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PAAT I 

A STUDY OF THE CATALYTIC HYDROGENATION OF HYDROXYBENZENES OVER PLATINUM 

AND RHODIUM CATALYSTS 



CH.A.PrER I 

INTRODUCTION: HISTORICAL AND THEORETICAL 

A. Hydroxybenzene Hydrogenations 

It has been recognized for many years that when phenol undergoes 

hydrogenation, the product may be predominantly cyclohexanol, benzene, or 

cyclOhexane, depending on the catalyst employed and the conditions of the 

reaction. The two courses of the reaction are represented by the equations: 

l. 

2. 

C6fi$0H + 3H2 -�) C6HuOH 

(a) C6H$0H + H2 

(b) C6ff6 + 3H2 

-�)' C6H6 + H20 

-�� C6ff12 

Under certain conditions and with specific catalysts, cyclohexanone may 

be isolated during the course of the reaction, and the role of this com­

pound as an intermediate has been investigated. A detailed review of the 

catalytic hydrogenation of phenol and substituted phenols is given by 

Smith in Volume V of "Catalysis.n1 A portion of the work outlined in 

this review is presented here. 

The first to isolate cyclohexanone as an intermediate in the hydro­

genation of phenol were Vavon and Bertin.1'2 They hydrogenated phenol 

and the oresols over platinum black and isolated cyclohexanone by reac­

tion of the ketone with aemicarbazide and isolation of the semicarbazone 

formed. It was proposed that cyclohexanone is the first product of the 

reaction and is desorbed. It later returns to the catalyst and there 

transfers hydrogen to phenol. Grignard and Mingasson1,3 studied the 
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hydrogenation of phenol in the solvent cr.yclohexanol over pumice-supported 

nickel (from the hydroxide) as catalyst and at temperatures up to 3000 o For 

each pressure investigated they observed a critical temperature at which 

cy�lohexanol is dehydrogenated to cycloh�xanone; �·�·' 155° at around 20 

nun., and 180° at 7 6o  nun. They suggested that the non-contiguous double 

linkages of the phenol are first �drogenated to form the enol of oyclo-

hexanone, and that this enol is tautomerized when cyclohexanone is iso-

lated but absorbs hydrogen to give oyclohexanol if the �drogenation is 

prolonged. 

Coussemant and Jungers4 made a thorough study of the kinetics of 

catalytic hydrogenation of phenol over Raney nickel. By combining informa-

tion on hydrogen absorbed plus refractive index, it was possible to ascer-

tain the percentages of phenol, cyclohexanol, and oyclohexanone present 

at any stage of the reaction. It was found that cyclohexanone concentra-

tion reaches a maximum during the reaction, and that the fraction present 

at this maximum depends on the temperature. They concluded that the 

mechanism of the nickel-catalyzed reaction was 

Goo 0 
These authors made a complete kinetic analysis of this reduction which has 

general application to two-step catalytic reactions. 

Zil1bermanl,5 studied the free energy changes accompanying the �-

drogenation of phenol to cyclohexanone and oyclohexanol and set up equa-

tions relating such free energy changes to reaction temperature. Most of 
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the other workers who have studied the catalytic hydrogenation of phenol 

and cresols have used some form of nickel ca�st to give oyclohexanols, 

although cobalt, copper, and mixed nickel and cerium oxide catalysts have 

been used to some extent . 

In more recent work, Tutumi, Tsutsumi, Yoshijima, Akatsuka, and 

Nagao
6 

have found that the nickel-aluminum and copper-aluminum alloys 

which are used as the raw materials for the preparation of Raney catalysts 

have a noticeable catalytic activity. Phenol is hydrogenated easily to 

cyclohexanol in water or diluted caustic soda solution, using 20 per cent 

alloy and 20 per cent water with 50 atmospheres hydrogen pressure and a 

temperature of about 200° . Rosenblatt7 suspended phenol in water with 5 

per cent rhodium-alumina catalyst . This mixture was shaken at room 

temperature and atmospheric pressure in an atmosphere of hydrogen, and 

the reaction proceeded with a uniform rate of . 067 liters minute-1 to the 

end of the reaction. 

Sasa8 hydrogenated phenol at 160° and 15 atmospheres hydrogen pres­

sure in 6 . 3  hours to cyclohexanol, over the nickel catalyst obtained from 

nickel formate . When the reaction catalyst was used again (up to four 

times) ,  the reaction time was shortened .  Yeh, Chen, Chu, Hsu, Chang, and 

Hsiu9 hydrogenated phenol over nickel -kaolin catalyst at 140° and 80 at­

mospheres hydrogen pressure to give a quantitative yield of cyclohexanolo 

Vandenheuvel10 prepared a catalyst containing 14 per cent platinum by 

supporting platinum oxide on silicic acid . This catalyst is reported 

to be 2 . 5  times as active as Adams platinum . It is  effective in cata­

lyzing the hydrogenation of the benzene ring in phenol, but in phenol 
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ethers the ring is left intact. Phenol passed continuously over a mix­

ture cont� hydrogen in the presence of a complex silicate 

(2H2SiOyNiO·hH20) at 140-180° is completely transformed to cyclohexanol 

for a period of one hundred twenty hours .11 

Thampsonl2 hydrogenated phenol to 26 per cent completion at 146° 

and 1500 p.s.L initial hydrogen pressure over rhodium (oxide) catalyst 

and found 24 per cent ketone in the reaction mixture. He .concluded that 

the formation of this ketone can be explained by a partial hydrogenation 

of the benzene ring to 1-hydrox;rcyclohexene-1, which is the tautomeric 

form of cyclohexanoner 

The effect of the hydroxyl group on the rate of hydrogenation of 

the benzene ring was investigated by Gilman and Cohnl3 by comparing the 

reaction rates of benzene, phenol, hydroquinone, and pyrogallic acid. 

Their hydrogenations were carried out in aqueous sol uti on over 5 per cent 

rhodium-alumina cata,J..yst. Under comparable conditions, the hydrogenation 

rate decreases in the following order: benzene, toluene, benzyl alcohol, 

phenylethyl alcohol. The hydroxyl group depresses the hydrogenation rate 

somewhat more than an added alkyl group. It also seems that its effect 

is more pronounced when it is more distant from the ring. 

Ungnade and McLarenl,l4 studied the effect of aqueous sodium hy­

droxide on the catalytic reduction of phenols over Raney nickel and were 

able to reduce substituted phenols and obtain high yields of the corres­

ponding cyclohexanols. These reactions did not occur to an appreciable 



extent without the addition or the base . Ungnade and Nightingalel,l.$ 

hydrogenated the cresols and found the ease of hydrogenation to be 

para> �> ortho, and the trans isomer was always prQduced by the 

reduction. 

Barney and Haasl,l6 
studied the hydrogenation of thymol over Raney 

nickel and investigated the influence of temperature and pressure on the 

formation of the ketone intermediate . They found that both increasing 

pressure and increasing temperature decrease the per cent of ketones 

present � the reaction mixture . Whitakerl,l7 prepared a number of sub­

stituted cyolohexanones and cyclonexanols by controlled hydrogenation 

of polyalkylphenols . 

Wickerl8 hydrogenated £-, !-, and E-cresol and the corresponding 

methylcyclohexanones in acetic acid over Adams platinum catalyst at 200 . 

He reasoned that if phenol or the cresols hydrogenate via a cyclohexanone 

intermediate, then one should obtain the same per cent stable stereo­

isomer or cyclohexanol whether one starts with the cresol or the corres -

ponding methylcyclohexanone . The results obtained were not in accordance 

with this prediction: 

Stable 
Isomer 

Co!!;!ound �%) 

o-Cres ol 7.5 

m-Cresol .51 

£-Cresol 61 

Compound 

2-Methylcyclohexanone 

3-Methylcyclohexanone 

4-Methylcyclohexanone 

Stable 
Isomer 
(%) 

30 

7.5 

.53 

As was mentioned earlier, Vavon and Bertin2 assumed that each molecule is 

hydrogenated to the ketone, which is  then desorbed back into solution 
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where it competes with the re maining phenol for hy drogen. To interpret 

his res ult�, Wi cker assu med that the transition occurs , not only as 

Vavon and Bert in s ug gest, but also via the enoli c form of th e  ketone ; 

the reduction of the enol may occur while the co mpound is still adsorbed 

on the active centers of the catalyst.  Hence the proportions of stereo­

isomers p roduced when the cresols are h ydrogenated will differ fr om those 

obtained when the corres ponding methyl cyclohexanones are reduced, since 

these e xist essential ly in the ketoni c form. 

Benzene rings contai ning more than one hydroxyl substituent have 

al so been reduced to the corresponding cyclohexanepolyols .l The catalyst 

used in most of these hydrogenations was so me form of ni ckel , but co pper 

chromite , platinum, and palladium ha ve been used. Espe cially interesting 

is the h ydrogenation of resorcinol in the presen ce of alkali over Raney 

ni ckel at 50° and 1000 to 1500 p .s. i .  �drogen pressure to fo rm the di­

ketone, dih ydro resor cinol, in hi gh yie lds .l ,l9 

Gi lman and Oo hnl3 hydrogenated the isomeri c di �droxybenzenes , 

cate chol , reso rcinol, and hydro quinone, over 5 per cent rhodium-al umina 

cat alyst .  The h ydrogenation rates of  the ortho- , �-, and para-iso mers 

differ f rom each other in sharp contrast to the unifor mity obser ved with 

the xyle nes . In studying the rates of hydrogenation of the dihydroxy­

benzenes ,  a peculiar ano maly was obse rved . These compo unds were h ydro­

genated at constant rate until appro ximately five-sixths of the theoreti cal 

amo unt of �d rogen was absorbed . At this point, the rate i ncreased abrupt­

ly and markedly until the theo reti cal end point was reached with a sudde n 

cessation of hydrogen uptake . In a t ypi cal example , 200 mg . of h ydro -



7 

quinone were hydrogenated over 1.50 mg. of 5 per cent rhodium on alumina 

in 100 ml. of water. Hydrogen was being consumed at 4.4 ml. min .  -l till 

almost five-sixths of the reaction was complete; then the rate increased 

abruptly to 6. 8 ml. min. -1. The rate ano:m.a.l.y was observed with hydro-

quinone, resorcinol, and catechol. This different behavior of the dihydrox:y 

compounds which might throw some light on the reaction mechanism is at the 

present unexplained. 

B .  Hydroxy-group Cleavages 

The fission of the carbon-oxygen bond in ether linkages under a 

nwaber of condi tiona has been known for many years. In molecules in which 

a carbon-oxygen ether bond is � with respect to a carbon-carbon double 

bond, cleavage is quite easy. Such a linkage is shown below: 

The double bond may be a part of an aromatic ring as in benzyl �1 ethers. 

That such an ether bond is labile is in agreement with the well-known fact 

that a double bond in the �- Y position weakens carbon-oxygen, carbon-

nitrogen, carbon-halogen, and other bonds throughout a wide series of com-

pounds. Such a bond for aromatic ethers may be catalytically cleaved 

under conditions too mild for ring hydrogenation. For example, alkyl ethers 

of benzyl alcohol may be cleaved quantitatively to toluene and alkyl alco­

hols by use of palladium in alcohol solution. 20 It is of interest to note 

that hydrogenolysis of a _E-methoxybenzyl ether, using palladium in alco­

hol solution, gives only E_-metho:xytoluene and an alkyl alcohol. 21 The 
. 

meth�l group on the aromatic ring is not cleaved under these conditions--
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conditions which are also too mild for ring hydrogenation. 

Thompsonl2 has pointed out that the catalytic hydrogenolysis which 

has received less attention is that involving cleavage of methoxyl (or 

hydroxyl and alkmcyl, in general) groups from aromatic nuclei d'l.ll"ing the 

hydrogenation or ring •aturation of these compounds. He studied the 

catalytic hydrogenation of methoxybenzenes and other aromatic methmcyl 

compounds. Hydrogenation of the aromatic ring was usually accompanied 

by some cleavage of the methaxyl groups. This cleavage occurred pre-

dominantly upon the carbon-oxygen bond adjacent to the aromatic ring, 

and the cleavage reaction was found to occur only as a part of the aro-

matic hydrogenation process. Platinum led to extensive methoxyl cleavage 

whUe rhodium catalyzed ring saturation with little cleavage. Reaction 

temperature and acid concentration were found to influence the extent of 

cleavage also. 

A mechanism for the cleavage reaction was proposed.12 The methoxy-

ben�ene, anisole for example, is adsorbed on the catalyst surface. With 

the approach of nydrogen to the catalyst SQrface, hydrogenation takes place 

to give methaxycyclohexene as a short-lived intermediate. This intermediate 

may then undergo cleavage to give cyclohexane and methanol or ring hydro-

genation to give methoxycyclohexane. These reactions will probably occur 

simul.taneously untU the doUble-bonded molecules are saturated. 

OOCHJ inc:ing 
rate-determining 

step 

QoCH3 
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Phenols may be reduced to form aromatic hydrocarbons, cr,yclohexanone, 

and aliphatic compounds resulting from ring cleavage.1 The hydroxybenzene 

to be reduced has general� been treated with hydrogen at 300 to 500° and 

pressures of from 50 to 150 atmospheres. Molybdenum sulfide has been used 

as the catalyst, although molybdenum oxide alone or in the presence of 

oxides of aluminum, silicon, chromium, and barilllll, as well as ammonium 

molybdate have been emplqyed. Other catalysts include tungsten oxide 

and sulfide, cobalt oxide and sulfide and nickel oxide. 

Lozovoi, Y-ol'Epshtein, and Senyavin22 report the hydrogenation of 

phenol to benzene using three fresh samples of the principal vapor-phase 

catalysts, tungsten disulfide, tungsten disulfide plus nickel sulfide plus 

alumina, and tungsten disulfide plus aluminosilicates, A continuous labora­

tory installation employing 50-200 atmospheres hydrogen pressure at 350° 

was used. Klimav and Bogdanov23 hydrogenated phenol with tungsten disul-

fide and reported the cleavage of the qydroxyl group from the ring to give 

benzene and water as products. 

With these catalysts, cleavage is the expected and desired result. 

The oa�ic hydrogenolysis which has received less attention is that in-

volving cleavage of hydroxyl groups from aromatic nuclei during the hydro-

genation or ring saturation of these compounds. Most literature articles 

simply relate that an hydroxyl group of a certain compound was cleaved 

during hydrogenation. 
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Amatatsul,24 found that hydrogenation of the dimethyl ether of 

catechol yielded several products and compared the distribution of these 

with those obtained by reduction of catechol and the dimethyl ether of 

1,2-cyclohexanediol. His reductions were carried out over nickel at pres­

sures of 50 to 60 atmospheres and temperatures of 140-200°. He also hy-

drogenated safrol to propylcyelohexanol . On the basis of his experi-

ments, he concluded that the velocity of splitting of the oxygen-phenyl 

bond was in the order 

-CH <_ -OCHJ <( -O-CH2-0 • 

Levin and Pendergrass25 have studied the effect of aoidio and basic 

media on the cleavage of hydroxyl and methoX;y"l groups . For .E,-hydroxyben­

zoic acid and .E,-methoxybenzoio acid in alcohol solution, at room tempera­

ture and over platinUITl catalyst, they observed .38 and 74 per cent cleavage, 

respectively, during the hydrogenation. In weakly acidic ethanol, the 

hydroxyl compound exhibited 47 per cent cleavage, while only 22 per cent 

occurred in alkaline ethanol. The cleavage was also found to be greater 

in acetic acid than in ethanol . The cleavage product was cyclohexanecar-

boxylic acid in each case . These workers also report that the low-pressure 

hydrogenation of ethyl .E,-hydroxybenzoate in ethyl acetate over palladium­

on-strontium carbonate as catalyst resulted in a mixture of reduction 

products containing about 25 per cent of the ethyl cyolohexanecarboxylate 

and 75 per cent ethyl 4-hydroxycyclohexanecarboxylate. However, high-

pressure hydrogenation gave a quantitative yield of the hydroxy-ester . 

These experiments are claimed to indicate that hydrogenation and hydrogen-

olysis are competing reactions, with increased pressure favoring hydrogena-

tion. 
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Reduc tion of the h ydroxybenzoic acids has bee n reported by several 

authors . Balas and Sro11, 26 reduced ortho-, �-, and para-hydroxybenzoic 

acids in alcohol over platinum black as catalyst and recovered the cis 

farms of the corresp onding h ydr�cyclohe xanecarbo xylic acids . Edsonl ,27 

re duced the same acids in water solution over platinum o xide catal yst 

and obtained mixtures of the h ydroxycyclohexanecarbo xylic acids with 

oyclohe xanecarboxylic acid . The splitting of the h ydro xyl group was about 

80 per c ent f or  the para acid, So per cent for the � acid, and 15 per 

cent tor the ortho acid . 

Lukes, Tro janek and Bl aha28  made a syste matic investigation of the 

reduct ion and hydrogenolysis of hydroxyl groups in the iso meric hydro xy-

benzoic acids . They used platinu m o xide in a queous suspension at 21 to 

25° with about 740 mm. hydrogen pressure. H yd.rogenolysis increased in 

the order ortho ( 20.8 per cent) <� (67 .8 per cent) <para ( 84.5 per 

c ent) . Wicker18 reported 20-25 per cent cleavage of the hy droxyl groups 

when he hydro�e nated �-, !-, and £-cresol over Adams platinum in acetic 

acid at 20° . 

Further e vidence that hydrogenol ysis of methoxyl and hydroxyl groups 

does not occur when conditions are too mild for ring hydrogenation is fur­

nished by the work of Willi ams . 29 Acetylhydroquinone was hydrogenate d in 

the presence of pre -reduced c opper c hro mite catalyst at 70-80° and 3800 

tQ  4000 p . s .i .  hydrogen press ure and fo und to give 2, 5-dihydro xyphe nyl ... 

methylcar binol . Raising the te mperature to 110-130° res ulted in the 

cleavage of the carbinol h ydro xyl group to give ethylhydro quinone, but 

the h ydroxyl groups attached to the aromatic nucleus were not cleaved . 
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C. Supported Catalysts 

The work of Thompsonl2 represents the first study of supported 

catalysts in this laboratory. A detailed review of the functions of a 

catalyst support or carrier is given in Volume I of "Catalysis. n30 A 

catalyst support is defined by Innes as "a major catalyst constituent 

that serves as a base, support, carrier, or binder for the active con­

stituent but which by itself has little, if aQY, catalytic activity." 

Some of the functions of a support are given below: (1) It serves as 

a framework for the catalytic component. The support may reduce shrink­

age, lend physical strength, etc. in this capacity. (2 ) It may prevent 

sintering of the catalyst surface during a reaction by dissipating the 

heat of reaction over a much larger area than that of the active metal 

itself. (3) It may prevent catalyst poisoning during a reaction by 

selective adsorption of species which would cover the active metal. 

(4) It may increase the activity per unit we�ght of catalytic metal. 

This increase may be due to an increase .in the number of available active 

sites or to a change in the electronic or crystal structure of the active 

constituent. 

The nature of the support itself may vary widely depending upon 

the particular property desired in the final catalyst. Examples of widely 

used supports are alumina, silica, carbon, pumice, diatomaceous earths, 

and bauxite. 

