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T h e  mechanism of the oxidation o f  alcohols by silver carbonate o n  Celi te was thoroughly investigated t o  as- 
certain the nature of the transit ion state and the  possible intervention o f  reaction intermediates. Kinetic, stere- 
ochemical, and isotopic label ing techniques were used to  differentiate among the various theoretically plausible 
mechanistic alternatives. T h e  effects o f  surface adsorption and solvent composition on the outcome o f  the reac- 
t i o n  were also studied. The data were consistent w i t h  a concerted process for which a model is proposed. 

Although silver carbonate precipitated on Celite is a 
relatively new1 oxidizing agent, it has already gained wide 
acceptance. The chief advantages of this reagent lie in its 
selectivity, the mild conditions necessary to  carry out the 
oxidation, and the ease with which the products can be 
isolated. These factors have been extensively reviewed in 
a recent report.2 It can be seen from this review that  sil- 
ver carbonate is an efficient and convenient reagent for 
the oxidation of not only alcohols bu t  a variety of other 
substrates. 

In view of the wide scope of this reaction and its ever- 
increasing applications in organic synthesis, we thought 
t ha t  it would be of considerable theoretical as well as 
practical interest to  undertake a comprehensive study of 
the mechanism of the oxidation of alcohols. Some prelimi- 
nary findings of this investigation were reported in an ear- 
lier communication.3 We now wish to present the final 
data  which bear on the mechanism. For convenience we 
have chosen to present and discuss our findings under 
seven different headings: stoichiometry, intermediates, 
surface phenomena, isotope effects, steric effects, kinetics, 
and postulated models. 

Results and Discussion 
1. Stoichiometry. Since the usual procedure for cany-  

ing out silver carbonate oxidations utilizes a large excess 
of silver carbonate, the mole ratios of reactants and prod- 
ucts are not immediately apparent. T o  ascertain the exact 
stoichiometry of the reaction we have conducted two inde- 
pendent experiments. The first was a gravimetric method 
which consisted of trapping the carbon dioxide produced 

during the course of the reaction in a suitable absorption 
tube. It was found that  the moles of carbon dioxide pro- 
duced were approximately equal to the moles of alcohol 
oxidized and independent of the amount of silver carbon- 
ate used. The second experiment involved the oxidation of 
standard solutions of benzhydrol with varying amounts of 
silver carbonate which had been previously analyzed to 
obtain its exact composition. Quantitative analyses of the 
product (benzophenone) were carried out by comparing 
the ultraviolet absorption of the mixtures against a stan- 
dard Beer's law curve. These data are summarized in Ta- ,  
bles I and 11. It was generally found that  the mole ratio of 
alcohol to  silver carbonate was 1: 1. 

The above data allowed us to establish the exact stoi- 
chiometry of the reaction, which can be summarized by 
the following equation. 

bCHOH + Ag,CO, - R&=O -t H,O + 2Ag + COz 

The stoichiometric relationships defined by the above 
equation are consistent with the mechanistic model pro- 
posed in the last section.4 

11. Intermediates. The oxidation of alcohols to carbon- 
yl compounds necessarily involves the removal of two hy- 
drogens. In principle, unless the process is concerted, each 
of these hydrogens may come off as a free radical, a hy- 
drogen ion, or a hydride ion. This leads to six theoretically 
possible reaction intermediates. 

-6-OH -C-OH -&-OH - C H - 0  -CH-0- -CH-O+ 

1 2 3 4 5 6 
I I I I I I 
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Table I 
D a t a o  f r o m  the Grav ime t r i c  Analysis of the 
C a r b o n  Dioxide Evolved during Oxida t ion  of 

Benzhydrol  by Silver C a r b o n a t e  on Cel i te  

Mol of COa 
mg Mol of COI Mol of benzhydrol Mol of elc 

Net wt of CO?, 

83.3 1 . 9  x 10-3 1 . 7  x 10-3 1.1 

a Average of four experiments. 

General considerations render a number of these inter- 
mediates highly unlikely. For example, an  intermediate 
such as 6 would be very unstable and thus not easily 
formed. Oxidations of primary alcohols proceeding uia a 
type 1 intermediate should lead, a t  least in part, to car- 
boxylic acids, whereas type 4 intermediates are known5 to 
yield cyclization products as well as functionalization of 
nonactive methylene groups. No such products have ever 
been observed in silver carbonate oxidations of alcohols. 
Nevertheless, to obtain direct experimental evidence the 
following experiments were conducted. 

