss this 
aspect of the mechanism, no effort mas made to quan- 
titatively determine the phenolic fraction of the total 

crude product. Thus dehydration of 1, 2,  or 3 yields a 
mixture of hydrocarbons (see Table I), a phenol, traces 
of the corresponding cyclohexanol, and residual ke- 
tone, as reported p r e v i o ~ s l y . ~ ) ~  Table I emphasizes 
the make-up of the hydrocarbon fraction only. 

Adkins and Watkins4 initially reported that alumina 
dehydration of cyclohexanone (1) yielded a mixture of 
cyclohexene (4), phenol ( 5 ) ,  and unchanged 1. 
Woods,S in a more detailed study, also confirmed the 
presence of both benzene (6 )  and 1,3-cyclohexadiene 
(7) in the product mixture, but was unable to obtain 

1 8 5 

0 OH 

1 9 

OH f O H 1  

8 10 
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accurate quantitative product distributions. I n  both 
studies, however, the major products were cyclohexene 
and phenol. These results prompted the above workers 
to postulate disproportionation schemes for these reac- 
tions prior to catalytic dehydration. Thus, dehydra- 
tion of 8 would yield 4, the normal dehydration prod- 
uct, while either dehydration or dehydrogenation of 10 
would yield 6 or 5, respectively. Both the dehydra- 
tion and dehydrogenation steps are well-known reac- 
tions over alumina at  elevated temperature. Presum- 
ably, any 1,3-cyclohexadiene in the product would be 
formed by direct dehydration of 1, probably via the enol 
9. Our results indicate that the Adkins-Watkins mech- 
anism is probably the first step in the reaction, as only 
this pathway can account for the total quantity of hy- 
drocarbons observed (theoretical limit is 67 molyo for 
100% dehydration). 

These observations raise the question of whether 
cyclohexanols are the precursors of all nonaromatic 
products, or if some pathway other than cyclohexanone 
disproportionation is operative. Corkern and FryB 
have recently reported the partial dehydration of both 
1 and 2 over polyphosphoric acid at  elevated tempera- 
ture, obtaining benzene and toluene, respectively, al- 
though in low yield (3 and 5%). They postulate that 
dehydration occurs through rearrangement of an why- 
drogen or a-alkyl group to  the conjugate acid of the 
carbonyl, followed by dehydration and dehydrogena- 
tion. This mechanism can easily be adapted to the 
production of R conjugated cyclic diene, proceeding via 
a 2-cy clohexen-l-ol . 

1 11 

- H:- [a 
shift /'+ 

6 7 13 

Similarly, 2 and 3 would yield 2-methyl-1,3-cyclo- 
hexadiene and 5-methyl-l,3-~yclohexadiene, respec- 
tively, as well as toluene. Under the conditions of 
methylcyclohexanone dehydration (300-400°), how- 
ever, either of these dienes would rapidly isomerize 
either by thermal [l,5] sigmatropic migration of hy- 
drogen or by acid-catalyzed routes,' by which methyl- 
enecyclohexene and the 1,4-dienes may also be ob- 
tained. The data in Table I clearly show that the 
dienes are more extensively isomerized a t  400 than at  
300". This is in agreement with our previous work re- 
garding thermal and acid-catalyzed isomerization of 

ae8,-0, 
14 15 16 

(6) W. Corkern and A. Fry, J .  Amer. Chsm. Soc., 89, 5888 (1987). 
(7) R. Bates, E. Caldwell, and H. Klein, J .  Org .  Chem., 34, 2615 (1989). 
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methyl-1,3-cyclohexadiene mixtures in this tempera- 
ture range.a 

Similar intermediates have been postulated by Des- 
cotes, et U Z . , ~  in the cyclodehydration of 6,eunsaturated 
ketones over both alumina and polyphosphoric acid, 
yielding product mixtures composed of aromatics, 1,3- 
cyclohexadienes, monoolefins, and some 1,4-cyclo- 
hexadienes . 

17 18 

An alternate pathway to the cyclic dienes might also 
occur through the enol (however, we feel that 20 would 
only form with great difficulty in the vapor phase) and 
is not as likely as a reaction proceeding through inter- 
mediates such as 12 or similar intermediates. 

OH +OH* 

6 H+ 3 7 6 - H:- e 
shift 

9 19 20 [o - 01 2 products 

21 

In  order to  eliminate the possibility that dienes were 
being formed by direct dehydrogenation of the mono- 
olefins, 4-methyl-1-cyclohexene (22) was passed over 
all three of the catalysts employed in this study a t  
400". No dienes or aromatic products were obtained, 
although between 2 and 5% of the olefin was isomer- 
ized to 1-methyl-1-cyclohexene. We conclude from 
our experiments that diene formation is a process 
totally unrelated to the disproportionation-dehydro- 
genation sequence yielding the monoolefins and phe- 
nolic products and, in fact, is much more important 
than any previous workers had indicated, especially 
under conditions of high conversion. It is probable 
that dienes result from an acid-catalyzed dehydration 
route similar to  that proposed by Corkern and Fry,6 
followed by isomerization via consecutive sigmatropic 
hydrogen shifts and/or acid-catalyzed isomerization. 