Little, if any, work has been done on the relative merits of sup­

ported and unsupported catalysts for phenol hydrogenations. The work of 
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Grignard and Mingaason3 using pumice-supported nickel was referred to 

e arlier . D10r and Orzechovskil, 3l made a series of mixed nickel and· 

cerium oxide catalysts and studied the reduction of phenol to cyclo­

hexanol. They measured the actual nickel surface of these catalysts 

by adsorption of hydrogen at 180° and 1 atmosphere pressure . (Only 

nickel adsorbs hydrogen under these conditions .)  For the most active 

catalysts, the activity per unit nickel area is equivalent to that of 

pure nickel. For the inactive catalysts of low nickel content, the frac­

tion of the surface occupied by nic kel is much too high, indicating an 

inactive form of sub-amorphous nickel . 

Duzee and Adkins32 state that supported catalysts are much better 

than the corresponding unsupported ones for catalytic hydrogenation with­

out hydrogenolysis . Thampsonl2 has shown that this is not necessaril y 

true but depends on the nature of the support and other reaction conditions . 

For example, acidic supports such as silica promote dehydration or cleavage 

during high-t,e mperature hydrogenations. Taylor, Rose, and Alderson33 have 

reported that acidic supports lead to hydrogenolysis during the dehydro­

genation of cyalohexanol to phenol . 

D .  Rhodium Catalysis 

A review of the great amount of research done on the catalytic 

hydrogenation of aromatic compounds using platinum catalysts is beyond 

the scope of this work. However, the use of rhodium for reduction of 

aromatic rings is relatively new, and a summary of the work with this cata­

lyst has been given by Thompson.12 Portions of his review are included 
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here, together with more recent work with rhodium catalysts. 

Zelinski and Pollak12,J4 were the first to report that rhodium 

is adapted to hydrogenation of the benzene ring. They worked with platinum, 

rhodium, ruthenium, and iridium catalysts supported on asbestos. The 

activity of the rhodium appeared to be about the same as that of platinum, 

and it was found that platinum and rhodium were superior to ruthenium 

and iridium with respect to sintering at high reaction temperatures. Of 

the series platinum, rhodium, iridium, ruthenium, and palladium, only 

platinum and rhodium continued to catalyze the hydrogenation of benzene 

at ,300-,310°. 

Zenghelis and Stathis12,35 have reported that colloidal rhodium is 

superior to colloidal platinum for the reduction of many unsaturated mole-

cules. They further stated that the rhodium-catalyzed reduction did not 

require an acidic medium, while for some of the platinum hydrogenations 

such a medium was necessary. Minacherl2,36 has found that 1 per cent 

rhodium on alumina and on carbon have about the same activity with re-

spect to hydrogenation of benzene as do the corresponding platinum cata­

lys:ts. Recently, workers at Baker and Compa.eyl2,37 (supplier of cormnercial 

catalysts) have shown that 5 per cent rhodium on alumina is effective for 

the reduction of maqy substituted aromatic and heterocyclic compounds. 

This catalyst was shown to be somewhat more active than 5 per cent platinum 

on alumina. 

Hernandez and Nord,12,38 who worked with colloidal rhodium and 

rhodium on carbon, have some evidence that the mechanism for rhodium re-

ductions may be different from that in platinum and palladium reductions. 
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With rhodium supported on colloidal polyvinyl alcohol, they found that 

the rate of reduction of nitro groups attached to aromatic nuclei was 

dependent upon the electronic nature of other substi tuents on the aro­

matic ring. Als_o, the rate of hydrogenation of nitrobenzene over the 

colloidal rhodium was sensitive to pH; the reaction was not sensitive to 

pH when carried out over colloidal palladium. Emmett.39 has repeated the 

work of Hernandez and Nord and found their results to be in error. His 

results indicate that the mechanisms for rhodium and platinum reductions 

are the same. 

Thompsonl2 has made an extensive study of the utility of various 

rhodium compounds as catalysts for the hydrogenation of the benzene 

nucleus . Five per cent rhodium on alumina was found to catalyze readily 

the hydrogenation of the benzene nucleus at room temperature and ordinary 

pressures. With this catalyst anisole absorbed 3.06 moles of hydrogen 

per mole, corresponding to only 6 per cent cleavage. The hydrogenation 

ot 11 4-dimethOJcy"benzene was carried out using Adams platinum, 5 per cent 

platinum on alumina, rhodium black, and 5 per cent rhodium on alumina. 

The rates of hydrogenation were measured, as well as the amounts of cleavage. 

It was found that about 50 per cent of the methoxyl groups were 

cleaved during hydrogenation with the platinum catalysts, while ou1y about 

12 per cent underwent cleavage when rhodium was employed. It appears to 

be an intrinsic metal property that governs the amount of cleavage rather 

than a difference in surface properties of the catalyst. Supported and 

unsupported catalysts for each metal led to about the same amount of 

cleavage. 



16 

On a total weight basis, the pure metal catalysts were found to 

be more active in each case. Adams platinum is almost six times as 

active as platinum on alumina; rhodium black is over twice as active as 

rhodium on alumina. On the basis of weight of catalytic metal, however, 

the supported catalysts are much superior. 

Thompson did some hydrogenation work with commercially obtained 

rhodium oxide • This material did not catalyze the hydrogenation of benzoic 

acid in glacial acetic acid at room temperature. Heating the rhodium oxide 

in a high-pressure bomb under a hydrogen pressure of 1200 p. s. i. caused 

reduction at about 125°. The catalyst thus obtained was active in hydro­

genating benzoic acid at room temperature and low pressures. Thompson 

hydrogenated anisole, £-dimethoxybenzene, �-methaxybenzoic acid, and 

phenol in the high-pressure bomb at temperatures of 125-150° and pressures 

of 1200-1600 p. s. i. It was found that rhodium (oxide) is not nearly as 

active a catalyst as are Adams platinum and 5 per cent rhodium on alumina. 

Reference to the research of Gilman and Cohn13 with 5 per cent 

rhodium on alumina catalyst has been made earlier in this work. They 

studied the rate of hydrogenation of benzene and the influence of substi­

tution of alkyl-, hydroxyl-, and carboxyl-groups. All substitutions were 

found to decrease the hydrogenation rates. Upon introducing methyl groups 

directly in the ring, the hydrogenation rate decreases exponentially with 

an increasing number of methyl groups. With other alkyl groups and hy­

droxyl and acid groups, no simple correl�tion to the hydrogenation rate 

has been found. The hydrogenation is stoichiometric, and no indication 

for cleavage from the ring of the groups substituted was found. 



1. Hydro?ql Cleavage 

E. Purpose of Present Research 

17 

As previously mentioned, the hydrogenation of meth�benzenes 

over platinum catalyst is accompanied by cleavage of the methoxyl groups 

from the benzene ring to a much greater extent than when rhodium is used 

as a catalyst. Thompsonl2 has pointed out that most of the work which 

has been published on the cleavage of aromatic ethers does not deal with 

the u1 timate nature of the phenomenon and the factors influencing it. 

There are sufficient data available for one to realize that the problem 

is complex and that both the existence and extent of cleavage are in­

fiuenced by many factors. It was the purpose of this research to extend 

Thompson's methoxybenzene studies to include the hydroxybenzenes, with 

the hope that further understanding of the cleavage reaction could be 

gained. Effects of temperature were to be considered, as well as the 

structure of the compound being hydrogenated and the nature of the cata­

lyst itself. 

2. Ketone Intermediates _!!! the Hy<irogenation _£!: Phenols 

A study of the role played by cyclohexanone in the hydrogenation 

of phenol has claimed the interest of various investigators over the 

years, and a review of these studies has been given earlier in this work. 

It was of interest to extend such studies to include the hydrogenation of 

the isomeric dihydraxybenzenes, catechol, resorcinol, and hydroquinone, 

to find out whether ketones or diketones are formed during the course of 

the reaction, and, if so, in what amounts. This might lead to interesting 
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conclusions concerning the mechanism of the hydrogenation of the benzene 

nucleus, as well as provide an advantageous methoq for the preparation 

of �clic ketones and diketones. 

3. Effect £! Substitution� Reaction Rates 

rhia laboratory has been active for many years in the study of the 

effect of substituents and substitution on the platinum-catalYZed hydro­

genation of the benzene nucleus, and in more recent years this study has 

been extended to include various other catalysts, particularly rhodium. 

It was desired to extend these data to include various hydro�l substituted 

benzenes. Of particular interest was a comparison of the rates of hydro­

genation of hydraxybenzenes with the corresponding metho�benzenes. 



CHAPI'ER II 

EXPERlMENTAL 

A. Materials 

1.  Aclams Platinum Catalyst 

Commercial preparations of platinum oxide were used as obtained 

from the American Platinum Works, Newark, New Jersy, and from the Gold­

smith Brothers, Chicago, Illinois. Each sample of catalyst was standard-

ized by hydrogenation with benzoic acid in order that all rate constants 

lllight be referred to a standard catalyst. The standard which has been 

chosen tor the work in this laboratory gives the value of 0 . 1120 liters 

gram·1 lllinute-1 for k;oo for the hydrogenation or benzoic acid in 

glacial acetic acid with Adams platinum. 

2. !l!;!!!.!:. �Rhodium� Alumina !;!!!! ��Cent Platinum� ;;Al:;.umi;;;.;.;;;;;.;n;.;;.a 

These catalysts were used as obtain�d from Baker and Company, Inc., 

Newark, New Jersey. All catal.ysts were stored in glass bottles which 

were kept in a desiccator. 

3. Acetic� 

Glacial acetic acid, used as solvent in most of the hydrogenations, 

was obtained by fractionation of du Pont c. P. glacial acetic acid through 

an 8-ft. Vigreux column and the fraction boiling between 116 . 7-116.9°/740 

mm. was collected. 

•• 
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4. Methanol 

Fisher Certified Reagent methyl alcohol was used without further 

purification as solvent in some hydrogenations. 

5. Benzoic Acid 

Eastman white label (sublimed) benzoic acid was used without fur-

ther purification. 

6. Hydrogen 

Commercial hydrogen obtained from the National Cylinder Gas Company 

was used without further purification. This hydrogen has been shown pre-

viously to be satisfactory for use in catalytic hydrogenations. 

7. Phenol 

Matheson (Coleman and Bell Division) phenol was fractionated through 

a 2�ft. Vigreux column and the fraction boiling at 181.6°/745.8 mm. was 

collected. The colorless product was stored in a brown bottle in the dark. 

B. Catechol 

Eastman white label catechol, m.p. 106-106.2°,* was purified by re­

crystallization from benzene. The recrystallized catechol melted at 108.5°. 

9. Resorcinol 

Matheson (Coleman and Bell Division) resorcinol, m.p. 111.2-111.6°, 

was reo+,ystallized from toluene. Recrystallization produced no change in 

the melting point. 

*All melting points were taken on an aluminum melting point block 
using Ansoheutz thermometers. 
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10. Hydro quinone 

Merck hydroquinone, m.p. 175.0-176.8°, was purified by dissolving 

the material in a minimum amount of acetone and adding an excess of ben­

zene to the solution. The crystals of hydroquinone obtained in this man­

ner melted at 175.4-176. 6°. 

11. Phloroglucinol 

Eastman white label phloroglucinol, m.p. 219°, was used without 

further purification. 

12 . Pyrogallol 

Baker Chemical Company pyrogallol, m.p. 136°, was recrystallized 

from an ethanol-benzene mixture. Recrystallization produced no change 

in the melting point. 

13. 9zclohexanone 

Eastman white label cyclohexanone was used without further purifi-

cation. 

B. Low-pressure Hydrogenations 

1. ApParatus � Procedure 

A low-pressure Parr apparatus containing certain modifications 

which allowed more accuracy in the determination of reaction rates was 

used. The hydrogen pressure gauge employed was graduated to the nearest 

quarter of a pound, and accordingly pressures could be estimated to be 

nearest tenth of a pound. The standard hydrogen tank provided w� replaced 
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with a smaller tank so that small samples could be hydrogenated with 

a relatively large drop in pressure. The volume of the system used in 

this work, including reaction bottle and connections, was 1.14 liters. 4° 

The general procedure for carrying out a hydrogenation was the same as 

that previously described. 41 

The initial hydrogen pressures for each hydrogenation were about 

50 p.s.i.g. The changes in pressure during the course of the reactions 

were of the order of 5-15 p.s.i. 

The reaction bottle of the apparatus was enclosed in a metal jacket 

through which water from a constant-temperature bath was circulated. This 

bath was maintained within� 0.1° of the desired reaction temperature. 

The rate of the water circulation was large enough that the temperature 

drop of the water returning to the bath was negligible. For the runs 

at 20°, 40°, and 50°, the solvent and reaction bottle were brought to 

the approximate temperature of that run before the bottle was placed in 

the apparatus. Then an additional time of five to ten minutes was allowed 

for thermal equilibrium while the bottle was being evacuated and filled 

with hydrogen. In almost every case shaking of the heterogeneous reaction 

mixture and timing began �diately after the vessel was filled with hy­

drogen. However, no pressure drop was noted when the apparatus was allowed 

to stand ten to twenty minutes before shaking. 

Unless otherwise specified, 25 ml. of glacial acetic acid was used 

as the solvent in all runs. The weights of catalyst and acceptor were of 

the order of 0.05-0. 5 g. and 1.0-2.0 g., respectively. All of the compounds 

used were completely soluble in the acetic acid solvent with the exception 

of hydroquinone and phloroglucinol. 
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2. Calibration 

In order that the amount of hydrogen absorbed in eaoh hydrogenation 

might be determined, it was necessary to oalibra.te the hydrogenation 

apparatus. This was done by hydrogenating several weighed samples o.f' ben­

zoic acid which is known to absorb three moles of hydrogen for every mole 

of benzoic acid. The pressure drop for the absorption of one mole of hy­

drogen, as calculated from the benzoic aoid hydrogenati.ons, was 321.2 

pounds. Thus the �p for aQY hydrogenation could be related to the number 

of moles of hydrogen required to complete the reaction. Simple hydrogena�· 

tion of a:rr;r benzene nucleus would require 3. 0 moles of hydrogen per mole 

of aromatic compound, 'While complete cleavage of the hydroxyl groups at 

the carbon-oxygen bond, in addition to ring saturation, would require 4.0, 

5.0, and 6.0 moles for mono�, di-, and tri-hydroxybenzenes, respectively. 

For a given hydrogenation �� on an hydroxybenzene, ring saturation is 

always complete; cleavage of the hydroxyl group is usually not complete. 

Thus a value of 3.40 for phenol indicated complete ring hydrogenation 

accompanied by cleavage of 40 per cent of the hydroxyl groups. 

In order to allow for variation in catalyst activity for various 

batches of Adams platinum catalyst obtained, each batch was standardized 

as mentioned previously with benzoic acid and referred to a common basis. 

Smith, Alderman, and Nadig42 prepared several batches of Adams catalyst 

and measured the rate of hydrogenation of benzoic acid for each batch. 

The average value for the rate constant was Ooll20 1. min. -1 which was 

taken as the standard. For the other catalysts, a single batch was used 

for t he entire work. 
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In the determination of rate constants in heterogeneous catalysis, 

it is important to remember that for a given shaking rate the amount of 

catalyst can only be varied over a limited range for which e quilibrium 

exists . Otherwise, the rate of reaction is no longer proportional to 

the catalYst weight . The same is true, of course, for the choice of 

shaking rates with a given quantity of catalyst . In this work, the rate 

of hydrogenation for each compound was found to be proportional to the 

catalyst weights used (0.0$-0 .1 g ,  for platinum; o . o$-0.5 g .  for rhodium) 

at a shaking speed of about 212 cycles per minute . 

c. Calculations 

As was shown previously for the hydrogenation of benzene and various 

substituted benzenes, the kinetics for the reduction of hydroxybenzenes 

were found to be first order with re spect to hydrogen pre ssure, zero order 

with respect to concentration of hydrogen acceptor, and dire ctly propor-

tional to catalyst weight . These kinetics were obeyed for both the platinum 

and rhodium catalysts . For a heterogeneous reaction obeying these kinetics, 

the rate is given by: 

dn 
dt 

= k ' P (1) 

where n is moles of acceptor, t is time, P is pressure, and k '  is a con-

stant . For the ideal gas law :  

nRT 
P = --=v=--- (2) 

where R, T, and V are the gas constant, the absolute temp erature, and 

volume, respectively. 



For constant temperature and volume, 

dP dn RT 
"dt = "dt -v · 
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(3) 

Substituting the value of dn/dt from equation (3 ) into equation (1 ) and 

rearranging: 

dP kit RT P - - = 
dt v 

where kit is now the specific rate constant in moles atm . -1 time-1 • 

(4) 

In order to compare the rate constants obtained with those pre-

viously calculated for various hydrogenations, specific rate constants 

were calculated from the expression given by Fuzek and Smith40 in which 

RT is absorbed in the constant where k is now given in liters time-1 . 

- �  = ....!... p 
dt v 

( 5)  

This expression is correct when one is working at a constant and 

specified temperature, but it is in slight error when used for campari-

son of rate constants at different temperatures and for calculation of 

activation energies .  The error in an activation energy calculated from 

k is well within experimental error when one is dealing with short 

temperature ranges and when most of the hydrogen remains at room tempera-

ture even though the temperature of the reaction flask is changed .  

Integration of (5 )  above gives :  

-kt 
log P = 

2 •303 V + log P0 • (6)  

To obtain values of k, the slope of the straight line obtained by plotting 

log P versus t was multiplied by -2 .303 V. All rate constants were re� 

ferred to 1.0 gram o! catalyst (�.o) by dividing k by the catalyst weight o 
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Figure 1 shows a typical hydrogenation plot . In most eases a drift 

from linearity was observed after about 60-80 per cent reaction . This was 

due to catalyst pois oning which reduced the number of "active" spots .. Cata-

lyst poisoning was not as pronounced for the supported rhodium on alumina 

catal7st as for Adams platinum. Rate constants calculated from the slope 

of the linear portion were usually reproducible within 5 per cent .. 

The Arrhenius equation, relating the change in rate c onstant with 

temperature is ; 

Taking the logarithm of this equation, 

log k = -AHa 
2 .303 RT 

+ log A 

(7) 

(8 ) 

where AHa is activati on energy, A is a constant, and the other symbols 

are as previously defined . Activation energies were determined from the 

slopes of the lines obtained by plotting log k versus 1/T .  The reaction 

rates for these plots were determined at temperatures of 20°, 30°, 40°, 

and 50°. For a heterogeneous reaction, true activation energies are ob-

tained only for a zero order reaction . Since the reactions studied here 

are dependent upon hydrogen pressure, only apparent activation energies 

(and, indeed, rate constants ) can be calculated . However, the deviation 

in true and apparent activation energies here involves only the heat of 

adsorption of hydrogen, which should be appr oximately the same for a 

given catalyst regardless of the compound s tudied . Hence the relative 

activation energies for a series of compounds on a given catalyst should 

be the same as for a zero order reaction . 
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CHAPI'ER III 

RESULTS AND DISCUSSION 

A.  Cleavage s  of Hydroxybenzenes 

1 .  Effect � Catalyst 

As has been pointed out previously in this work, the methoxyl 

group may be split from an aromatic nucleus during catalytic hydrogena­

tion . The extent of cleavage is quite larg� when Adams platinum cata­

lyst is employed. In the hydrogenation of phenol using rhodium ( oxide) 

catalyst, Thompsonl2 found from the moles of hydrogen absorbed per mole 

of phenol ( 3 . 09) and the refractive index of the products that some 

cleavage to cyclohexane and water occurred. Coussemant and Jungers4 

indicated that in the hydrogenation of phenol with Raney nickel a 

slight deviation of the refractive index was observed toward the end of 

the reaction, and they attributed this to "dehydration . "  The tempera­

tures of their reactions varied between 113-174°, however, and it is not 

surprising that "dehydration" was observed at these higher temperatures .  