A. Oxidation of Cyclopropylcarbinols. The oxida- 
tions of cyclopropylcarbinol, methylcyclopropylcarbinol, 
and dicyclopropylcarbinol were carried out in the usual 
way.’ The products were isolated and identified by in- 
frared and nmr spectroscopy and  by syntheses of crystal- 
line derivatives. In each case i t  was found tha t  the alco- 
hols were converted smoothly to the corresponding car- 
bonyl compound without rearrangement or ring opening. 
These results are in agreement with the findings of other 
investigators .6-8 

In view of the  well-knowng tendency of cyclopropylcar- 
binyl, carbonium ions, carbanions, and radicals to under- 
go ring opening or rearrangement, we interpret the  lack of 
such products as evidence for the  absence of these inter- 
mediates in the reaction studied. ’ 

B. Free-Radical Catalysis a n d  Inhibition. Exploring 
further the possibility of free-radical intermediates, we 
have carried out two parallel oxidations of benzhydrol 
under identical conditions except t ha t  one of the reaction 
mixtures was treated with a catalytic amount of azobisiso- 
butyronitrile, a well-known’” free-radical initiator. The 
reaction was stopped before completion and the yield of 
the product (benzophenone) was determined by ultravio- 
let spectroscopy with the aid of a standard Beer’s law 
curve. It was found that the free-radical initiator had in 
fact inhibited rather than catalyzed the reaction. Further- 
more, it was found tha t  the reaction rate was unaffected 
by the presence of oxygen, which is known to inhibit free- 
radical processes. Finally, the usual coupling products ob- 
served in many free-radical reactions were totally absent, 
not only from the benzhydrol oxidation but also from any 
other silver carbonate oxidation of alcohols. 

These findings provide additional evidence against the 
intervention of any kind of free-radical intermediates in 
the  reaction studied. 

C. Stereochemical Evidence. A sample of optically ac- 

tive 1,2,2-triphenylethanol was partially oxidized with sil- 
ver carbonate on Celite and the  unchanged starting mate- 
rial was isolated and examined for optical activity. It was 
found tha t  there was no change in the optical rotation. 
This compound was selected as the  model because of the 
well-knownl1-l6 tendency of thiq system toward rearrange- 
ment even under conditions which do not normally pro- 
duce carbonium ions. 

The complete lack of racemization which we have ob- 
served is therefore inconsistent with the existence of free 
carbonium ion intermediates in the  present system. How- 
ever, a “carbonium ion like” transition state which goes 
irreversibly to products cannot be ruled out on the basis of 
this experiment alone. 

D. Solvent Effects. The role of the solvent in heteroge- 
neous reactions is not easy to assess because there are sev- 
eral other factors which are superimposed on the normal 
solvation effects. Among other things the polarity of the 
solvent influences the degree of self adsorption, the rate of 
adsorption of the reactants, and  the rate of desorption of 
the products. Nevertheless, we have attempted to gain 
some further insight as to the nature of this process by 
carrying out several comparative oxidations of alcohols in 
solvents of varying polarities, 

To eliminate temperature effects, solvents and solvent 
mixtures with approximately the  same boiling points were 
chosen and the  oxidations were carried out in such a man- 
ner as to ensure tha t  all other reaction conditions were as 
closely identical as possible. The details of these oxida- 
tions are given in Table 111. I t  was generally found tha t  
the  polar solvents severely inhibited the reaction. 

111. Surface  Effects. In view of the heterogeneous na- 
ture of our reaction, adsorption undoubtedly plays an im- 
portant role. To investigate the  catalytic effect of the in- 
creased surface afforded by Celite, a series of concurrent 
oxidations of benzhydrol bu t  with oxidizing reagents con- 
taining varying amounts of Celite was carried out. The 
oxidant samples were analyzed prior to use and appropri- 
ate weights were taken to ensure that the same number of 
equivalents of silver carbonate were used in each case. As 
before, the  product formation was followed by ultraviolet 
absorption measurements. The results are summarized in 
Table IV. 

I t  was generally found tha t  the increase in the  amount 
of Celite on which the silver carbonate is precipitated 
causes an  increase in the rate of oxidation until a maxi- 
mum value is reached. On further increasing the  Celite 
content of the oxidant a decrease in the rate is observed. 

The observed increase in the rate of oxidation with in- 
creasing surface supports the postulated importance of the 
adsorption on the outcome of the  oxidation. The decrease 
in the rate after the  maximum value was reached is sim- 
ply a dilution effect. 

These results also showed tha t  the addition of free Cel- 
ite to the  standard reagent does not influence the rate of 
oxidation, i . e . ,  the effective oxidizing agent is not simply 
a mixture of silver carbonate and Celite. 