Experimental Section9 

Nature of Catalysts.-The three catalysts employed in this 
Catalyst A (Kaiser Chemi- study have different characteristics. 

(8) G. Descotes, M. Fournier, and R. Mugnier, Bull. SOC. Chim. Fr . ,  382 
(1968). 

(9) Gas-liquid partition chromatography was performed with an  Aero- 
graph Model 202-1B dual-column instrument equipped with a Heivlett- 
Packard Model 3370A electronic integrator for peak area measurement; 
dual 15-15% T C E P  on 60-80 mesh Chromosorb W columns were utilized 
for the analysis of the hydrocarbon fraction; dual 6 ft-15% Carbowrtx 2OM 
on 80-80 mesh Chromosorb W columns were utilized for total analysis of the 
product mixtures. Ultraviolet spectra were obtained with a Perkin-Elmer 
Model 202; nmr spectra were obtained with a Varian A60-.4 using TMS as an 
internal standard (CDCls solvent). All compounds were identified by both 
uv and nmr speotra and glpc retention times, and comparison to authentic 
samples. 
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cals, KA-lOl)lo is a quasiamorphous alumina, as determined by 
X-ray diffraction," which can be referred to as x - p  alumina. 
The X-ray pattern is diffuse and intermediate between amor- 
phous p and the more crystalline X ,  but distinct from each." 
A minor phase (ca.  20-307,) which coexists with the above dom- 
inant phase resembles ?-alumina but is more diffuse. The 
catalyst is supplied as pellets, 8-14 mesh, with a surface area of 
360 ma/g. 

Catalyst C (Houdry H.4-100S)12 is a yalumina catalyst which 
has been described as essentially nonacidic,13 while catalyst B 
(Harshaw AL-0104)14 is also a yalumina, classed as weakly acidic. 
Both B and C have been utilized as dehydration catalysts in a 
large number of published examples by several different work- 
e r ~ . ' ~  C has a sodium content of 0.1-0.27,, while B has a con- 
tent of 0.4% expressed as NazO. 

Catalysts were prepared by heating at  the dehydration tem- 
perature for a period of 1 hr under reduced pressure (20-25 mmj. 
After this period they were used directly a5 described below. 

Dehydration of Cyclohexanone ( 1) .-Cyclohexanone16 (20 g, 
0.21 mol) was added dropwise at  a rate of 0.23 ml/min through 
a 22-mm Pyrex tube packed to a depth of either 18 or 26 cm with 
alumina and externally heated with a Lindberg Hevi-Duty split- 
tube furnace. A pressure of 20-25 mm was maintained in the 
system to facilitate rapid removal of the product from the column. 
The product was trapped in a flask immersed in a Dry Ice-acetone 
bath, and subsequently warmed to room temperature, washed 
with water, filtered through anhydrous magnesium sulfate, and 
analyzed immediately by glpc (12.8 g, 72c/0).l6 Yo attempt was 
made to maximize this yield, although we recognize that this 
method discriminates against isolating phenolic-type products. 
High-boiling materials were also condensed on the inside of the 
exit tube from the dehydration chamber. This was shown to 
consist mainly of phenolic material and higher-boiling residues. 
Since our main interest was in the hydrocarbon fraction, we made 
no further effort at a complete material balance for all products. 

The dehydration products were identified by collecting each 
peak emanating from the chromatograph in glass V tubes im- 
mersed in cooling baths: (1) in isooctane for uv analysis, and 
(2) in CDC13 for nmr analysis. I n  each case, the product was 
identified by comparison of the uv, nmr, and glpc retention 
times to those of authentic samples in our laboratories. 

Dehydration of 4-Methylcyclohexanone (3j.-Methylcyclo- 
hexanone" (20 g, 0.18 mol) was dehydrated at 400' as described 
above for cyclohexanone, yielding 14.9 g (877, jl* of the product, 
which was analyzed immediately by glpc. 

Dehydration of 2-Methylcyclohexanone (2).-2-Methylcyclo- 
hexanone19 (15 g, 0.13 mol) was dehydrated at 400" as described 
above, yielding 9.3 g (7370jm of product, which was immedi- 
ately analyzed by glpc. 

Thermolysis of 4-Methyl- 1-cyclohexene (22) .-4-Methyl- 1- 
cyclohexene (10 g) was thermolyzed by passage through an 18- 
cm column packed with either A, B, or C, a t  400". Immediate 
glpc of the recovered product (>95% in all three cases) revealed 
that the only new product was I-methyl-1-cyclohexene (2-5%). 

Sodium content is 0.407,, expressed as NazO. 

Registry No.--1, 108-94-1; 2, 583-60-8; 3, 589-92-4; 
alumina, 1344-28-1. 