At 30o, phenol over platinum absorbed 3 . 22 moles of hydrogen per 

mole of phenol which corresponded to 22 per cent cleavage of the hydroxyl 

group . Catechol is cleaved to the extent of about 3 2  per cent, while 

resorcinol and hydroqu.inone are cleaved about So per cent . Approximately 

23 per cent of the hydroxyl groups are cleaved in the hydrogenations of 

phloroglucinol and pyrogallol . 
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Five per cent rh odium on alumina was f ound to catalyze readily 

the hydrogenation of the dihydroxybenzenes and trihydroX7benzenes at 

room temperature and ordinary pressures . With this catalyst phenol, 

catechol, and phloroglucinol show no appreciable cleavage at 30°, while 

resorcinol, hydroquinone and pyrogallol undergo cleavage to the extent 

of 7-9 per cent . These results are further proof that the nature of the 

catalyst is very important in determining the amount of cleavage and 

illustrate the fact that 5 per cent rhodium on alumina serves as an ex­

cellent catalyst f or the hydrogenation of the benzene nucleus at room 

temperature and ordinary pressures without cleavage of groups substituted 

on the ring . 

Thompson, 12 working with either platinum or rhodium, has sh own 

that supported ( on alumina) and unsupported catalysts led to about the 

same amount of cleavage, !.·�·'  it appears to be an intrinsic metal 

property that governs the amount of cleavage rather than a difference in 

surface properties of the catalyst . As was p ointed out, however, it is 

p ossible f or these particular catalysts that the alumina surfaces are 

covered with active metal so that each active surface is essentially the 

same f or the supp orted and unsupported catalysts . H e  found, also, that 

on a total weight basis the pure metal catalysts are more active in each 

case, !.·�· ' Adams platinum was f ound to be almost six times as active 

as platinum on alumina and rhodium black was over twice as active as 

rhodium on alumina .  H.owever, when one compares the rates of hydrogena­

tion on the basis of weight of catalytic metal, supported catalysts 

were f ound to be very much superior. 
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2. Effect .9f Temperature 

The amount of cleavage of phenol, the dihydroxybenzenes, and the 

trihydroxybenzenes (phloroglucinol and pyrogallol) has been determined 

as a function of temperature over the range 20-50° . Tables I and II in­

clude the cleavage data for hydroxyl-compound hydrogenations over Adams 

platinum and 5 per cent rhodium on alumina, respectively� Plots of 

amount of hydrogen absorbed per mole of hydroxyl compound as a function 

of temperature are shown in Figures 2 and 3 .  It i s  of interest to note 

that the amount of cleavage over platinum is a linear function of tem­

perature, increasing as the temperature increases .  Figure 3 is included 

to point up the fact that cleavage of the hydroxyl group over 5 per cent 

rhodium on alumina does not appear to be a linear function of temperature . 

This is in contrast to the results obtained by Smith and Thompson43 for 

methoJcy"l group cleavages over this catalyst . Actually, the extent of 

cleavage over rhodium is so  small as to be almost within experimental 

eiTor . 

The data on the cleavage of hydroxyl compounds is of great value in 

organic synthesis .  In some cases, the organic chemist wishes to hydro­

genate an organic compound with loss of one or more hydroxyl groups, but 

more often he wishes to hydrogenate an hydroxyl compound and retain the 

group . The results obtained in this research add support to the results 

of Smith and Thompson, 43 �·!. · '  a high temperature and use of platinum 

oxide promotes cleavage, while low temperatures and the use of rhodium 

on alumina combine to retard cleavage during hydrogenation. 



TABLE I 

CLEAVAGE OF HYDROXYL GROUPS OVER ADAMS PLATINUM 
AS A FUNCTION OF TEMPERATURE 

Tem12erature 
Compound 20° 30° 40° 50° 

Phenol 3 . 19b 3. 22  3 .31 3 .38 

Catechol 3 . 61 3 . 63 3.66 3 . 68 

Resorcinol 3 . 91 4.00 4.03 4.07 

Hydro quinone 3 . 95 3 . 97 4 . 05 4 .. 05 

Phloroglucinol 3 . 28 3 .48 3 . 54 3 .64 

Pyrogallol 3 .57 3 . 10 3 . 72 3 . 83 
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T coeff .a 

0.19 

0 . 07 

0 .11 

0 . 10 

0 . 29 

0 . 26 

&Change in moles of hydrogen absorbed per mole of acceptor for 
temperature change from 20 to 5oo as determined from plots (Figure 2 ) . 

bva1ues are given in moles of hydrogen absorbed per mole of 
acceptor . · 



TABLE II 

CLEAVAGE OF HYDROm GROUPS OVER 5 PER CENT RHODIUM 
ON ALUMINA AS A FUNCTION OF TEMPERATURE 

Tem12erature 
Compound 200 300 40° 

Fhenol 3 .04a 3 .01 2 . 99 

Catechol 3 .04 2 . 94 3 . 10 

Resorcinol 3 .07 3 . 16 3 .16 

Hydro quinone 3 . 29 3 .18 3 .14 

Phloroglucinol 2 . 78 2 . 85 2 . 88 

Pyrogallol 3 .12 3 . 22 3 . 24 

32  

50° 

3 . 04 

3 ol3 

3 .16 

3 . 21 

2 . 81 

3 . 24 

aValues are given in moles of hydrogen absorbed per mole of 
acceptor . 
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3 .  Ketone Hycirogenations 

Two ketones, cyclohexanone and 1, 3-cyclohexanedione, were hydro­

genated at 30° in acetic acid over Adams platinum and 5 per cent rhodium 

on alwnina catalysts. The rates of hydrogenation, as well as the amounts 

of cleavage, were measured . These data are compared with the data for 

phenol and resorcinol hydrogenations in Tables III and IV. 

The extent of cleavage of the hydroxyl group is nearly twice as 

great in the hydrogenation of phenol as it is in the hydrogenation of 

cyclohexanone. If phenol hydrogenates via cyclohexanone as an intermed­

iate, one would expect the per cent cleavage to be the same in each case . 

Two explanations can be advanced for these results. Wickerl-8 postulated 

that phenol and the cresols hydrogenate not only via a ketone intermediate 

but also through the enol form of the ketone . Thus a difference in the per 

cent stable ster�.oisom.er .£omed on -hydro gena tiol'l is expe oted and observ-E?d, 

starting with a cresol or the corresponding methylcyclohexanone . A 

similar situation might exist in the hydrogenation of phenol and cyclo­

hexanone. Phenol could hydrogenate via the enol form of cyclohexanone as 

well as through the keto form, and a difference in per cent cleavage 

might be expected for the two different reaction routes . The important 

point, however, is that cyclohexanone cannot be an intermediate in the 

general sense in the hydrogenation of phenol on the basis of Wicker ' s  re­

sults and from the information obtained from hydroxyl-group cleavage in 

this work . 

A more favorable explanation evolves from the mechanism proposed 

by Thompsonl2 for the cleavage of methoxyl groups during hydrogenation. 
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TABLE III 

COMPARISONS OF RATE CONSTANTS AND CLEAVAGES AT 30° FOR HYDroGENATIONS 
OF HYDROXYBENZENES AND KETONES OVER PLATINUM 

C ompound 

&enol 

Cyclohexanone 

Resorcinol 

1 , 3-Cyclohexanedione ' . 

kJ..o 

0.1620 

0 .1937 

0 .1611 

0 .1949 

Moles H2 Moles H2 
Mole Compound Role Hydroxyl Groups 

3 . 22 0 . 22  

1.12 0 .12 

4 .00 0 .50 

3 .13 0 . 56 
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TABLE IV 

COMPARISONS OF RATE CONSTANTS AND CLEAVAGES AT 30° FOR HYDROGENAT IONS 
OF HYDROXYBENZENES AND mONES OVER RHODIUM 

Moles H2 Moles H2 
Compound kl.o Role aompound Role RyarOX1i �roups 

Hlenol o.o687 2 . 96 o.oo 

Cyclohexanone 0.04.52 0.92 0 . 00 

Resorcinol 0.0311 3 .16 o .oa 

1,3-Cyolohexanedione 0.1081 2 .13 0 .07 
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He postulated the formation of a cyolohexene intermediate with the 

double bond �- ( to the methoxyl group, which could react in one of 

two ways : 

+ CHJOH 

Simple hydrogenation would lead to methoxycyclohexane while hydrogenolYsis 

and hydrogenation combined would lead to cyclohexane and methanol . These 

two reactions do not take place independently but compete with each other, 

and this competition accounts for the fact that hydrogenolysis is never 

100 per cent. 

With phenol the reaction could take place as foll� : 

OOH 2H2 t QoH 

ot� 
H2 } Qoa 

\_ 2H2 > Q  + H20 

The competition between hydrogenation and hy�ogenolysis of the hydroxy-

cyclohexene would determine the per cent cleavage of the hydroxyl group . 

To account for the formation of cyclohexanone, one could picture the 

formation of 1-hydroxyoyclohexene-1 and 4-hydroxycyclohexene-1 as well 

as 3-hydroxyuyolohexene-1 as intermediates : 

and 
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The 1-hydro�cyclohexene-1 would very probably tautomerize to the keto 

form. The extent of cleavage would be expe!'ted to be different for the 

three cyolohexenas and the hydrogenation of phenol should then lead to a 

different per cent cleavage than would be observed for cyclohexanone . A 

more detailed comparison between the hydrogenations of phenol and cyclo-

hexanone is presented in a later portion of this work . 

In contrast to the behavior of cyclohexanone and phenol, 1, 3-cyclo-

hexanedione undergoes cleavage or the hydroxyl groups to a greater extent 

than does resorcinol over Adams platinum. Actually, the difference in 

per cent cleavage obtained for resorcinol and 1,3-cyclohexanedione is 

almost within experimental error, especially over rhodium. This is not 

inconsistent with the modified Thompson mechanism proposed above for the 

hydrogenation of phenol . The reaction or resorcinol could be visualized 

as r allows : 
OH 

OH 
__ H;;;;..2_4o 

or 

Starting with 1,3-eyclohexanedione in glacial acetic acid solution, the 

reaction might conceivably proceed as 

or 

This points up the fact that the reaction intermediates could be the same, 

starting with either resorcinol or 1, 3-cyelohexanedione . Results or experi-

menta will be presented later which indicate that ketones are not formed in 
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the hydrogenation or resorcinol . This seems to indicate that a cyclo­

hexene or cyclohexadiene is the reaction intermediate in the hydrogena­

tion of this compound. 

4 . Effect of Acetic Acid ...,;;..o.....,..;._ _  -

Thompsonl-2 has shown that cleavage is very detini tely a function of 

acid concentration in the hydrogenation of meth�benzenes, increasing as 

the acid concentration increases. This behavior is logioal since aoidic 

media are lmown to promote ether cleavages .  Reference was made earlier 

to the work of Levin and Pendergrass . 2.$ 'l'hey' observed that in the hydro­

genation of ��bydr�benzoic acid over Adams platinum a mixture of oyolo­

hexaneoarbo�lio acid and 4-hydr�oyolohexanecarb�lio acid was obtained . 

Acidic reagents were found to increase the amount of cyclohexanecarboxylic 

acid while basic reagents reduced it . 

Glacial acetic acid was used as the solvent in each of the hydrogen-

ations in this work . Hence differences in per cent cleavage are not at-

tributable to acid concentration .  

5. Effect of Structure 

Tables V and VI show the amount of cleavage at .30° of hydroxyl groups 

during the hydrogenation of phenol, catechol, resorcinol, hydroquinone, 

phloroglucinol and pyrogallol.. It is apparent from these data that the 

catalyst is far more important in determining the extent of cleavage than 

the structure of the molecule hydrogenated . For each compound, the 

cleavage reaction was of considerable importance when the hydrogenation-

hydrogenolysis was catalyzed by platinumJ the cleavage reaction was of 



minor importance in the case of rhodium on alumina. 

It has been shown12 that there is little or no electrical in­

fluence of substituents on cleavage . Rather, the relative size of the 

substituents involved seems to be an important factor . It can be seen 

from the data in Tables V and VI that the ortho isomer undergoes less 

cleavage than the meta or para isomers . This may be due to a slight 

steric inhibition of cleavage for the ortho isomer . However, if sterio 

inhibition of cleavage were the prime factor, one might expect �-dimeth�­

benzene to cleave less readily than �-dihydroxybenzene . A comparison of 

· the data given in Table VII does not show this to be the case . 

As was mentioned previously, Amatatsu24 hydrogenated aromatic com­

pounds containing the hydroxyl and methoxyl groups and the -OCH20- linkage 

( as in safrole) over nickel at pressures of 50-60 atmospheres and at tempe ra ­

tures of 140-200° . He concluded that the ease of cleavage of the carbon­

oxygen bond is : 

-OCH20- ) -OCHJ ) -OH 

This would account for the fact that �-dimethoxybenzene cleaves to a 

greater extent than does �-dihydroxybenzene and anisole to a greater ex­

tent than phenol� The methoxyl groups in 1, 2, 3-trimethoxybenzene cleave 

to a greater extent than do the hydroxyl groups in 1, 2, 3-trihydroxybenzene . 

With the � and para isomers, the dihydroxybenzenes and dimethoxyben­

zenes cleave to about the same extent . 

Amatatsu ' s  postulate is even more closely followed when one compares 

the extent of cleavage for these compounds over 5 per cent rhodium on 

alumina catalyst, Table VIII . In each instance, the methoxyl compound 



TABLE V 

CLEAVAGE OF HYDROXIL GROUPS AT 30° FOR LOW-FRESSURE 
HYDROGENAT IONS OVER PLATINUM 

Mole s H2 Moles H2 

42 

Compound Mole Compound Mole Hydroxyl Groups 

Phenol 3 . 22 0 . 22 

Cate chol 3 .. 63 Oo32  

Resorcinol 4 . 00 O o 50 

Hydro quinone 3 . 97 0 . 49 

Phloroglucinol 3 o 48 0 .. 16 

Pyrogallol 3 . 7 0  0 . 23 
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TABLE VI 

CLEAVAGE OF HIDROXTI. GROUPS AT 30° FOR LOW-PRESSURE HYDROGENATIONS 
OVER 5 PER CENT RHODIUM ON ALUMJNA 

Moles H2 Moles H2 
Compound Mole Compound Mole Hydroxyl Groups 

Fhenol 3 . 01 0 .01 

Catechol 2 . 94 o. oo 

Resorcinol 3 . 16 O o OB 

Hydroquinone 3 . 18 O o09 

Phloroglucinol 2 ., 85 0 . 00 

Pyrogallol 3 . 22 0 . 07 
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TABLE VII 

COMPARISON OF CLEAVAGE OF METHOXn. AND HYDROXn. GROUPS AT 30° 
FOR Lai-PRESSURE HYDROGENATIONS OVER ADAMS PLATINUM 

Moles H2  Moles H2 

Compound8 
Mole Methoxyl Mole Hyd.J'oxyl 

Groups Compound Groups 

Anisole O o 40 Phenol 0 .22  

o-Dimethoxybenzene 0 . 48 Catechol 0.32 
-

!-Dimethoxybenzene 0 . 50 Resorcinol o .5o 

£-Dimethoxybenzene o .52 Hydroquinone 0 . 49 

1, 2, 3-Trimethoxybenzene 0 .44 Pyrogallol 0 . 23 

8Data for these compounds obtained from Smith and Thompson.43 
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TABLE VIII 

COMPARISON OF CLEAVAGE OF MEI'HOXYL AND HYDROXYL GROUPS AT 30° FOR 
LOti-PRESSURE HYDROGENATIONS OVER 5 PER CENT RHODIUM ON ALUMINA 

Moles H 2 Moles H2 
Mole Metho:xyl Mole Hydroxyl 

Compound a Groups Compound Groups 

Anisole o.o6 Phenol 0.01 

�-Dimethoxybenzene o.oa Catechol o . oo 

�-Dimethoxybenzene Ool8 Resorcinol 0 . 08 

E-Dimethoxybenzene OolO Hydro quinone O o09 

1, 2, 3-Trimethoxybenzene O o ll Pyrogallol 0.01 

anata for these compounds obtained from Smith and Thompson . 43 
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shows a greater extent of cleavage than does the corresponding hydr oxyl 

compound . 

It i s  interesting to note that the symmetrical 1, 3, 5-trihydroxy­

benzene, phloroglucinol, undergoes cleavage to a lesser extent than does 

1, 2 ,3 -trihydroxybenzene, pyrogallol . These results are obtained both 

with Adams platinum and with 5 per cent rhodium on alumina . This would 

indicate that the suppression of hydrogenolysis by steric crowding can­

not be of major importance . One would certainly anticipate that the 

steric crowding provided by the three adjacent hydroxyl groups in pyro­

gallol would decrease the extent of cleavage of these group s . Ketone 

intermediates could play a more active role in the hydrogenation of 

pyrogallol than
'
in the hydrogenation of phloroglucinol, however, and this 

could acc ount for the difference in per cent cleavage of the hydroxyl 

group with these two compounds .  

B .  Ketone Intermediates in Phenol Hydrogenations 

1 .  Phenol 

As was mentioned previously, various investigators have obtained 

results which indicate that cyclohexanone is an intermediate formed during 

the catalytic hydrogenation of phenol. A mechanism for the hydrogenation 

of phenol has been proposed which involves cyclohexanone as an inter­

mediate . Cyclohexanone was not isolated when phenol was hydrogenated 

over Adams platinum in thi s  work, but Vavon and Bertin2 reported the iso­

lation of oyclohexanone when they hydrogenated phenol over platinum black . 
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In this work, 1. 02 g .  of phenol was hydrogenated over 0 . 0901 g .  

of platinum oxide in 25 ml. of acetic acid and in the presence of l o 21 

g .  of semicarba zide hydrochloride . After the catalyst was removed by 

filtration and the acet ic acid solvent was evaporated � �' an oil-

like residue was obtained which gradually crystallized. After recrystal ­

lization from an ethanol-ethyl ether mixture , 0 . 40 g. of a white crystal­

line solid was obtained which melted at 175-176° . Elemental analysis 

showed that the material was not cyclohexanone sem icarba zone . However , 

associating two molecules of water w ith the cyclohexanone semicarbazone 

gives the following result : 

Anal. * Calcd . for C7H17N3D3 ' C ,  43 � 96; H, 8 . 96; N, 2l o97 . 

Found : C ,  43 . 2 ;  H, 8 . 8; N, 22 .17 . 

When th is material was mixed w ith known cyclohexanone semic arbazone a 

depression in the melting point was observed , a definite indication that 

the material is not unhydrated cyclohexanone semicarbazone . 

There is no evidence that cyclohexanone semicarbazone forms a di-

hydrate . Indeed, the two molecules of water could be t ied into the semi-

carba zone molecule in some form other than that of a hydrate . The mat er ial 

has a sharp melting point which does not change with recrystallization, 

an ind ication that it is a pure compound . Waser 44 reported the isolation 

of cyclohexyl semicarbazide , m.p .  182 -183°, when he hydrogenated phenol 

over platinum black in an acet ic acid -water solution and in the presence 

of semicarba zide hydrochloride . He neutralized the r eaction mixture with 

ammonia before attempting to isolate the semicarba zide . No such neutrali-

*All elemental analyses were performed by Weiler and Strauss M icro­
analyt ical Laboratory , Oxford, England. 
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zation was made in this work, and this provides a possible explanation 

for the derivative obtained . Consider the mechanism for semicarbazone 

fonna.tion: 

�0 + CHJCOOH 

+ �2-NH-CO-N.H2 

O oH + cH3coo-

A proton would be expected to be removed at this point, but the possi-

bility exists that in the glacial acetic acid system used in this work 

a situation such as the following might predominate : 
+ 

�NH2-NH-CO-NH2 
\.___/'- oH 

Evaporation of the s olvent would leave the acetate salt . Recrystallization 

of this material from aqueous ethanol could easily lead to a derivative 

such as 

which is in agreement with an elemental analysis obtained . 1, 2-Cyclo­

hexanediol forms a dihydrate, 4S so the association of a molecule of water 

with the hydroxyl group in the derivative above is not unusual, especially 

since various possibilities exist for the formation of hydrogen bonds . Re-

gardless of the actual structure of the derivative obtained, some idea of 

the per cent ketone formed during the course of the reaction is gained 
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from the experiment . 

The o.4o g .  of this material corresponds to 19. 3 per cent ketone 

formed during the course of the reaction . The mixtur e absorbed 3 . 07 mole s 

hydrogen pe r mole a cceptor in comparison to 3 . 22 moles hydrogen per mole 

acceptor when no semicarbazide hydrochloride was present . If t he  19 . 3  per 

cent ketone formed during the reaction were removed as the semicarbazone , 

then the reaction mixture would be expe cted to absorb 3 . 22 - 0. 193 or 3 . 03 

mole s hydrogen per mole acceptor , which compares .favorably (within experi­

mental error) with the 3 . 07 mole s hydrogen absorbed. 

Semicarbaz ide hydro chlor ide (1 . 0  g . )  was hydrogenated in 25 ml. of 

acetic acid over 0.0845 g .  of platinum oxide . The hydrogen absorbed in ex -

ce ss of the amount required to reduce the platinum ox ide was ins ignificant . 

The .formation of ketones during the hydrogenation of phenol over 

rhodium was not studied in this work. Thompsonl2 has shown that ketones 

are formed in this reaction. He hydrogenated phenol over rhodium (oxide ) 

catalyst and .found 23 per cent ke tone in the reaction mixture . 

2 . Catechol 

a .  Hydrogenation � 2. � cent rhodium .£!! alumina catalyst . 

Catechol (8 . 0  g . ) was hydrogenated in 20 rnl .  of a cetic aciq over 1. 269 g .  

of 5 per cent rhodium on alumina until one -third of the the oretical amount 

of hydrogen had been absorbed.  The catalyst was filtered from the solut ion 

and the acet ic acid solvent was evaporated in vacuo . The oil-like res idue 

which remained was dis solved in a small amount of boiling benzene . Chill­

ing this solution produced white crystals , 0. 34 g . , m. p .  97-98° . Catechol 

melts at 104-10� .
46 A small amount of the white crystalline ma terial was 
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dissolved in water and treated with ferric chloride solution . 47 A 

dark-green oolor was produced which was identical to the color produced 

by a known sample of catechol under the same conditions . 

The benzene solution from which the white crystals above were ob-

tained was distilled in vacuo to remove the benzene solvent . The residue 

which remained was dissolved in water and treated with an aqueous solution 

of phenylhydrazine and acetic acid . 47 An oil separated from the solution 

almost immediately. The oil gradually began to crystallize, and when the 

solution was chilled in the refrigerator yellow crystals formed, 0 .14 g . ,  

m .p .  143° . Urion45 reported that the diphenylhydrazone of 1, 2-cyclo­

hexanedione melts at 143°, while Pritzkow48 reported that the phenylosaz one 

of 2-nydroxycyclohexanone melts at 148-150° . An elemental analysi s  of the 

material as 1, 2-c.yclohexanedione diphenylhydrazone was made : 

Anal . Calcd . for C1sH2oN4 : C, 73 . 94; H,  6 . 90; N, 19 . 16 .  

Found: C, 13 . 6 ;  H, 7 . 02; N, 19 . 2 .  

The product obtained could be either 1, 2-cyclohexanedione diphenylhydrazone 

or 2-hydroxycyclohexanone phenylosazone . 

Catechol ( 2 . 0  g . ) was hydrogenated in 30 ml .  of acetic acid over 

0 . 555 g .  of 5 per cent rhodium on alumina until on��half the theoretical 

amount of hydrogen had been absorbed . The reaction mixture was filtered 

several times to remove all traces of catalyst and the acetic acid solvent 

was evaporated in �· The residue which remained was dis solved in about 

20 ml .  of water and treated with 1 ml .  of phenylhydrazine . 47 Yellowish­

white crystals formed immediately, 0 & 86 g . ,  m.p . 10$ . 2-105 . 8° . Recrystal-

lization from an ethanol -water mixture produced crystals which melted at 
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117 . 4-118° . Pritzkow48 reported that 2 -hydraxycyclohexanone phenyl­

hydrazone melts at 119-120° . An elemental analysis of the material as 

2-hydroxycyclohexanone phenylhydrazone was made : 

�· Calcd . for �2H16N20 :  C, 10. 56 ;  H ,  1 . 90; N, 13 . 72 .  

Found : C, 70.72;  H, 7 . 99;  N, 13 . 44.  

It  appears, then, that 2-hydroxycyclohexanone is formed in the hydrogena­

tion of catechol, rather than 1, 2-cyclohexanedione . On the basis of the 

weight of the phenylhydrazone formed, there was 23 . 2 per cent ketone in 

the reaction mixture .  

I t  has been observed that when researchers wished to synthesize 

ketones by means of catalytic hydrogenation, they carried out their reac­

tions in basic media . l6, l7 , 19 In the work reported here , glacial acetic 

acid was employed as solvent . This suggested the possibility that tauto­

merization of the enol to the keto form of the reaction intermediate 

was being suppressed by the acidic medium . Several hydrogenations of 

catechol were made in methanol over 5 per cent rhodium on alumina, and 

the per cent ketone present was studied as a function of per cent reaction . 

This was accomplished by stopping the hydrogenations at various degrees of 

completion, removing the catalyst and solvent, and treating the residue 

which remained with phenylhydrazine . 47 2-Hydroxycyclohexanone phenyl­

hydrazone was isolated in each case . The results of this study are shown 

in Figure 4 .  The per cent ketone present in the reaction mixture reached 

a maximum of 15 . 9  at 50 per cent reaction . From the shape of the curve, 

it seems that there is a steady build-up of ketone in the reaction mixture . 

For purposes of comparison, catechol was hydrogenated to 50 per cent 
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completion in acetic acid over 5 per cent rhodium on alumina and found 

to contain 23 . 2  per cent ketone in the reaction mixture . Again, catechol 

was hydrogenated to 50 per cent completion over 5 per cent rhodium on 

alumina in 0 .0399 N sodium hydroxide solution and found to contain 14. 8  

per cent ketone intermediate in the reaction mixture . 

It is obvious that the acidic medium does not suppress tautomeriza­

tion of the enol to the keto form appreciably. The difference in per cent 

ketone present in the reaction mixtures can be attributed to a difference 

in reactivity of the ketone in the various solvents . 

In an attemp� to evolve a suitable synthetic method for the prepa­

ration of 2 -hydroxycyclohexanone, the technique employed by R .  B .  Thomp­

sonl9 for the preparation of dihydroresorcinol by the high-pressure hydro­

genation of resorcinol was adapted to catechol . Low pres sure ( 50 p . s . i . g . ) 

and 5 per cent rhodium on alumina catalyst were substituted for high 

pressure (1500 p . s . i . g . )  and Raney nickel catalyst .  Catechol (10 . 0  g . )  in 

20 ml .  of water and 4.36 g .  of sodium hydroxide was hydrogenated to two­

thirds completion over 1.0 g .  of 5 per cent rhodium on alumina. Attempts 

to isolate ketones from the resulting reaction mixture failed . 

Attempts to hydrogenate catechol in acetic acid over 5 per cent 

rhodium on alumina and in the presence of semicarbazide hydrochloride 

failed . It is somewhat surprising that semicarbazide hydrochloride would 

poison rhodium catalyst and not poison Adams platinum. An attempt was made 

to hydrogenate catechol over 5 per cent rhodium on alumina in acetic acid 

to which 1 ml . of concentrated hydrochlQric acid had been added. The re­

action proceeded very slowly. Evidently, the poisoning of the rhodium is 
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a combination of both the semicarbazide and hydrochloride and could not 

be attributed to hydrogen chloride alone . 

As was mentioned previously, Gilman and Cohnl3 hydrogenated the 

dihydroxybenzenes and observed a peculiar anomaly in the rate . These 

compounds hydrogenated at a constant rate until approximately five-sixths 

of the theoretical amount of hydrogen was absorbed . At this point, the 

rate increased abruptly and markedly until the theoretical end point was 

reached with a sudden cessation of hydrogen uptake . In an attempt to 

repeat the work of Gilman and Cohn, 0 . 5  g. of catechol was hydrogenated 

at 30° in 100 ml .  of distilled water over 0 . 5  g .  of 5 per cent rhodium 

on alumina. These conditions exactly duplicated those of Gilman and 

Cohn with the exception of the pres sure . Their initial pressure was 1 

atmosphere, while the initial pressure in this work was about 4 . 5  atmos -

pheres .  The result of tni s hydrogenation is shown in Figure 5 .  The re-

action appears to occur in two steps, !·�· ' there is a change in the slope 

of the rate curve after the absorption of about 1 . 4  moles hydrogen per 

mole acceptor . However, the phenomenon observed by Gilman and Cohn was 

not apparent here . The result of this hydrogenation was verified by a 

second reaction carried out under similar conditions . 

b .  Hydrogenations � Adams platinum catalyst .  In two different 

experiments, catechol ( 2 . 0  g . )  was hydrogenated to 50 per cent completion 

in 25 ml . of acetic acid over 0 . 1089 g .  of platinum oxide . After filter-

ing off the catalyst and evaporating the solvent in vacuo, a residue re­

mained which was dissolved in water and treated with phenylhydrazine . 47 

A derivative was not formed, which indicated the absence of ketones in 

the reaction mixture .  
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Figure S .  The hydrogenation of catechol at 30° in water over S per cent rhodium 
on alumina. 

\./"\ \./"\ 



56 

In another experiment, catechol ( 1 . 0  g . ) was hydrogenated in 25 

ml. of acetic acid in the presence of 1 . 4  g .  of semicarbazide hydro­

chloride over 0. 2239 g .  of platinum oxide . A white insoluble solid was 

present in the reaction mixture at the conclusion of the reaction . 

Water was added to dissolve the white solid, and the solution which re­

sulted was filtered to remove the catalyst. Solvent was evaporated � 

vacuo until the s olution was of about 10 ml .  of volume . A white solid 

precipitated from this solution, 0 . 45 g . ,  m.p.  198-199° . An elemental 

analysis of this material was found to correspond to 2-hydroxycyclo­

hexanone semicarbazone plus two molecules of water: 

Anal . Calcd. for C7H17N304: C,  40. 56; H, 8 . 27 ;  N, 20 . 28 .  

Found : C, 40. 6; H,  7 . 9;  N, 20 .42 . 

The amount of product obtained corresponds to 23 . 9  per cent ketone formed 

during the course of the reaction. The reaction mixture absorbed 3 . 77 

mole s hydrogen per mole acceptor in comparison to 3 . 63 moles hydrogen per 

mole acceptor absorbed when semicarbazide hydrochloride was not pre sent . 

Since 23 . 9  per cent ketone was formed during the course of the reaction, 

the expected moles of hydrogen absorbed was 3 . 63 - 0 . 24 or 3 . 3 9 .  The 

only reasonable explanation which can be advanced for the fact that 3 . 77 

moles of hydrogen was absorbed is that cleavage was greater in this par ­

ticular reaction . It cannot be claimed that every mole cule of ketone 

formed as an intermediate reacted with semicarbazide hydrochloride to 

form a semicarbazone, but it doe s seem logical to expect that more than 

24 per cent of the ketone molecules would react with semicarbazide hydro­

chloride, if catechol hydrogenated completely !!! 2-hydroxycyclohexanone . 
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These results indicate that catechol hydrogenates by the same 

mechanism over both Adams platinum and 5 per cent rhodium on alumina. 

It seems significant that the 23 . 9  per cent ketone found in the hydro-

genation above corresponds so closely to the 23 . 2  per cent ketone maxi-

mum determined by hydrogenating catechol to various degrees of comple-

tion over 5 per cent rhodium on alumina in acetic acid . 

3 .  Resorcinol 

a.  Hyd.ro6enations � 2. per cent rhodium � alumina catalyst . 

Resorcinol ( 2 .0 g . )  was hydrogenated to 40 per cent completion in 25 ml .  

of acetic acid over 5 per cent rhodium on alumina catalyst .  The catalyst 

was removed from the reaction mixture by filtration and the filtrate was 

treated with 4 ml .  of phenylhydrazine . 47 No phenylhydrazone derivative 

was isolated from the resulting solution . 

Resorcinol ( 2 . 0 g . )  was hydrogenated to 40 per cent completion in 

25 ml .  of acetic acid over 0 . 5  g .  of 5 per cent rhodium on alumina . The 

catalyst was removed by filtration and the acetic acid solvent was evapo-

rated in vacuo . The residue which remained was dissolved in water and - -

treated with phenylhydrazine . 47 No phenylhydrazone derivative was isolated 

from the solution thus formed . 

The hydrogenation was repeated using 2 . 0  g .  of resorcinol and 25 

ml .  of acetic acid over 0 .52 g .  of 5 per cent rhodium on alumina. The 

reaction was stopped after 40 per cent completion, the catalyst was fil-

tered off, and the acetic acid solvent was evaporated in vacuo . The 

residue remaining was dis solved in a small amount of water and the result-



58 

ing solution was treated with an ethanol-water solution of sodium bi­

sulfite . 47 No precipitate had formed in the reaction flask after it 

was left standing overnight . This indicated that ketone intermediates 

were not formed during the catalytic hydrogenation of resorcinol . This 

experiment was repeated using 2 . 0  g .  of resorcinol and 25 ml .  of acetic 

acid over o .5 g .  of 5 per cent rhodium on alumina . The reaction was 

stopped after one�third completion. After removing the catalyst and 

solvent, the residue which remained was treated with a solution contain­

ing 10 ml. of 40 per cent aqueous sodium bisulfite and 3 ml. of absolute 

ethanol . 47 No precipitate formed, even after the s olution was left stand­

ing overnight . 

R .  B .  Thompson19 prepared dibydroresorcinol (1, 3-cyclohexanedione) 

by hydrogenating 55 .0  g .  of resorcinol at 50° in 100 ml. of water contain­

ing 24 . 0  g .  of sodium hydroxide . He used 10 g .  of Raney nickel catalyst 

and 1000-1500 p . s . i . hydrogen pressure . The reaction was stopped after 

0 . 5  mole of hydrogen had been absorbed . Yields of dihydroresorcinol of 

85-95 per oent were reported. 

In this work, 1 .0  g .  ( 0 . 009 mole ) of resorcinol was hydrogenated 

at 30° in 12 ml .  of water containing 0 . 44 g .  ( 0 . 0110 mole ) of sodium 

hydroxide over 1 . 0  g .  of 5 per cent rhodium on alumina . Hydrogen absorp­

tion ceased after 37 per cent reaction. The hydrogenation was repeated 

using 10 . 0  g .  of resorcinol, 4.36 g .  of sodium hydroxide, and 20 ml .  of 

water over 2 .0  g .  of 5 per cent rhodium on alumina. The reaction again 

stopped after 37 per cent completion, which required about seventeen hours . 

The reaction mixture was filtered several times to remove completely all 
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traces of catalyst .  Concentrated hydrochloric acid was added to the 

filtrate until the solution was acidic to Congo red test paper . A 

small amount of sol vent was evaporate d in �. Crystals formed when 

the solution was chilled in the refrigerator for a period of about one 

hour . The white crystalline material, 8 . 90 g . ,  melted at 104-105° . 

1, 3-Cyclohexanedione melts at 105-106° . 46 Recrystallization from ben-

zene was necessary to remove traces of sodium chloride from the solid, 

but the melting point was not raised . The 8 . 90 g .  of s olid corresponds 

to a yield of 87 . 4  per cent . The course of the reaction appears to be 

HCl 

T o  e stablish that the produet formed was 1, 3-cyclohexanedione, 

three derivatives were prepared . Veratraldehyde ( 1 . 1  g .  or 0 . 0066 mole ) 

was added to 1 . 5  g .  of 1, 3-cyclohexanedione ( 0 . 0132 mole ) dissolved in a 

mixture of 10 ml .  of ethanol and 10 ml .  of water . T o  this solution was 

added 0 . 5  ml .  of piperidine49 and the mixture was warmed on the steam 

table for five minutes and cooled in the refrigerator for one hour . 

Scratching the sides of the beaker induced crystallization . The product 

was recrystallized from an ethanol-water mixture and found to melt at 

164 . 6-165° . King and Fel�on50 report a melting point of 163-164° for 

the expected derivative : 
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Benzaldehyde ( 0 . 7  g .  or 0 . 0066 mole ) was added to 1 .5 g. ( 0 . 0132 mole) 

of 1, 3-cyclohexanedione dissolved in a mixture of 10 ml. of ethanol 

and 10 ml. of water . Piperidine49 (0 .5  ml . )  was added and the solution 

was heated on the steam table for five minutes . A crystalline product 

formed immediately, 1.21 g . ,  m.p . 214-214 . 8° .  The expe cted product50 

melts at 217-218°:  

As  a final check the dioxime was prepared by dis solving 1 g.  or 

hydroxylamine hydrochloride in 4 ml .  of water and adding to this solu­

tion 4 ml .  of 10 per cent sodium hydroxide solution and 0 . 2  g .  (0.00178 

mole) of 1, 3-cyclohexanedione .47 The reaction mixture was heated on the 

steam table for ten minutes and cooled in the refrigerator . Crystals 

were obtained, 0 . 16 g . ,  m .p .  155 . 4° .  The dioxime of 1, 3-cyclohexanedione 

melts at 154° .
51 

The use of 1 , 3 -eyclohexanedione as an aldehyde reagent was illus­

trated above and has been described at length by King and Felton . 50 

Dimedone ( 5,5-dimethyl-1, 3-cyclohexanedione) usually serves the need but 

it is relatively expensive . The very easy low-pressure method for pre­

paring 1, 3-cyclohexanedione by hydrogenating resorcinol over 5 per cent 

rhodium on alumina, which has been developed in this work, should make 

the use of this diketone as an aldehyde reagent even more wide-spread . 

Thompson ' s methodl9 has been used previously. However, not all organic 

laboratories are equipped with a high-pressure hydrogenation apparatus, 
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while most laboratories do possess at least one Parr low-pressure hydro­

genator . 