(10) Kaiser Chemicals, Division of Kaiser illuminum and Chemical Corp. 
(11) Private communication, Dr.  Robert B. Emerson, Staff Research 

(12) Houdry Process and Chemical Co. 
(13) See, for example, L. Klemm, J. Shabtai, and D. Taylor, J .  Ow. 

Chem., 33, 1480 (19681, and references therein. 
(14) The Harshaw Chemical Go., Division of Kewanee Oil Co. 
(15) J. T. Baker Chemical Co. 
(16) For catalyst 9 (26-crn column) the following total product analysis 

was obtained: recovered 1, 21.8%: total dehydration products, 78.2%. 
The hydrocarbon analysis is shown in Table I, recalculated on the basis of 
100% total hydrocarbon content. 

(17) Chemical Samples Co. 
(18) For catalyst A (26-cm column) the following total product analysis 

was obtained: recovered 3, 39.7%; total dehydration products, 60.3%. 
The  hydtocarbon analysis is shown in Table I, recalculated on the basis of 
100% total hydrocarbon present. 

(19) Aldrich Chemical Co. 
(20) For catalyst -4 (26-cm column) the following total product analysis 

was obtained: recovered 2, 54.5%; total dehydration products; 45.5%. 
The hydrocarbon analysis is shown in Table I ,  recalculated on the basis of 
100% total hydrocarbon present. 

Associate, Chemical Aluminas, Kaiser Chemicals, Baton Rouge, La. 
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Olefins are oxidized by mercuric ion in aqueous acid to 
yield unsaturated aldehydes,l-* saturated aldehydes12r3 
allylic  alcohol^,^ or saturated  ketone^.^ Saturated ke- 
tones are obtained under milder conditions than un- 
saturated aldehydes or allylic alcohols. For example, 
acetone is obtained from propene at  about 50" and 
methyl ethyl ketone from trans- or cis-2-butene below 
room ternperaturef6 whereas acrolein and crotonal- 
dehyde are formed at  about 80" and allyl alcohol a t  

These reactions proceed as the redox decomposi- 
tion of hydroxymercurated  olefin^,^ and their reaction 
rates are first order with respect to the mercuria1s,1y8 
without depending on free mercuric ion in the case of 
ketone formation.* 

Since hydroxymercurated cis-2-butene is sufficiently 
stable a t  low temperatures, the reaction process can 
be pursued by nmr spectroscopy in situ after the tem- 
perature of the solution is raised abruptly. Time- 
sequential spectra following the redox decomposition 
of hydroxy- and deuteroxymercurated cis-2-butene 
are shown in Figure l.9 

It is obvious in Figure 1 that methyl ethyl ketone 
is the sole product and, interestingly, no deuterium is 
incorporated into the product from the solvent DzO. 
Therefore, reaction equations are presented as follows, 
where the mechanism of two electron transfer, Le . ,  
no association of free mercuric ion, is uostulated on 

, I  

the basis of the reaction kinetics.* 

CHaCH(OH)CHCH3Hg+ + 
Hz0 
CHaCOCHzCHa + H +  + Hg(0) 

CHaCH(OD )CHCHaHg+ + 
Dz0 

CHaCOCHzCHa + D +  + Ilg(0j 

The reaction product from the DzO solution 
analyzed by mass-spectroscopy and the following deute- 
rium distribution was obtained: do = 97.3%, dl = 

the result shown in eq 2 was confirmed unequivocally. 
A concerted mechanism is, therefore, suggested, 
whereby an intramolecular hydrogen shift occurs and 

2.4%, dp = 0.3%, d3 = dd = * .  * = d8 = 0.0%. Thus 

(1) B. C .  Fielding and J. Roberts, J .  Chem. Soc. A ,  1627 (1966). 
(2) J. C.  Strini and J. Metzger, Bull. Soc. Chim.  F r . ,  3145, 3150 (1966). 
(3) B. Charavel and J. Metager, ibid., 4865 (1968). 
(4) H.  B. Tinker, J .  Oroanometal. Chem., 32, C25 (1971). 
( 5 )  Y .  Saito and M. Matsuo, i b i d . ,  10, 527 (1967). 
(6) Y .  Saito, 1st Japan-U. S, S. R. Seminar on Catalysis, Xovosibirsk, 

(7) W. Kitching, Orgawometal. Chem. Res., 3, 61 (1968). 
(8) M. Matsuo and Y. Saito, Bull. Chem. Soc. J a p . ,  44, 2889 (1971). 
(9) Chemical shifts of a,  p ,  y ,  and 0' protons of both hydroxy- and deuter- 

oxymercurated cis-2-butenes mere 6 3.01, 3.86, 1.19, and 1.38, respectively, 
and their coupling constants for the sets of up, By, and up' protons were 
4.0, 6.0, and 7.6 Ha, respectively, where designation of a, 0, 0', etc., was made 
from the mercurated carbons. 

July 1971. 