1,3-Gyclohexanedione ( 0 . 86 g . )  was hydrogenated at 30° in 25 ml .  

o f  acetic acid over 0 . 213 2 g .  of 5 per cent rhodium on alumina . The 

rates of hydrogenation of this ketone and resorcinol are compared as 

Figure 6 .  A s  was shown in Table IV ,  1,3-eyclohexanedione hydrogenated 

3 . 5  times as rapidly as re sorcinol . It is not surprising that ketone 

intermediates were not found in the hydrogenations of resorcinol de-

scribed above . If such a ketone intermediate were formed, it would prob­

ably not accumulate as such to an appreciable extent in the reaction mixture, 

since it does hydrogenate so  much more rapidly than resorcinol . It seems 

highly doubtful that any diketone forms during the course of the hydro­

genation. If the reaction were to proceed through a ketone intermediate 

this would be expected to lead to complicated kinetics . For example, 

it can be seen in Figure 6 that 1,3-cyclohexanedione hydrogenates in a 

two�step manner . After the absorption of one mole of hydrogen, there is 

a slowing down of the reaction and the rate curve changes slope . The 

curve becomes linear again after the absorption of an additional one-half 

mole of hydrogen. The reaction was repeated using 1 . 0  g .  of 1, 3 -cyclo­

hexanedione in 25 ml. of acetic acid over 0 . 2122  g .  of 5 per cent rhodium 

on alumina . Pre ssure readings were taken every fifteen seconds, and the 

results of this hydrogenation are shown in Figure 7 .  The reaction appears 

to take place in three distinct steps rather than two . There are three 

very definite linear portions to the rate curve, and each portion gives 

a reproducible rate constant . The rate constant for the first portion 
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Figure 6. A comparison o� tha rate curves for the hydrogenation of resorcinol 
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was calculated to be k1 . 0  = 0.1068 1 .  min . -1, for the second linear 

portion k1 . 0  = 0 . 0733 1 .  min . -1, and for the third linear portion k1 . 0  = 

0.01791 1 .  min. -1 . The two breaks in the curve or the changes in slope 

occur approximately at the points corresponding to the absorption of 1 .0 

and 1.6 moles of hydrogen, respectively. It could very well be that 

cleavage occurs during that portion of the reaction corresponding to the 

second linear part of the rate curve . An attempt was made to isolate a 

ketone intermediate in that portion of the reaction corresponding to the 

third linear part of the rate curve by hydrogenating 1 . 72 g .  of 1, 3-

cyclohexanedione at 30° in 25  ml .  of acetic acid over 0 . 210 g .  of 5 per 

cent rhodium on alumina . The reaction was stopped after the absorption 

of 1 .5  moles hydrogen per mole acceptor, the catalyst was removed by fil­

tration, and the acetic acid solvent was evaporated in vacuo . The resi­

due was dis solved in 20 ml. of water and divided into two 10-ml . portions . 

One portion was treated with 1 . 0  g .  of semicarbazide hydrochloride and 

1 . 5  g .  of sodium acetate . 47 No semicarbazone had formed after two days . 

The second portion was treated with 1.1  g .  of sodium hydroxide and 1 . 0  g .  

of hydroxylamine hydrochloride . 47 No oxime had formed after two days . 

It was thought that the reaction might be proceeding in the manner : 

�

o

---H�2�4> 

This ketone intermediate could react in two ways, 
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OH 

Q 
and these two competing reactions would account for the first change in 

slope of the rate curve . 

The rate constant calculated from the slope of the first linear por-

tion of the curve is approximately twice the rate constant for the hydrogen­

ation of cyclohexanone, 1 ·� · , kl.o  • 0 . 1068 1 .  min . -1 for 1, 3-cyclohexanedione 

and kl . O  = 0 .0452 1 .  min . -1 for cyclohexanone . It might be expected that 

1, 3-cyclohexanedione would hydrogenate twice as rapidly as cyclohexanone 

since this molecule possesses two separated ketone groups to one for 

cyclohexanone . This indicated that the reaction corresponding to the first 

linear portion of the rate curve is the hydrogenation of one ketone group . 

Kinetically speaking, cyclohexanone and 1, 3 -cyclohexanedione cmild 

be intermediates in the platinum-catalyzed hydrogenations since the rate 

constants for these ketones are greater than the rate constants for the 

corresponding hydroxyl compounds .  This is obvious from the data in Table 

III presented earlier . However, the rate constant for cyclohexanone is 

two-thirds that of phenol for hydrogenation over 5 per cent rhodium on 

alumina (Table IV) . This would rule out the possibility of cyclohexanone 

being an intermediate in the hydrogenation of phenol over this catalyst . 

A consideration of Figure 8, in which the rate curves for the hydrogenations 

of phenol and cyclohexanone are compared, adds further to the evidence that 
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Figure 8 .  A comparison of the rate curves for the hydrogenation of phenol and 
cyclohexanone over 5 per cent rhodium on alumina . � 
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oyclohexanone cannot be an intermediate . The ketone hydrogenates in a 

two-step manner, and the rate constants determined from the two slopes 

of the rate curve are both smaller than the rate constant for the hydro­

genation of phenol . 

Over rhodium, 1, 3-cyclohexanedione could be an intermediate for re­

sorcinol hydrogenations since the rate constant for this ketone is much 

greater than the rate constant for the hydroxyl compound . This was pointed 

out in Table IV . However, a consideration of Figures 6 and 7 shows that 

this ketone hydrogenates step-wise and the rate constant determined from 

the slope of the last portion of the curve is 1 . 8  times smaller than the 

rate constant for resorcinol . Too, the rate curve for the hydrogenation 

of resorcinol is linear over the maj or portion of the reaction . This 

rules out any possibility of 1, 3-cyclohexanedione being an intermediate in 

this hydrogenation . 

It will be shown later in this work that phenol and the dihydroxy­

benzenes hydrogenated at about the same rate as the corresponding methyl� 

benzenes . If ketone intermediates played an appreciable role in the hy­

drogenation of these compounds, such agreement of data would not be expected . 

b .  Hydrogenations � Adams platinum catalyst .  Resorcinol ( 2 . 0  g . )  

was hydrogenated at 30° in 25 ml. of acetic acid over 0 .11 g .  of platinum 

oxide and in the presence of 2 . 8  g .  of semicarbazide hydrochloride . The 

reaction mixture absorbed 3 . 88 moles hydrogen per mole acceptor in compari­

son to 4 . 00 moles hydrogen per mole acceptor when semicarbazide hydrochlo­

ride was not present . The catalyst was removed and the acetic acid solvent 

was evaporated in �· Attempts to isolate a semicarbazone derivative 
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from the residue which remained were unsuccessful . Obviously appreciable 

amounts of ketone are not formed during the course of this reaction . 

1, 3-Cyclohexanedione (0 .50 g . ) was hydrogenated in 25 ml o  of acetic 

acid over 0 . 1  g .  of platinum oxide . The reaction proceeded in a straight­

forward manner, !·!· ' the rate curve was linear for the maj or portion of 

the reaction, drifting from linearity only in the very last part of the 

reaction . Such a drift from linearity is observed with most platinum 

hydrogenations and is attributable to catalyst poisoning . It can be seen 

from the data in Table III that 1, 3-cyclohexanedione hydrogenates only 1 . 2  

times as rapidly as resorcinol, but the diketone does undergo cleavage to 

a greater extent than does the dihydroxybenzene . An attempt to explain 

this difference was included in an earlier section of this work . 

4 . Hydro quinone 

Hydroquinone ( 2 . 0 g . ) was hydrogenated to 40 per cent completion at 

30° in 25 ml .  of acetic acid over 0 . 5119 g .  of 5 per cent rhodium on alumina . 

The catalys t was removed by filtration and the acetic acid solvent was evap ­

orated in vacuo . The residue which remained was dissolved in about 25 ml .  

of 95 per cent ethanol and to this solution was added 1 . 80 g .  of 2, 4-di­

nitrophenylhydrazine dissolved in a mixture of 9 ml .  of concentrated sul­

furic acid, 13 . 5  ml. of water, and 20 ml. of 95 per cent ethanol . 47 The 

solution was left standing at room temperature for one hour . Crystals 

were obtained, 0 . 96 g . ,  m.p . 143-144° . After recrystallization from a 

methanol-water mixture, the crystalline material melted at 157° . The com­

pound was analyzed as the 2, 4-dinitrophenylhydrazone of 4-hydroxycyclo-

hexanone . 
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Anal . Calod . for C12H14N405: C, 48 . 98 ;  H, 4 . 80; N, 19 . 04 .  

Found: C ,  48 . 93 ;  H, 4. 71;  Nt 19 . 10 .  

The 0 . 96 g ,  of 2, 4-dinitrophe�ylhydrazone derivative corresponds 

to 18 per cent ketone in the reaction mixture . This compound has not been 

reported in the literature previous to this work . 

This reaction established the fact that 4-hydroxycyclohexanone rather 

than 1, 4-cyclohexanedione is the ketone formed during the hydrogenation of 

hydroquinone . This could be taken as further evidence that phenol does not 

hydrogenate via cyclohexanone . If the one hydroxyl group in phenol offered 

sufficient protection to a double bond to cause this molecule to hydrogenate 

exclusively as 

6 

OH 

0 
then the two hydroxyl groups in hydroquinone should offer sufficient pro-

tection to cause this compound to hydrogenate as 

OH OH 

¢ 
OH 

0 
H2 > Q 

2Hz > 

Q OH 

This reaction route would be even more feasible thermodynamically than 

would the cyclohexanone reaction route for pnenol . However, results in-

dicate that hydroquinone does not react by this mechanism. 



C .  Effect of Substitution on Reaction Rates 

In the platinum-catalyzed hydrogenation of methylbenzenes by 
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Smith and Pennekamp, 52 it has been shown that as the number of adjacent 

substituents increases, the rate constants decrease .  For those compounds 

which have the same number of substituents, the one in which the arrange­

ment is symmetrical has the highest rate, the vicinal isomer has the 

lowest rate and the unsymmetrical isomer has an intermediate rate . There 

exists an overlapping of these phenomena such that a symmetrical compound 

with a certain number of substituents has a higher rate than a vicinal 

compound with one less  substituent . It has been shown that symmetrical 

substitution rather than molecular symmetry is actually the important fac­

tor in influencing the rate. 

That a striking similarity exists between the rates of hydrogenation 

of methylbenzenes, methoxybenzenes,  ortho-, �-, and para-methoxytoluenes, 

and ortho·, meta-, and para-methaxybenzoic acids has been pointed out.l2 

This comparison has been extended to include phenol, the ortho-, meta-, 

and para-dihydroxybenzenes, 1, 2, 3-trihydroxybenzene and 1,3, 5-trihydroxy­

benzene . 

1 .  HydrO?Sfbenzenes 

a. ! comparison !:!!. � of hygrogenation .::!. hydro::gbenzenes with 

� !:!£ methO?)V- and methylbenzenes � Adams platinum. It may be seen 

in Tables lX and I that the rate constants of the dihydroxybenzenes and 

pyrogallol reveal the same effects of symmetry as for the methyl- and 

methoxybenzenes . The relative rates are not only in the same order, but 



TABLE IX 

COMPARISON OF RATE CONSTANTS AT 30° FOR HYDROGENATIONS 
OF HYDROXIBENZENES AND METHYLBENZENES OVER PLATINUM 

Compound 
kJ. .

oa Compoundb 
kJ. . oa 

Phenol 0 .1620 Toluene 0 .1800 

Catechol 0.13.30 ,£-Xylene 0 . 09.32 

Resorcinol 0 . 1611 :!!-Xylene 0.1434 

Hydro quinone 0. 2072 E.-Xylene 0 . 1882 

Pyrogallol 0.0951 Hemimellitene 0.042 

kb.ydroxyl 
kmethyl 

0 . 90 

1.43 

1.12 

1 .10 

2 . 26 

BThe kl . o is in 1. g . -1 min. -1 and is given per unit weight of 
total catalyst. 

boata for these compounds obtained from Smith and Pennekamp . 52 
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TABLE X 

COMPARISON OF RATE CONSTANTS AT 30° FOR HYDROGENATIONS 
OF HYDROXYBENZENES AND METHOXYBENZENES OVER PLATINUM 

Cornpoundb 
kh�ro!Zl 

Compound kl . oa ki . oa kmethoxyl 

Phenol 0 .1620 Anisole 0 . 1588 1. 02 

Catechol · 0 . 1330 £-Dimethoxybenzene o . o843 1 . 58 

Resorcinol 0 . 16ll �-Dimethoxybenzene 0 . 1013 1 . 59 

Hydro quinone 0 . 2072 £-Dimethoxybenzene 0 . 1604 1 . 29 

Pyrogallol 0 . 0951 1, 2, 3-Trimethoxy- 0 . 045 2 . 11 
benzene 

8The k1 . 0 is in 1 .  g . -1 min . -1 and is given per unit weight of 
total catalyst . 

hrhe data for these compounds obtained from Smith and Thompson .43 
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fair quantitative agreement also exists . This is e specially true with 

the hydroxybenzenes and methyl benzenes.  The hydroxyl group would not be 

expected to be very mu.ch smaller than the methyl group, and one would 

expect little difference in the rates of hydrogenation of these cornpounds o  

This is found to be the case with th e  exception of the 1, 2, 3-trihydroxy­

and 1, 2, 3-trimethylbenzenes . Here the hydr�l compound hydrogenates 

about twice as rapidly as the methyl compound. The formation of ketone 

intermediates during the hydrogenation of the hydroxybenzene could prob­

ablY account for this difference . It is interesting to note, too, that 

_2-xylene and catechol are s omewhat out of line . Any difference in steric 

factors· would be expected to manifest itself with these two compounds . 

This very probably accounts for the different results observed here. The 

somewhat slower rates for the methyl compounds, in general, are probably 

attributable to the difference in size of the hydroxyl and methyl groups . 

The agreement between hydroxy- and methoxybenzene rate constants is 

not as quantitativl=l, however. This is e specially pronounced with the ,£­

and !!-dihydro:xy- and dimethoxybenzenes. The hydroxyl compounds hydrogen­

ate about 1 .6 times as rapidly as the methoxyl compounds . This difference 

in rates,  again, is probablY attributable to the difference in size or the 

hydroxyl and methoxyl groups, but ketone intermediates could play an im­

portant role here, also . 

It is well to remember that for the methylbenzenes Qllly aromatic · · 
hydrogenation occurred with the absorption of 3 moles of hydrogen per mole 

of acceptor in each case . However, for the hydroxy- and methoxybenzenes, 

the absorption of hydrogen indicated extensive cleavage of the hydroxyl 
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and methoxyl groups from the ring . It appears that for either series 

the symmetry and number of groups govern the rate of formation of acti­

vated complexes of catalyst, acceptor, and hydrogen. In the case of the 

hydroxy- and methoxybenzenes cleavage must then occur after the rate­

determining step . The cleavage cannot take place to an appreciable extent 

before hydrogenation or a parallel between the behavior of methoxy-, 

hydroxy-, and methylbenzenes would not exist . It has been pointed outl2 

that if cleavage preceded the hydrogenation of phenol, for example, the 

products would be benzene and water, and the rate of hydrogenation observed 

would then be that characteristic of benzene.. Instead, phenol hydrogenates 

about one-half as rapidly as benzene, which is  approximately the same ratio 

observed for the hydrogenations of toluene and benzene . The clear-cut 

kinetics of zero order with respect to acceptor and first order with re­

spect to hydrogen pressure seem to indicate that independent simultaneous 

hydrogenation and hydrogenolysis reactions do not exist . 

It is interesting to note that the relative rates for hydrogenations 

of hydroxy-, methyl- and methoxybenzenes, and methyl- or methoxybenzoic 

acids are in the order: 

hydroxy ) methyl ) methox;y ) methyl- or methoxybenzoic . 

The decrease in rates here parallels the increase in size of the substituents . 

b .  Comparison � � of hydrogenation of hydroxybenzenes � 

� � metho:x,ybenzenes � 2. per � rhodium !?.!! alumina . The rates of 

hydrogenation at 300 for the hydroxybenzenes using 5 per cent rhodium on 

alumina show the same general effect of symmetry as obs erved for the corre­

sponding compounds with platinum. However, the differences in rates for 
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ortho-, �-, and para-dibydroxybenzenes are not nearly as pronounced 

as for platinum. 

Table- XI shows a comparison of the rate constants of hydroxybenzenes 

with those of the methoxybenzenes for hydrogenations over 5 per cent rhodium 

on alumina . The relative rates are in the same order, and fair quantitative 

agreement also exists . The 1, 2-dihydro�- and 1, 2-dimethoxybenzenes are 

somewhat out of line . 

2 .  Activation Energies 

Tables XII and XIII show the hydrogenation rates as a function of 

temperature for the hydroxybenzen�s . The activation ene:rgy plots are shown 

as Figures 9 and 10 . The activati·on energies were calculated from the 

nleast-squaresn slopes of activation energy plots . For each compound, the 

activation energy was greater for hydrogenation with the supported rhodium 

catalyst than for Adams platimun. 



TABLE XI 

COMPARISON OF RATE CONSTANTS AT 30° FOR HYDROGENATIONS OF 
HYDROIIBENZENES AND METHOXYBENZENES OVER 5 PER CENT 

RHODIUM ON ALUMINA 
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kbydroxyl 
Compound kl .oa Compoundb kJ. .oa kmethoxyl 

Phenol 0 . 0687 Anisole 0 . 0876 0 .78  

Catechol 0.0145 _£-Dimethoxybenzene 0 .0315 0 . 46 

Resorcinol 0 . 0311 !-Dimethoxybenzene 0.0360 0 .86 

Hyd.roquinone 0 .0363 £-Dimethoxybenzene 0 .0362 1 . 00 

8The kJ. .o is in 1 .  g . -1 min. -1 and is given per unit weight of 
total catalyst .  

hrhe data for these compounds obtained from Smith and Thompson . 43 



TABLE XII 

REACTION RATES AND ACTIVATION ENERGIES OF HIDROXYBENZENES 
FOR HYDROGENATIONS OVER ADAMS PLATINUM 
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kl . o  6Ha 
Compound T, 0c ( 1 . min . -1) ( Kcal . mole-1 ) 

Phenol 20 0 . 1361 
30 0 . 1620 
40 0 . 2050 
50 0 . 2434 4. 49 

Catechol 20 0.1015 
30 0 . 1330 
40 0 . 1748 
5o 0 . 2281 4. 62 

Resorcinol 20 0 . 1177 
30 0 . 1611 
40 0 . 2129 
50 0 . 2856 5 . ,1 

Hydro quinone 20 0 . 1571 
30 0 . 2072 
40 0 . 2611 
50 0 . 3175 4. 40 

Phloroglucinol 20 0 . 0211 
30 0 . 0378 
40 0 . 0614 
50 0 . 1001 9 . 67 

Pyrogallol 20 0 . 0628 
30 0 . 0951 
40 0 . 1390 
50 0 . 1687 6 . 54 



TABLE XIII 

REACTION RATES AND ACTIVATION ENERGIES OF HYDROXYBENZENES 
FOR HYDROGENATIONS OVER 5 PER CENT RHODIUM ON ALUMINA 

kLo liHa 

78 

Compound T °C , ( 1 .  min. -1) (Kcal . mole-1 ) 

Phenol 20 0 . 0445 
30 0 . 0687 
40 0 . 1044 
50 0 . 1249 6.61 

Catechol 20 0 .0102 
30 0.0145 
40 0.0211 
5o 0.0282 6 . 43 

Resorcinol 20 0 . 0177 
30 0 . 0311 
40 0 . 0442 
50 0. 0633 7 . 84 

Hydro quinone 20 0 . 0221 
30 0.0363 
40 0.0445 
50 0 . 0653 6.49 

Phloroglucinol 20 0 .00471 
30 0.00807 
40 0 . 0150 
50 0 . 0263 10 . 82 

Pyrogallol 20 0 . 00463 
30 0 . 00757 
40 0 . 0116 
50 0 .0174 8 . 25 
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Figure 9 .  Activation energy plots for hydrogenations. of hydrcocybenzenes over 
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CHAPrER IV 

A POSSIBLE REACTION MECHANISM 

From the data which have been collected on the hydrogenation and 

nydrogenolysis of hydro�benzene s, the following mechanism is postulated .  

The hydro�benzene, phenol for example, is adsorbed on the catalyst sur-

face . With the approach of hydrogen to the catalyst surface, hydrogens-

tion takes place to sive hydro�cyclohexenes as short-lived intermediates .  

These short-lived intermediates may or may not be desorbed from the cata-

lyst, !·!· ' the hydro�cyclohexene may react with an additional mole of 

hydrogen to give a cyclohexanol without desorbing into the reaction mix-

ture where it would compete with the unreacted phenol for adsorption and 

hydrogen , The intermediate hydro�cyclohexene may undergo cleavage to 

cyclohexene and water or ring hydrogenation to give cyclohexanol . These 

reactions will probably occur simultaneously until the double-bonded 

molecules are saturated . 

2H2 0 
Including > ;; H 

rate-determining 

+ 

step 



Three hydroxycyclohexene intermediates are possible, and these are 

shown above . The 1-hydroxycyclohexene-1 is the tautomeric form of 

cyclohexanone : 
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This tautomerization would be expected to take place when the 1-hydroxy-

cyclohexene -1 desorbs from the catalyst surface, since the keto form is 

more stable than the enol form by about 18 kcal. mole-1 . 53 This accounts 

for the presence of ketones in the reaction mixture without claiming that 

cyclohexanone is a reaction intermediate in the usual sense . 

This mechanism modifies to some extent the one postulated by 

Thompsonl2 for the cleavage of methoxyl groups from aromatic nuclei during 

catalytic hydrogenation reactions . He felt that the cleavage reaction 

occurred in the 3-methoxycyclohexene -1 ( 3-hydroxycyclohexene-1 in this 

case ) , since the double bond in the �-J( position should make the carbon-

oxygen bond labile to cleavage .  Results obtained in this work with the 

hydrogenation of cyclohexanone indicate that cleavage occurs to an ap-

preciable extent in this molecule, which probably hydrogenates either in 

the keto form or as 1-hydroxycyclohexene -1 . Hence the carbon-oxygen bond 

does not have to be rendered labile by the �- r double bond in order to 

undergo cleavage . The double bond in the �-Y position very probably does 

cause this intermediate ( 3 -hydroxycyclohexene-1) to cleave to a greater 

extent than do the intermediates 1-hydroxycyclohexene-1 and 4-hydroxy-

cyclohexene-1 . Differences in per cent cleavage for various hydroxy-
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benzenes can be explained as re sulting from different proportions of 

the possible eyclohexenes being formed during the reaction. Too, hydro-

genation and hydrogenolysis are competing reactions,  and hydrogenolysis 

is very probably the slower reaction. 

The proposed mechanism can be shown to  account for the results ob-

tained with the dihydroxybenzenes . Catechol reacts as follows: 

OOH 
OH OH 

2H2 ) OOH OCE including + + 
rate-determining 

H 
step A B 

OH 

Ct 
OH 

OCH + OCH 
c . D 

Intermediates B and C undergo tautomerization to 2-hydr�cyolohexanone when 

desorbed from the catalyst into the reaction mixture. Experiments per-

formed during this research have shown that 2-hydro:x:yoyclohexanone is 

formed during the hydrogenation of catechol . Intermediate A has a double 

bond �-¥' to a hydro.:x;yl group and renders this group labile . Intermediate 

D very probably occurs to the least extent in the course of the reaction . 

If steric factors are important at all in determining the course of the 

reaction, intermediate B would be expected to predominate. This could 

account for the fact that catechol cleaves less readily than do resorcinol 
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and hydroquinone . 

With hydroquinone two cr,rclohexene intermediates are possible : 

OH 

Q 

2H2 

Q

OH 

including > 
rate-determining H 

step 
A 

+ 0 
OH 
B 

Intermediate A would undergo tautomerization when desorbed from the cata-

lyst surface to give 4-hydroxycyclohexanone . The presence of this ketone 

0 
OH 

has been shown during the hydrogenation of hydroquinone . Intermediate 

B has a double bond �-Y to two hydroxyl groups , hence extensive cleavage 

of these groups is expected and observed during the hydrogenation of 

hydroquinone . 

The fact that hydroxycyclohexanones rather than diketones are formed 

in the hydrogenations of catechol and hydroquinone adds support to the pro-

posed mechanism . If phenol hydrogenated completely via cyclohexanone, as 

many investigators have claimed, this would mean that a combination of 

steric and thermodynamic factors make s such a reaction path feasible . 

With a diketone, catechol for example, such factors are even more favor-

able for ketone formation, yet diketones are not formed . 
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The difference in energies  between the diketone and the dihydroxycyclo-

hexadiene would certainly be sufficient to cause tautomerization of the 

enol to the diketone . The cyclohexadiene probably reacts with hydrogen 

on the catalyst surface to give an hydroxycyclohexene before desorption 

and tautomerization can take place .  

The reaction of resorcinol follows the path 

0 00 --in=-
2H
-c'="'iu�di�ng---:;.� OOH 

rate-determining 
step 

+ 

A c 

With both intermediates A and B, tautomerization to give an hydroxycyclo-

hexanone is possible . Experiments performed during the course of this 

work indicate that such ketones are not formed . Evidently the cyclo-

hexenes formed react with hydrogen before desorption from the catalyst 

surface can take place . 

Cyclohexenes are thermodynamically-possible intermediates during 

the hydrogenation of benzene derivatives .  In the hydrogenation of benzene 

it has not been possible to isolate cyclohexene as an intermediate .  A 

possible explanation for this is that the mole cule does not desorb from 

the catalyst until all the double bonds are hydrogenated . The mechanism 

proposed in this work does not require desorption of the substituted 

cyclohexene . Only the existence of the cyclohexene or some equivalent 

for a short time on the catalyst surface is necessary . In those cases 

where ketones are isolated, it is felt that desorption does take place 

prior to tautomerization. Thompsonl2 found that cyclohexene hydrogenates 
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8 .1 times as rapidly as benzene over Adams platinum . Hence the hydro:x:;r-

cyclohexene intermediates formed would be expected to hydrogenate rapidly 

and not accumulate in the reaction mixture . Stabilization of s ome of the 

hydroxycyclohexene intermediates b,y tautomerization to ketones would 

account for the presence of these during the course of the reaction. Cy-

clohexanone was found to hydrogenate only 1 . 2  times as rapidly as phenol . 

It has been observed that 5 per cent rhodium on alumina gives 

little hydroxyl cleavage . Thompsonl2 found that cyclohexene hydrogenates 

20 .4 times as rapidly as benzene over this catalyst .  Thus any cyclohexene 

intermediate would be expected to have a shorter life With rhodium and 

therefore permit less cleavage . 

The results obtained by Wicker18 for the hydrogenation of the 

cresols and the corresponding methylcyclohexanones are reaQily explain-

able by the mechanism proposed here . He l reasoned that if the cresols 

(and phenol ) hydrogenated via a ketone intermediate, the same per cent 

stable stereoisomer should be formed by hydrogenation, whether the cresol 

or ita corresponding methylcyclohexanone were used as the starting mate-

rial . It has been shown earlier that such results were not obtained . By 
the mechanism proposed here, £-cresol (for example ) would react as 

OH OH OH 
2H2 > Q 

+ 0 Q 
+ 

includipg 
rate-determining CHJ 

step 

A B c 
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With intermediate A tautomerization would give 4-methylcyclohexanone 

as an intermediate . Intermediates B and C would undergo hydrogenation 

to form 4-:methylcyclohexanol . The hydrogenation of these three isomers 

would certainly be expected to lead to different amounts of stable 

stereoisomer product . 

On the other hand, the hydrogenation of 4-methylcyclohexanone 

probably proceeds either through the ketone or 4-methyl-1-hydroxycyclo­

hexene-1, and a difference in the per cent stable stereoisomer formed 

would be expected when the 4-methylcyclohexanone was used as starting 

material in place of £-cresol . 



CHAPTER V 

SUMMARY 

The catalytic hydrogenation of hydroxybenzenes over Adams platinum 

and 5 per cent rhodium on alumina catalysts has been studied . The kinetics 

of the hydrogenation were found to be first order in hydrogen pressure, 

zero order in acceptor concentration and directly proportional to catalyst 

weight . Activation energies were determined using the integrated form 

of the Arrhenius equation . 

Hydrogenation of the aromatic ring was usually accompanied by s ome 

cleavage of the hydrax.rl groups . The amount of cleavage was found to be 

dependent upon the catalyst used . Platinum led to extensive hydroxyl 

cleavage while rhodium catalyzed ring saturation with little cleavage . 

Both the reaction temperature and the structure of the acceptor were found 

to influence the extent of cleavage . 

A mechanism for the hydrogenation of hydroxybenzenea has been pro­

posed . This me chanism involves .. the formation of hydroxycyclohexene inter­

mediates .  T automerization of the hydroxycyclobexene to the keto form 

accounts for the formation of ketones during the course of the reaction . 

The carbon-oxygen bond is labUized by the �- Y carbon-carb on double bond 

in the hydroxycyclohexene and cleaves easily under these conditions . 

No kinetic evidence was found for the formation of ketone inter­

mediates ,  but the role played by ketones in hydroxybenzene hydrogenations 

was inve stigated . 
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A simple method of preparatton tor 1, 3-cyulohexanedione waa de· 

veloped using resorcinol, low pres�es qf hydrogen, and 5 per cent 

rhodium on alumina catalyst .  

The preparation of the 2, 4.dinitrophenylhydrazone of 4-hydroxy­

cyclohexanone has not been reported previous to this work . 

The effect of substitution and �umber of su�stituents on the rate 

of hydrogenation was foun� to be about the �ame for the various hydr�­

benzenes as for the corresponding methyl and methoxy compounds . 
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PART II 

THE KINETICS OF THE ACID-CATALIZED HYDROLYSIS OF THE DIMETHYL ESTERS 

OF CYCLOHEXANEDICARBOXlLIC ACIDS 



CHAPrER I 

INTRODUCTION 

A .  Statement of Problem 

A study of the kinetics of the acid-catalyzed hydrolysis of the 

dimethyl esters of the cyclohexanedicarbaxylic acids was undertaken in 

this problem. It was hoped that an investigation of the relative reaction 

rates of the various esters would provide further information as to the 

predominant configurations of the compounds involved and add to the present 

knowledge of acid-catalyzed hydrolyses in general . It would also furnish 

an interesting comparison with the base-catalyzed hydrolyses of these 

same esters and the acid-catalyzed esterification of the corresponding 

acids . These reactions have been previously studied in this laboratory. 

B .  Previous Work 

l .  Acid-catalyzed � H;ydrolysis 

Many investigators have studied the rates of acid-catalyzed hydrolysis 

of various esters under widely different reaction conditions, and a complete 

review of the research in this field is beyond the scope of this work . Of 

particular interest has been the elucidation of the mechanism of this re­

action . Day and Ingold1 have pointed out that certain reactions which 

have usually been considered to be among the simplest in organic chemistry 

may pursue any of several mechanisms . Hence in ester hydrolysis there 

exists a reaction which is not altogether simple , and a number of distinct 
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mechanisms may be recognized . In order to distinguish between the 

various possible mechanisms, it is necessary to determine the position 

of rupture of the carbon-oxygen bond, !·� · '  

R' -CO • • • OR or R ' -CO-O · · ·R 

the acyl-oxygen bond or the alkyl-oxygen bond . 

In acid-catalyzed hydrolyses, it is the acyl-oxygen linkage which 

is broken. This has been established fully by the normal methods for 

hydrolysis . This was first done by Holmberg1' 2 for acid hydrolysis by 

the method which seeks to detect any change of configuration in an alkyl 

group R which is asymmetric at its point of attachment in the ester . He 

showed that in the acid hydrolysis of 0-acetyl malic acid, the asymmetric 

group completely retains its configuration . 

Using isotopically distinguished oxygen in one of the interacting 

oxygen compounds and tracing its reappearance in one of the products has 

been applied to acid hydrolysis using methyl hydrogen succinat� .3 It was 

shown that isotopically-distinguished oxygen from the solvent (water) 

does not appear in the alcohol and, therefore, must enter into the acid 

produced by the acid hydrolysis of an ester . This method involves no 

assumptions and hence affords the most self-contained proof . 

Ingold and Ingold4 applied the method of choosing a form of R which, 

if liberated, would be mesomeric, and would accordingly lead to isomeric 

end-products .  The esters a-methylallyl acetate and crotyl acetate were 

used, and no isomerization was observed .3 All these results prove acyl­

oxygen fission • •  This is also required by the principle of microscopic 

reversibility, since esterification involves the formation of this same 

bond . 
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Ingold and Ingold4 summarized the possible mechanisms for acid-

catalyzed hydrolyses with the following considerations . It is a known 

fact that the carbonyl oxygen atom has definite basic tendencies, which 
. A A 

polarization of the carboxyl group, 0 - C = 0, would be expected to en-

hance . Therefore hydrolysis might conceivably be initiated at the car-

bonyl oxygen atom, the complete reaction, in which the last stage is 

analogous to I onium salt decomposition, being as follows : 

R 1 -CO-OR + H+ + 
-�>- R I -COH-OR 

+ 
-�� R I -COR-OH ------?- R I COOH + R+ 

__ _,.>- ROH + H+ 

Let this be known as mechanism A .  The alternative hypothesis is that the 

reaction commences at the ethereal oxygen atom in conformity with the 

established basic character of singly-linked bicovalent oxygen. In this 

case, an ' onium structure would be produced which could lead to the prod-

ucts of hydrolysis by fission in either of two directions . Let these 

two directions be known as mechanisms B and C, respectively : 

R 1 -CO-OR + H+ + 
R I -CO-OHR __ ,. R I -CO-OH + R+ 

R+ + H20 ROH + H+ 
+ slow + R 1  -CO-OR + H+ R 1 -CO-OHR R1  -C=O + ROH 

+ R I -C=O + H20 >- R 1  -CO-OH + H+ 

Both mechanisms A and B involve the cleavage of the alkyl-oxygen linkage, 

and it has been pointed out earlier that such cleavage does not take place . 

Hence mechanism C seems to be the only reasonable one . 

Day and Ingoldl have proposed still another mechanism which for 

purposes of discus sion will be referred to as mechanism D :  

R 1 -CO-OR + H+ fast '" R 1  CO +OHR #�-�� - -



+ slow \ + H20 + R 1 -00-0HR �:::::::::::=� H20-CO-R 1 + ROH 

+ fast H20-CO-R I �===' R I -00-0H + H"t. 
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The main kinetic requirements of mechanism C are that the initial 

rate of hydrolysis should be proportional to the concentrations of acid 

catalyst and ester, and independent of the concentrati on of water . Mech-

anism D, however, requires the initial rate of hydrolysis to be propor-

tional to the concentrations of acid catalyst, ester, and water . Propor-

tionality of the rate of reaction to the water concentration could not 

be demonstrated as long as water was the solvent . However, Friedman and 

Elmore5 have shown that, in acetone as solvent, the rate is, indeed, pro-

portional to the concentration of water . 

One other kinetic criterion may be mentioned . The first step of 

mechanism D consists of a preliminary reversible proton transfer . Bon­

hoeffer6 and Reitz7 have shown that, while the rates of aqueous reactions 

are usually reduced when ordinary solvent water is replaced by heavy water, 

this difference may become reversed in the case of reactions which proceed 

by a mechanism dependent on a pre-equilibrium. involving a proton ( or 

deuteron) transfer . Conversely, they assumed that the observation of a 

larger rate in heavy water may be taken as an indication that the mech-

anism does involve such a pre-equilibrium. Aqueous hydrolysis of esters 

does proceed faster in heaVy water than in ordinary water . 8 Mechanism D 

evidently brings the rule of Bonhoeffer and Reitz and the observations 

into harmony. 

Historically, the idea that the initial stage in the hydrolysis of 

an ester is the formation of a complex ion seems to have originated with 
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suggested two alternative mechanisms for hydrolysis, one of which is 

identical to mechanism A above, while the other is related to mechanism 

C, differing from it in that the molecule of alcohol is assumed to be 

eliminated in two parts, alkoxide ion and hydrogen ion . The alkoxide 

ion is ej ected from the (hydrated) ester molecule without prior forma­

tion of the complex cation . Stieglitz11 advanced a mechanism which, 

after the first stage, becomes equivocal and may be regarded as a gen­

eralized representation covering both the possibilities B and C .  Acree12 

formulated the intermediate cation in a manner which appears to leave 

open all three possibilities A, B, and C .  Later, Lapworthl3 explained 

results he obtained with the acid-catalyzed hydrolysis of esters by 

assuming mechanism C to hold . 

Various other mechanisms have been proposed, but most of them are 

variations of the four which have been presented here . Watsonl4 has pro-

posed a mechanism which is very similar to mechanism D above, but includes 

a carbonium ion as an intermediate : 

R '  -CO-OR + H+ �== R '  -C- (  OH) ( OR) +H20 
} R '  -C-( OH) ( �H2) (  OR) . ( -H20 

Lowryl5 advanced a termolecular mechani�m which req�ires that the approach 

of the proton to the ester molecule be reduced in speed until it keeps pace 

exactly with the approach of the water molecule . Roberts and Ureyl6 ad-

vanced a mechanism which consists of bimolecular stages but makes a proton 

transfer the rate -determining stage . These ideas, however, are not at all 

in harmony with the modern idea that proton transfers between acidic and 
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basic oxygen are very rapid processes, and cannot in general be retarded 

to conform to any rate which is measurable at ordinary temperature . 

In more recent work, Bell, Dowding, and Noble17 made measurements 

on the kinetics of hydrolysis of ethyl acetate and methyl formate in 4 

per cent concentration in solutions of hydrochloric and sulfuric acids 

up to 10 M and on the acidity function of concentrated hydrochloric acid 

solutions . Plots of log k �· Ho ( the acidity function) were not linear, 

excluding a unimolecular mechanism for the hydrolysis and lending support 

to the bimolecular mechanism involving the slow step 
+ �=::: RCOOH2 + R 1 OH . 

Bender,18 using ethyl-, isopropyl-, and �-buty+benzoates labeled 

with oxygen-18 in the carbonyl group, determined the kinetics of hydrolysis  

and the oxygen exchange accompanying hydrolysis . The fact that oxygen 

exchange occurs in every case between the carbonyl oxygen of the ester 

and the solvent during the process of hydrolysis strongly suggests that 

a true intermediate, in which the carbonyl oxygen partic�pates in a re-

versible fashion, occurs during the hydrolysis . The most probable struc­

ture of this intermediate must include a contribution from the unionized 

hydrate of the ester, RC( OH) 20R, since the intermediate must assume a sym­

metrical structure capable of exchange . The ratio khydrolysis/kexchange 

was determined for each ester .  The similarity of this ratio for the three 

esters studied and the virtual identity of kbydrolysi s/kexchange for both 

the acid and alkaline hydrolysis of ethyl benzoate euggest a similar 

intermediate in all cases . 
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Although it had been prepared as a hydrogenation product of di­

methyl phthalate contaminated by the trans isomer, dimethyl �-1, 2-�clo­

hexanedicarboxylate was not isolated and characterized until 1950, when 

Cope and Herric�9 prepared it by the reduction of �-dimethyl-6 1 -tetra­

hydrophthalate as an intermediate in their stuqy of derivatives of cyclo­

octatetraene . Baeyer, 20 in 1890, was the first to prepare the dimethyl 

ester of the trans-1, 2 acid by esterification of the acid with methanol 

and hydrochloric acid . He was also the first to assign � and trans 

configurations to these compounds . 

Komppa21 in 1933 was the first to report the preparation of the 

methyl esters of the 1,3-cyclohexanedicarb�lic acids, but he made no 

attempt to separate the cis and trans configurations . The next year 

Malachowski and Jankiewicsowna22 prepared the cis-1,3  diester by treat­

ment of the corresponding acid with diazomethane . In 1939,  Skita and 

Rossler23 made a study of the esters of the 1,3-cyclohexanedicarbo:xylic 

acids and prepared and characterized both the £!!- and trans-1,3 diesters . 

They were prepared by reduction o£ dimethyl isophthalate in the presence 

of acetic acid over platinum-barium sulfate catalyst. 

The cis- and trans-1, 4 dimethyl esters were first prepared in 1888 

by Baeyer24 by treatment of the respective acid chlorides with methanol . 

In 1903 they were prepared by Knoevenagel and Bergdolt25 by heating the 

dimethyl ester of �-62,5,..dihydroterephthalic acid in a stream of car­

bon dioxide in the presence of palladium. Stoermer and Ladewig26 made 

the trans isomer by treating a methanol solution of the trans-1, 4 diacid 
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with ultraviolet light for a period of two weeks or more . In 1911, 

Zelinsky and Glinka27 characterized the £!!-1, 4  diester prepared by 

the method of Knoevenagel . In 1938, Fichter and Holbro28 prepared the 

�-1, 4 dimethyl ester by simple esterification of the acid with sul­

furic acid and methanol . 



CHAPrER II 

THEORETICAL DISCUSSION 

A.  Introduction 

The theoretical discussion which follows will be divided into two 

parts : the first deals with the various rate expressions and equations 

by means of which the experimental data were treated and the second in-

volves theoretical considerations relative to the stereoisomerism of 

the derivatives of cyclohexane . 

B .  Kinetic Considerations 

The acid-catalyzed hydrolysis of any ester of an organic acid can 

be described by the following equation: 

RCOOR t + H20 + H+ RCOOH + R• OH + H+, 

and the kinetics of the reaction by the following rate expreasiona 

where 

dA 
� = - k' A B 0 

A a concentration of ester at time t 

B • concentration of water at time t 

0 = concentration of acid catalyst at time t 

k' = specific reaction rate constant . 

{1) 

To explain these kinetics, the following mechanism has been pro. 

posed: 29 
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RCOOR'  H+ fas:t ::. + 
+ RCOOHR' 

RCOOHR ' �lQW + 
H20 + '), RCOOH2 + R 'OH 

+ fast 't H+ RCOOH2 , RCOOH + 

According to the law of mass action this reaction should be bi-moleaular 

and third order, with the rate dependent on the concentrations of ester, 

water, and acid catalyst.  However, the hydrogen ion ( acid catalyst)  is 

not consumed in the reaction but merely cataly�es it and thus remains 

at the same c oncentration. Hence C in equation (1) becomes a constant . 

In this work the concentration of the water is  so  great ( the re­

actions were carried out in 70 per cent acetone in water solutions) that 

its change is  negligible . Hence the concentration of water may be assumed 

to remain constant . If A0 and B0 represent the initial concentrations 

of ester and water, respectively, then B0 - B = B0 since the ooncentra-

tion of water is constant . With both water and acid catalyst. conoentra-

tiona remaining constant, the hydrolysis reaction becomes pseudo­

unimolecular30 and e quation (1) becomes 

( 2) 

where k1 represents the rate constant determined in this work . In order 

to determine the specific reaction rate constant, k1 would have to be 

divided by the concentrations of water and acid catalyst used, !·!· ' 

k '  = Bo C ( 3 )  

The terms in this equation have been defined earlier . 
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Integration of equation ( 2 ) gives 

Ao 
ln - • ICJ. t  

A 

log A == log Ao .... 
kl 

2 .303 t 
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(4) 

(5) 

which is the equation for a first order reaction. A plot of log A as a 

function of time gives a straight line with a slope equal to - kl/2 .303 . 

The obtaining of the rate constant for the hydrolysis of the first 

e ster group in the dimethyl e sters is complicated by the fact that hy-

drolysis of the second ester group be comes appreciable as the monometnyl 

ester accumulates in the reaction mixture . The observed kinetics then 

represent the sum of tvo processes,  the hydrolysis of the dimethyl eater 

and the subsequent reaction of the monomethyl ester to yield the dicar-

boxylic acid . The situation may be represented by 

R( COOR' ) 2  + H20 --�)- R( COORt ) ( COOH) + R 1 0 H  

R ( COOR' ) (  C OOH) + H20 ). R( C OOH) 2 + R 1 OH • 

However, the rate of hydrolysis of the second ester group is s o  much 

smaller than that of the first that in the early stages of the reaction 

the kinetics follow, quite closely, the simple first order law. The 

rate constants were determined for the diesters in this work by follow-

ing the concentration of the acid formed, assuming the monoester concen-

tration to be neglible until about 30 per cent of the reaction was complete . 

The monomethyl e ster concentration had become sufficient at this point to 

cause interference by hydrolysis of the second e ster group . 

In addition to the rate constants, the quantity most frequently 

determined in kinetic studies is the effect of temperature on reaction 



velocity. The Arrhenius equation, written 

k = A e-E/RT 

where 

k = specific reaction rate constant 

E = activation energy 

R = gas constant 

T = absolute temperature 

A = temperature independent constant, 

10$ 

(6) 

adequately represents the temperature dependence for most reactions . The 

�ctivation energy may, in general, be assumed constant over a not too wide 

temperature interval . Taking the logarithm of the above expression, then, 

one obtains 

log k = log A - E ( 7 ) 2 . 303 RT 

It is obvious that a plot of the logarithm of the rate constant as a £uno-

tion of reciprocal temperature yields a straight line graph with a slope 

of - E/2 .303 R .  

C .  Stereoisomerism of Cyclohexane Derivatives 

A six-membered alicyclic ring cannot assume a strain-free planar 

ring structure because of the tetrahedral valence structure of the carbon 

atom. However, two possible strainless ring forms are 2bserved, and 

these are designated "boat" and nchair" forms, as indicated below. 
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Boat Form Chair Form 

Electron diffraction techniques have been applied to a study of 

the cyclohexane molecule . 3l While both strainless ring forms are equally 

probable, the ratio of the concentrations of the chair to the boat forms 

in the tautomeric equilibrium existing between the two is greater than 

99-1 at room temperature . Actually, the energy difference between the 

two structures is only 5-10 kcal . mole-1 in favor of the chair form. 

The number of isomeric possibilities is increased when one or more 

of the hydrogen atoms on the cyclohexane ring is replaced by another sub­

stituent group . In this connection, a distinction must be made between 

the two different kinds of substituents on the cyclohexane ring . From 

a study of scale models, it becomes obvious that for each structure half 

of the substituents extend out from the cyclohexane ring, while the other 

half extend above and below the carbon ring . The first type of substituent 

is designated "equatorial" and the second "axial" ( 'tpolar" ) .  

In addition to the e quilibrium which exists between the boat and 

chair forms, a further equilibrium is possible between the carbon atoms 

within these configurations . With substituted cyclohexanes, the position 

of the substituent may be either equatorial or axial and the individual 

substituents may move from one position to the other . Thus, different 

isomers of substituted cyclohexanes are theoretically possible . Isomers 

formed in this way have been designated as "inverted isomers . n32 
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With disubstituted cyclohexanes in which both substituenta are 

the same and on different carbon atoms, six separable isomers are possi­

ble . The substituent groups may be on adjacent carbon atoms or separated 

by one or two carbons . Within each of these groupings is the possibility 

of �- and trans -isomerism. The inverted isomer possibilities for the 

chair and boat f orms are listed in Table I .  

It has been pointed out earlier that the derivatives are for all prac­

tical purposes exclusively in the "chair" form. Hence, it may be seen 

from the data in Table I that the substituents in the cis-1, 2,  trans -1, 3, 

and �-1, 4 derivatives assume axial-equatorial p ositions . Experimental 

results indicate that substituents in the trans-1, 2 derivative assume 

an axial-axial position, while in the cis-1, 3 and trans-1, 4 derivative s 

they assume an equatorial-equatorial position . 



TABLE I 

POSSIBILITIES FOR INVERTED ISOMERS FOR DISUBSTITUTED 
DERIVATIVES OF CYCLOHEXANE 
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Chair Structure Boat Structure 
cis trans cis trans -

1, 2-Derivative ae a a ae ae 
ee a a a a 

ee ee 

1, 3-Derivative a a ae ae a a 
ee ee ee 

a a ae 

1, 4-Derivative ae a a a a ae 
ee ee 

The notation aa, ee, ae above indicates axial-axial, equatorial­
equatorial, and axial-equatorial substituents, respectively. 



CHAPI'ER III 

EXPERIMENTAL PROCEDURE AND RESULTS 

A .  Temperature Control 

Reactions we:re run in water baths maintained at 25°, 35°, 45°, and 

55° . Maximum temperature deviations were t 0.02° in the latter three cases 

and t 0 .04° in the first case . Temperature was controlled in each bath by 

a mercury expansion thermo-regulator, thyratron tube, and efficient s tir­

ring . A refrigeration unit was necessary to govern the temperature of the 

25° themostat . 

B .  Volumetric Apparatus 

Kimble "Normax11 brand glassware was used for all volumetric appa­

ratus . The slow rate of the reactions (which required from one day to 

several months to be completed) and the volatility of the solvent made 

necessary the use of a special reaction flask which consisted of a three­

inch length of 9 mm. P.yrex tubing attached to the rounded bottom of a 

125-ml . Erlenmey-er flask, the mouth of whioh had been s ealed in an oxygen­

gas name . A short piece of thick-walled rubber tubing was slipped over 

the narrow neck s o  that a glass plug oould be inserted . In this manner, 

evaporation was reduced to a minimum} that is, the only solvent lost from 

a properly stoppered flask was that which e scaped during the withdrawal 

of the samples . Sampling was accomplished by pipetting 10-ml .  aliquots 

of the reaction mixture at appropriate time intervals . The pipettes 



110 

were heated prior to use to the temperature of the reaction mixture . 

They were calibrated only at 20°, however . Differences in the volume 

delivered from the glassware over the temperature interval would be 

smaller than the uncertainty as to the temperature of the solution in 

the pipette and the corresponding uncertainty as to the volume of the 

solution contained in the pipette at the reaction temperature . Calcula­

tions made from the thermal expansion coefficient for Pyrex glass indi­

cate that the maximum error from this source would be about 0.03 per 

cent at 55° . 

C .  Preparation of Reagents 

The preparation of the esters used in the various hydrolyses is 

described in detail in the appendices . The reaction medium in each case 

was a 70 volume per cent acetone-water solution . The acetone used was 

purified by fractionally distilling U .  S ,  P. acetone from alkaline per­

manganate through an 8-ft . Vigreux column and collecting the distillate 

at constant head temperature . 

Carbonate free alkali was assured by letting a 50 per cent solution 

of sodium hydroxide stand for a month, then filtering to remove the car­

bonate just before solution preparation. All alkali solutions were 

standardized by titration with Merck ' s  primary standard potassium acid 

phthalate . 

A stock solution of hydrochloric acid used as catalyst was prepared 

by diluting du Pont reagent grade concentrated hydrochloric acid with dis ­

tilled water t o  the desired concentration . It was standardized by titra-
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tion with the standard alkali s olution . 

For the rate experiments it was ne cessar,r to know the concentra-

tiona of the reacting species under the conditions of the reaction, and 

not just at room temperature .  Acetone and acetone-water s olutions have 

a considerable temperature coefficient of expansion, and if this were not 

taken into account when preparing the solutions, c onsiderable error would 

occur . To determine this expansion, exactly 100 ml. of a 70 volume per 

cent acetone-water solution was placed in a 100-ml . volumetric flask at 

2.5° . The volumetri c nask had a graduated neck ( similar to a burette) 

reading from 100 .00 ml. to 110 . 00 ml. The level of the liquid was noted, 

and the flask was then placed consecutively in the 3.5°, 4.5°, and .5.5° 

thermostats, allowed to come to thermal equilibrium, and the new 

volume noted . The s olution volume was plotted as a function of tempera-

ture as shown in Figure 1 .  From this graph, volume c onversion factors 

were easily determined. 

An additional correction factor must be applied to this system to 

account for the contraction in volume which occurs when acetone and water 

are mixed . To determine the contraction in volume which occurs ,  70 ml .  

of acetone and 30 ml .  of water were carefully measured into a 100-ml . 

volumetric nask from burettes .  The c ontents of the nask were carefully 

mixed. Previ ously prepared 70 volume per cent acetone solution was then 

added from a burette to bring the volume up to 100 ml. From this a cor-

rection factor of 1 . 033 was calculated, i . e . ,  1.033 times as much acetone - -
and water should be mixed as calculated in order to give the desired 

volume . 
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The ester which is to be added to the reaction mixture also has 

a small but definite volume for which a correction must be applied . To 

determine this volume, a 1-g . sample of one of the diesters was added to 

exactly 100 ml. of 70 per cent acetone solution, thoroughly shaken, and 

the volume increase of the solution noted . Variation of the volume in 

solution of the esters over the temperature interval of concern was 

neglected . 

From these data the starting concentrations of all the reactants 

can be calculated . This is illustrated in Table II . In all cases the 

initial COQcentrations of the acid and dimet�yl ester were 0.100 and 

0.050 � . ,  respectively. Making the initial concentrations the same for 

each run greatly simplifies the subsequent calculations and negates the 

possibility of variations in the specific reaction rate constants due to 

differences in the ionic strengths of the solutions . 

D .  Experimental Procedure for Rate Determinations 

The procedure for starting a run was the same for all the esters . 

Approximately 1 g.  of ester was weighed into the reaction flask . To the 

ester in the flask were added the calculated amounts of acetone and water 

from burettes,  and the solution was thoroughly mixed .  The calculated 

amount of acid catalyst was added last, and the timing of the reaction 

was started with the addition of the acid catalyst .  The reaction flask 

was then placed in the thermostat and allowed to come to thermal 

e quilibrium. The first sample was removed and titrated with standard 
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TABLE II 

PRELIMINARY CALCULATIONS FOR THE PREPARATION OF A SOLUTION TO BE 
0.05 �· IN DIMETHYL ESTER AND 0 . 10 M.  IN AClD AT 55oc 

1 . Solution temperature = 25° 

2 .  Volume in solution of the dimethyl ester = 0 . 10 ml ./g .  

3 .  Volume conversion factor for 70 per cent acetone ( 55° to 25°) = 0 . 966 

4 .  Grams of dimethyl ester in 100 ml .  of  o . o5 �· solution = 1.001 

5 .  Grams of dimethyl ester used in this run = 1 .0240 

6 . Volume of solution required at 55° to give a 0.05 �· solution of 

diester - 1 .001/100 = 1 . 0240/x 
X = 102 .30 ml .  

7 . Volume of 70 per cent acetone solution required at 55° 

102 .30 - 0 . 70 = 101 . 60 ml .  

8 .  Volume of 70 per cent acetone solution required at 25° 

(101.60) ( 0 . 966) = 98 . 15 ml .  

9 .  Volume of acetone required at 25° 

( 98 . 15) (0 . 70) (1 .033 ) = 70 . 98 ml .  

10 . Volume of water and acid required at 25° 

( 98 . 15) ( 0 .30) ( 1.033 ) = 30.43 m1 . 

Volume of 0 . 5655 �· hydrochloric acid required at 25° 
to give a 0 .10 �· acid solution at 55° 

0 . $655 X =  (102 .30) ( 0 .10) 

X = 18 . 90 ml. 

Volume of water required 

30.43 - 18 .09 = 12.34 ml .  
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alkali about fifteen minutes after the reaction flask was placed in the 

thermostat . 

The reactions were followed by pipetting 10-ml . samples from the 

reaction mixture and discharging them into 12.5-ml . Erlenmeyer flasks . 

Phenolphthalein* indicator was added . The time of the sample was arbi-

trarily taken as the time when the pipetting of the sample was initiated . 

The amount of acid formed was determined by titration with standard car-

bonate free alkali . 

The pipettes were cleaned between uses by wiping them with a tissue 

saturated with acetone, then rinsing three times by pulling acetone through 

them with the aid of an aspirator . 

E .  Treatment of Data 

The kinetic expression for a simple first order reaction is shown 

in the previous chapter ( equation .5)  to be: 

where 

log A = log A0 -
kl ----- t 

2 .303 

A = concentration of diester at time t • t 

A0 = concentration of diester at time t = 0 

k1 = reaction rate constant . 

It is evident that a graph in which log A is plotted as a function 

of t should yield a straight line of slope equal to the rate constant 

� The indicator was composed of 1 . 0  g .  of phenolphthalein dissolved 
in 99 .0  g .  of 9.5 per cent ethanol . 
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divided by 2 .303, !·�· ' the rate constant is calculated by multiplying 

the slope of the straight line by 2 . 303 . This method of calculation 

was used for all of the diesters as illustrated by Table III and Figure 

2 .  All concentrations are listed in terms of moles per liter, and all 

times in minutes . 

The rate constants obtained in this research are tabulated in 

Table IV .  The units of k1 in each case are minutea-1 . The activation 

energies listed were obtained from a least squares treatment of the 

slopes of the various temperature coefficient curves shown in Figure 3 .  

All rate constants represent a compilation of data gained from at least 

two, and in many cases three, independent experimental determinations . 
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TABLE III 

DATA AND CALCULATIONS FOR THE DIMETHTI. ESTER OF THE 
ois -1, 3-CYCLOHEXANEDICARBOXYLIC ACID AT 55°C 

A 
Alkali Concentration 

Time Required a of ester 
(minutes) (ml. ) (!'!. ) 

17 30 . 31 0 .04922 

33 30.68 0.04799 

52 31 .13 0.04649 

72 31.78 0 .04433 

98 32 .52 o .o4187 

133 33 .17 0 .03971 

161 33 . 80 0.03762 

185 34 .37  0 .03572 

aNormality of alkali = 0.03325 . 
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- log A 

1 .3078 

1.3189 

1 .3327 

1 .3533 

1 .3781 

1 .4011 

1 .4246 

1 .4471 
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Figure 2 .  Kinetics plot for �-1, 3 diester at 55° . 
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TABLE IV 

RATE CONSTANTS AND ACTIVATION ENERGIES FOR THE DIMETHYL 
ESTERS OF THE CYCLOHEXANEDICARBOXYLIC ACIDS 

Rate Constants x 103 in 
Minutes-1 EA 

Ester 25° 350 450 550 ( cal . mole-1) 

cis-1, 2 0.00302 0.00962 0.0288 0 .0746 2 . 09 X 104 

trans-1, 2 0 .00332 0 .00990 0 .0350 0.0786 2 .10 X 104 

,£!!-1,3 0 . 137  0.336 0 . 822 1 . 79 1 .68 X 104 

trans-1, 3 0.0695 0 .180 0 .440 1 .04 1 .76 X lo4 

,£!!-1, 4 0.0820 0 .194 0 .534 1 . 28 1 .81 X lo4 

trans-1, 4 0.164 0.371 0 . 867 1 . 88 1 . 59 X lo4 
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Figure 3 .  Rate constant .. reciprocal temperature plots for 
the dimethyl esters of the cyclohexanedicarboxylic acids . (Esters 
are numbered in the order in which they appear in Table IV. ) 

120 



CHAPI'ER IV 

DISCUSSION OF RESULTS 

A.  Previous Considerations 

Smith and Byrne33 studied the kinetics of esterification of the 

cyclohexanedicarboxylic acids in dry methanol solutions with hydrochloric 

acid as catalyst . The rate s of esterification of the 1, 2-acids were 

slower than for the 1, 3- and 1, 4-acids . For the esterification of the 

diacids and monomethyl esters, the £!!-1, 3  and trans-1, 4 configurations 

gave similar rate constants, which differed from those for the trans-1,3 

and cis-1, 4 forms . For the 1, 2-acids, the cis isomer of the cyclohexane­

dicarboxylic acid esterified more rapidly but for the monomethyl esters 

the rate constant is greater for the trans form. The se results were ex­

plained by assuming that the cyclohexane ring is almost entirely in the 

chair form, where two conformations of the chair structure are possible, 

axial-axial or equatorial-equatorial. The one yielding the greatest 

separation of substituents is predominant. 

Smith and Fort34 investigated the kinetics of the base-catalyzed 

hydrolysis of the monomethyl and dimethyl e sters of the cyclohexane­

dicarboxylic acids in 85 per cent methanol-water solutions . The results 

obtained by them correspond favorably with those obtained by Smith and 

Byrne33 for the 1,3- and 1, 4-acids . The ratios of the rates of hydrolysis 

of the dimethyl esters compared to the monomethyl esters were found to 

vary from 6.3  for the trans-1, 4 isomers  to 104.6 for the esters of the 



122 

cis-11 2 acid . On the basis of the first and second rate constants de­

termined for the esters, the separation of the two ester ( or ester 

and acid) groups decreases in the following order : trans-1, 4 / cis-

1, 3 > cis -1, 4 ) trans-1, 3 � trans-1, 2 > cis -1, 2 .  This corresponds to 

the expected separation as shown by scale models . The fundamental dif­

ference in the acid catalyzed esterification and the base -catalyzed hy­

drolysis lies in the fact that with esterification the monomethyl ester 

is in the form of an uncharged molecule and exerts no great influence 

on the approach of the positive charged ion in the reaction, while with 

hydrolys�s the partially saponified ion is negatively charged and repels 

the attack of the negatively charged base . Steric hindrance accounts 

for the fact that the rate constants for h�olysis of both the first 

and second ester groups are greater for the trans-1, 2 than for the cis-

1, 2 forms . 

Cavell, Chapman, and Johnson35 have reported preliminary results 

of a study of the rates of base-catalyzed hydrolysis of the methyl esters 

of the cyclohexanedicarboxylic acids . Their work is similar to that of 

Smith and Fort . However, they used dioxane-water solvent (3 :1  by volume) 

for their reactions . Results reported are in good general agreement with 

those of Smith and Fort . 

Smith and Hunt36 studied the rates of esterification of the cyclo­

hexanedicarboxylic acids and their monomethyl esters with diphenyldiazo­

methane in absolute ethanol . The expected similarity of reaction for 

the diacids and the monomethyl esters of the �-1, 3 and the trans-1, 4 

configurations was obtained . Different from these but again similar were 
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the rates of reaction for the trans-1, 3 and the cie-1, 4 isomers . These 
- -

results led to the conclusion that the equatorial position was the more 

favorable position for reaction. 

The trans-1, 2 acids were found to react more rapidly than any of 

the other isomers . Possible ring formation and polar effects were pro­

posed to explain this increase irl reaction rate . The rates for the 

cia-1, 2 acids compared favorably with the cis-1, 3 and trans-1, 4 acids . 

Again, polar effects were proposed to explain the increase in reaction 

rate , 

The kinetics of the acid catalyzed hydrolysis of the dimetnyl 

eaters of the oyclohexanedicarboxylic acids were studied in this work . 

This provides an interesting comparison with the base catalyzed hydrolysis 

of these same esters and the acid catalyzed esterification of the corre­

sponding acids . Actually, a complete discussion of the results of this 

work demands data for the monomethyl esters of the cyclohexanedicarboxylic 

acids . This work is in progres s  in this laboratory at the present time . 

B .  The Die sters o f  the 1, 2 ...Cyclohexanedioarboxylic Acids 

Consider the 1, 2-dimethyl esters, the � in the equatorial­

equatorial and the cis in the axial-equatorial conformation. The trans 

isomer reacts only about 1.1 times as fast as does the .£!:!• This is in 

contrast to the behavior observed by Smith and Fort34 for these e sters . 

In the saponification reaction, the � isomer reacts about twice as 

fast as does the 2!!' which indicates that one of the ester groups in 

the cis structure is essentially nonreacting . This difference was ex-
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plained by the fact that the carbon on the axial carboxyl group of the 

ill isomer is so highly shielded by the ring, the other ester group, and 

the methoxy group attached to it that it is made almost invulnerable to 

the attack of a hydroxyl ion. Both e quatorial carboxyls in the trans 

structure, on the other hand, are exposed and easily open to attack as 

is the carbon in the equatorial carboxyl group of the cis structure . 

Smith and Byrne33 found that the �-1, 2 monomethyl ester esteri­

fied about 1.4 times as rapidly as did the cis isomer . The slower rate 

observed for the ill isomer is explainable on the basis of the steric 

hindrance between the carboxyl and ester groups in axial and equatorial 

conformations . 

As was mentioned above, it was found in this work that the cis 

isomer reacts but little slower than the trans configuration. Here the 

attacking species in the rate-determining step is a water molecule rather 

than the somewhat larger alcohol molecule involved in esterification. 

Hence, steric requirements would not be expected to create as large a 

difference in reaction rates for hydrolysis between the ili and trans 

configurations as was observed in esterification. 

C .  The Diesters of the 1, 3-Cyclohex:anedicarbo:xylic Acids 

The � configuration with both ester groups in equatorial posi tiona 

shows no pos sibility of steric hindrance . Completely free rotation of 

both carboxyl groups is possible ( no possibility of formation of a:ny kind 

of fused ring) and it would be expected to be among the fastest reacting 

of the compounds studied, which is found experimentally to be the case . 
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The � isomer, on the other hand, with one ester group in the equa­

torial and one in the axial position, reacts only about one-half as fast 

as does the cis . Here, again, the e quatorial group present is free and 

its reaction should be uninhibited. The reaction of the axial group is 

slowed by two factors, however . In the first place, the carbon which 

is to be attacked by the water molecule is partly shielded by the ring 

and is not in as vulnerable a position as is that of the cis isomer . 

Too, examination of scale models shows that a six-membered ring may be 

formed by a hydrogen bond between the alpha bydrogen of the equatorial 

ester group and the carboxyl oxygen of the axial group . Both of these 

effects would slow its reaction . 

Examination of models of the axial-axial �-1, 3 structure shows 

considerable shielding of both carboxyl groups . This structure could 

then not account for the very rapid reaction of the cis-1, 3 isomer .  

These, essentially, are the same arguments used by Smith and 

Byrne33 to explain similar results obtained by them for the esterifica­

tion of the �- and trans-1, 3 diacids and monamethyl e sters, and by Smith 

and Fort34 to explain similar results obtained by them for the saponifi-

cation of these esters . 

D. The Diesters of the 1, 4-0yclohexanedicarboxylic - Acids 

The trans-1, 4 equatorial-equatorial structure, like the �-1, 3, 

has both ester groups in exposed positions vulnerable to attack, has no 

possibility of fused ring formation, and is among the fastest reacting 

of all the e sters . 
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The �-1, 4 diester reacts about one-half as fast as does the 

trans . Again, the one axial ester group accounts for the difference. 

There is no possibility of fused ring formation here, but the puckering 

of the cyclohexane ring sterical� blocks the carbon on the axial ester 

group which is to be attacked even more than it does in the case of the 

�-1, 3 diester . This accounts for the reduced reaction rate . 

The trans-1,4 axial-axial structure shows considerable shielding 

of both carboxyl groups and would be expected to react slower than the 

.2.!!, isomer which has one exposed equatorial group . This for all prac­

tical purposes eliminates the axial structure from consideration. These 

results are completely in line with those obtained by Smith and Byrne33 

and Smith and Fort .34 

E .  Comparison of the Reaction Rates of the 1, 2-, 1, 3-, and 1, 4-Diesters 

For both the �- and �-1, 2 diesters, the reaction rates are 

considerably lower than the corresponding 1, 3 and 1, 4 compounds . This 

is the familiar � effect and is, silllply, the result of the shielding 

of one carboxyl group by the other . 

The reaction rates of the trans -1, 3 and cis-1, 4 diesters are almost 

the same . This is the obvious result of their similar axial-equatorial 

structures .  

The reaction rates of the cis-1, 3 and trans-1, 4 diesters are very 

comparable and are the fastest of the esters studied . 



CHAPI'ER V 

SUMMARY 

The dimethyl esters of the isomeric 1, 2-, 1, 3-, and 1, 4-qyclo-

hexanedicarboxylic acids have been prepared and the rates of their 

acid catalyzed hydrolyses  in 70 per cent acetone have been determined . 

All hydrolysis reactions were run at four temperatures, 25°, 35°, 45°, 

and 55°. The rate constants for the hydrolyses at each of these tempera-

tures, along with the activation energies for the reactions, have been 

tabulated in Table IV .  

The rates of hydrolysis of the cis-1, 3 and trans-1, 4 diesters 

were found to be almost identical . Similarly, the reaction rates of the 

trans-1, 3 and cis-1, 4 diesters were found to be nearly the same . The 

cis- and �-1, 2 diesters reacted at much slower rates . 

The relative reaction rates which were determined for the various 

diesters were taken to be indicative of the predominant inverted isomeric 

possibilities of the compounds studied . An e ster with an exposed carbo-

methoxyl group would . be expected to react at a faster rate than a similar 

o.ompound whose carbomethoxyl group was not so exposed. 

Using this idea, and with the aid of scale models of the various 

compounds, the results obtained in this work were explained by assuming 

that in the conformational equilibrium which exists with all the cycle-

hexane derivatives, the pr.edominant conformation with the cis-1, 2,  trans-

1,3,  and cis-1, 4 diesters was the axial-equatorial, while with the �-

1,3, trans-1, 4, and �-1, 2 diesters the equatorial-equatorial con-
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formation predominated. These similar inverted isomeric states explain 

the similar reaction rates noted . 



APPENDICES 



APPENDIX I 

mEPARATION OF THE DJMETHn ESTERS OF 'mE 1, 2-CYCLOHEXANEDICARBOXILIC ACIDS 

A .  Preparation of cis-1, 2-Cyclohexanedicarboxylic Acid 

1, 2-C6H4(COOH) 2 + JH2 ---? cis- + trans-1, 2-C6Hlo(COOH ) 2 

Fifty grams of Eastman White Label phthalic acid was reduced in 

a Parr hydrogenator in the presence of 75 ml .  of glacial acetic acid over 

0,5 g.  of platinum oxide catalyst.  When the theoretical amount of hydro­

gen had been absorbed, the reaction mixture was transferred to a beaker, 

heated to boiling, and fU tered to remove the catalyst .  On cooling the 

filtrate to room temperature, the cis-1, 2 acid precipitated; this was 

filtered and recrystallized once from water . Yield -- 45 g .  Melting 

point -- 191°0 . The highest literature melting point is 191 .5-192 . 5° .37 

B .  Preparation of �-1, 2-Cyclohexanedicarboxylic Acid 

�-1, 2-C6Hlo(COOH)2 ---+ trans-1, 2-C6Hlo(COOH) 2 

�-1, 2-Cyclohexanedicarboxylic acid (46 . 2  g . )  was refluxed for 

twenty-four hours with 170 ml. of sulfuric acid ( sp .  g .  1 . 84) and 100 ml. 

of distilled water. The reaction mixture was then transferred to a beaker 

and cooled overnight in the refrigerator . The crystals which formed were 

collected on a fritted glass filter of coarse porosity and the filtrate 

was discarded, The precipitate was washed three times with cold water 

and was twice recrystallized from water after treatment with Norite de­

colorizing charcoal . The crystals were then refluxed four times for 
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ten-minute periods with 75-ml . portions of xylene ; at the end of each 

period the xylene was decanted and discarded . The acid was then washed 

with cyclohexane and recrystallized once mare from water, then air-dried . 

Melting point -- 227 . 5-229 . 4° . Yield -- 33 . 6 g .  The highest literature 

melting point is 227 . 0-229 .0° . 37 

C .  Preparation of the Dimethyl Esters of cis- and trans -1, 2-

Cyclohexanedicarboxylic Acids 

E:!- or trans-1, 2-C6Hlo( COOH) 2 + 2CH30H ---� 

cis- or trans-1, 2-C6H1o(COOCH3) 2 + 2H20 

Thirty grams of �- or trans-1, 2-cyclohexanedicarb�lic acid was 

refluxed for four hours with 190 ml. of methanol and 2 . 3  ml . of sulfuric 

acid ( sp .  g .  1 . 84) . The mixture was boiled to expel the excess methanol 

and then treated with a dilute sodium carbonate solution . This was ex­

tracted three times with ether . The ether was evaporated on the steam 

cone and the oily residue was dried in an evacuated desiccator over cal­

cium chloride . 

The dimethyl ester of the cis acid was purified further by frac­

tionation through a 2-ft . Vigreux column . Ten milliliters of the middle 

fraction which distilled at 124 . 4° under a pressure of 12 mm .  of mer­

cury was chosen for the kinetic studies .  

The dimethyl ester of the � acid is a solid with a melting 

point a little above room temperature . It was placed in the coldest 

part of the refrigerator and allowed to stand for several days . The 



132 

crop of oily crystals which was obtained was purified qy three recr,rs­

tallizations from a 50 per cent methanol-water s olution .  The purified 

ester was dried in an evacuated desiccator over anhydrous calcium 

chloride . Yield -- 10 g .  Melting point -- 30 . 2 -)0 . 8° . The highest 

listed literature melting point is 33° . 20 



APPENDIX II 

PREPARATION OF THE DJMETHYL ESTERS OF THE 1 , 3-CYCLOHEXA.NE­

DICARBOXYLIC ACIDS 

A.  Preparation of the �-1,3-Cyclohexanedicarboxylic Acid 

The �-1,3 -cyclohexanedicarboxylic acid used was prepared b.y 

P.  P. Hunt )8 

B .  Preparation of the Dimethyl Ester of �-1, 3-0yclohexane­

dicarboxylic Acid 

. 

cis-1,3 -C6fllo(COOH) 2 + 2KOH ----t cis -1,3-C6Hlo( COOK)2 + 2H20 

cis-1, 3 -C6fllo (COOKh + 2AgN03 --;. �-1, 3-C6Hlo (COOAg) 2 + 
2KN03 

�-1, 3-C6Hlo(COOAg ) 2  + 
2CH3I � cis-1,3-C6fllo(COOCH3 ) 2  + 2Agi 

Thirty grams of pure cis-1, 3 acid was mixed with a little water 

and neutralized to the phenolphthalein end point with concentrated potas-

sium hydroxide solution . To this s olution, while still warm, was added 

60 g .  of silver nitrate . After standing for two hours in the refrigera-

tor, the precipitated silver salt was filtered and dried over calcium 

sulfate in an evacuated desiccator . The salt was then suspended in 

400 ml .  of absolute ether, and to it was added 80 g .  of methyl iodide 

dissolved in 100 ml .  of ether . The mixture was warmed on a water bath 

for four hours, and the silver iodide which precipitated was removed 

by filtration . The ethereal solution was extracted three times with a 
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2 per cent sodium carbonate solution and once with water� The ether 

was evaporated and the resulting oil was purified by fractional dis­

tillation in a 2-ft . Vigreux c olumn at 10 mm .  of mercury pre ssure . The 

s ample used for kinetic measurements distilled at 130 . 6° . 

C .  Preparation of the Dimethyl Ester of trans-1, 3 -Cyclo­

hexanedicarboxylic Acid 

The dimethyl ester of trans-1, 3-cyclohexanedicarboxylic acid was 

prepared by P. P .  Hunt38 by reduction of the dimethyl e ster of isophthalic 

a cid in a Parr hydrogenator and s eparation of the ci s - and trans -dimethyl-

1,3-cyclohexanedicarboxylate s by fractionation through a 12 -ft . Vigreux 

column. 



APPENDIX III 

PREPARATION OF THE DIMETHYL ESTERS OF THE 1, 4-CYCLOHEXANE­

DICARBOXYLIC ACIDS 

A .  Preparation of cis- and trans-1, 4-Cyclohexanedicarboxylic Acids 

1,4-C6H4(COOH) 2 + 3H2 ---+ cis- + trans -1, 4-C6Hlo ( COOH ) 2 

Two separate 5o g .  samples of Eastman White Label terephthalic 

acid were reduced in a Parr hydrogenator in the presence of 75 ml .  of 

glacial acetic acid over 1 .0  g .  of platinum oxide catalyst. After the 

theoretical amount of hydrogen had been absorbed, the catalyst was 

separated by filtration and the acetic acid solvent was evaporated in 

vacuo . The solid which formed was washed with cold water . After the ............ 
residue was recrystallized twice from water, the pure trans acid was 

obtained.  Yield -- 44 g .  Melting point -- 312-313° . The highest 

literature melting point is 312-313° .
22 

The remaining solutions containing the mixed acids were combined 

in a beaker and the contents were evaporated on the steam cone until 

a light scum remained . The impure cis acid was dissolved in boiling 

water, and the mixture was quickly filtered through a preheated funnel . 

The filtrate was again transferred to a beaker, heated to boiling, and 

allowed to cool slowly to 50° . The precipitate was filtered and air­

dried. This �arne process was repeated twice . Yield -- 15 g .  Melting 

point -- 170-172° . The highest literature melting point is 171 . 3 -

172 .30 .33 



B .  Preparation of the Dime�l Ester of cis-1, 4-Cyclohexane­

d.icarboxylic Acid 

136 

.£!!-1, 4-C6Hlo(COOH) 2 + 2CH30H ----+ ,£!!-1, 4-C6Hlo(COOCH3 )2 + 2H20 

Thirty grams of .£!!-1, 4-cyclohexanedicarboxylic acid was refluxed 

for four hours with 190 ml. of methanol and 2 .3 ml. of sulfuric acid 

( sp .  g .  1.84) . The excess methanol was evaporated on the steam cone, 

and the residue was extracted twice with a cold, dilute sodium car­

bonate solution. The resulting oil was transferred to a 2-ftq Vigreux 

column and fractionated at 10 mm .  of mercury pressure . Ten milliliters 

of the middle fraction, boiling at 131 .0°, was chosen for the kinetic 

studies . 

C .  Preparation of the Dimethyl Ester of trans-1, 4-Cyclohexane­

dicarboxylic Acid 

This compound was prepared j�st as was the corresponding .£!! ester, 

except that it is a solid and was purified by recrystallization rather 

than fractionation . The excess methanol was evaporated from the esteri-

fication product which was then cooled, filtered and washed, first with 

a cold sodium carbonate solution and then with water . The ester was re-

crystallized twice from a methanol-water solution. Yield -- 23 g .  Melt­

ing point -- 69° . The 11 terature melting point is 71° . 28 
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