Table 11 
Uv D a t a  and Calcula ted  Results for the Oxida t ion  of Benzhydrol  w i t h  Varying A m o u n t s  of 

Silver C a r b o n a t e  on Cel i te  
~~ ~ 

Wt of AgCOa, 
mg Mmol of Ag*C0za Mmol of benzhydrol Equiv of AgiCOa A (A,,,, 278 m d  PhlCO, mmol/l. oxidn 

120.4 0 .20  0.20 1 1 . 7 4  0 .82  100 
90.0 0.15 0 .20  0 .75  1 . 3 7  0.65 79 
60 .5  0 . 1 0  0 . 2 0  0 .50  0 . 9 6  0 .44  54 
30 . 0  0 .05  0.20 0.25 0.455 0 . 2 1  26 

A quantitative analysis of the  silver carbonate/Celite reagent used in these experiments showed that it contained 1 mmol 
of silver carbonate per 0.60 g of reagent. 
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Table I11 
Compara t ive  Oxida t ions  of Alcohols in Various Solvents 

-Time of reflux, -- -yo oxidation-- 
5a-hdIO- 5 a- Andro- 

Solvent e. D Be, O C  I-Heetanol Benzhydrol stan-3d-01 1-Heutanol Benzhydrol stan-38-01 

Hexane (35%) 1.9 80 6.5 0.75 100 50 

Heptane (65%) 
Benzene 2.27 80.1 6.5 0.75 0.33 90 2 100 
Ethyl acetate 6.02 77.1 6.5 <1 
tert-Butyl alcohol 12.47 82.5 6.5 300 <1 90 
Methyl ethyl ketone 18.51 77-80 15 <1 
Acetonitrile 37.50 81.6 7 <1 

+ 

Table IV  
Resu l t s  of the Oxidation of Benzhydrol  b y  Silver Carbona te  Con ta in ing  Various A m o u n t s  of Celite. 

Wt of Celite/ 

carbonate, g used, m g  in each reagentC silver carbonate 

Wt of silver 
mol of silver carbonate/Celite 'Z AgzCOa Equiv of Wt of tree 

Celite, mg % oxidationb Relative ratab 

300 117.0 49.24 5 5 1 
600 184.3 31.18 5 12.5 2.5 
900 231.7 24.85 5 35 7 
1200 298.8 19.27 5 30 6 
600 369.2 31.18 10 81 2.5 
300 234.0 49.24 10 135.2 32 1 

Average of several experiments. b +lo%.  c These values vary somewhat from the theoretical because they were based 
on the silver content of each sample found by actual analysis. 

Table V 
Oxidative D a t a  and Intramolecular Isotope Effects fo r  P r i m a r y  Alcohols 

-- Reaction conditione--- 
Equiv of Reaction 

Alcohola Products of the oxidation AgiCOs Support Solvent time, hr Yo D K H / K u  

PhCDHOHc PhCHO + PhCDO 6 None Benzene 
PhCHDOH PhCHO + PhCDO 6 Celite Heptane 

Benzene PhCHDOH PhCHO + PhCDO 6 Celite 

PhCHDOH PhCHO + PhCDO 6 Silica gel Benzene 
o-MeOPhCHDOH o-MeOPhCHO + o-MeOPhCDO 6 None Benzene 
p-MeOPhCHDOH p-MeOPhCHO + p-MeOPhCDO 6 Celite Benzene 
m-NOzPhCHDOH m-N02PhCH0 + m-NO?PhCDO 6 Celite Benzene 
CH2=CHCHDOHc CH,=CHCHO + CHz=CHCDO 4 Celite Chlorobenzene 
Geraniolc Citral + citral-d 4 Celite Benzene 

Heptanol-d, Heptanal + heptanal-d 20 Celite Benzene 
Heptanol-d, Heptanal + heptanal-d 20 Celite Heptane 

PhCHDOH PhCHO + PhCDO 6 Celite CHCl, 

(CHDOH) 

n Ten millimoles. b Average of four experiments. c These reactions were performed under nitrogen. 

72 
10 
18 
48 
15 
72 
24 
24 
10 
24 

72 
48 

86.Bb 
83 .O 
83.4 
82.8 
83 .O 
86.8 
83.5 
82.6 
82.4 
83.7 

82.5 
83.2 

6.4 
5.06 
5 .OO 
4.80 
4.88 
6.57 
5.06 
4.75 
4.7 
5.1 

4.71 
5 .O 

The role of adsorption on the course of this reaction was 
further studied by performing several competitive partial 
oxidations of equimolar amounts of various primary or 
secondary alcohols. The oxidations were carried out in the 
same reaction vessel and the mixtures were analyzed by 
gas chromatography before and after the reaction. The de- 
tails of these experiments are shown in Tables IX and X 
and discussed in section V. 

IV. Kinetic Isotope Effects. Both the intramolecular 
and intermolecular primary deuterium kinetic isotope ef- 
fects were investigated. A variety of primary and secon- 
dary alcohols, deuterated and undeuterated, were oxidized 
with silver carbonate and the relative rates of oxidation 
were ascertained by careful product analysis utilizing nu- 
clear magnetic resonance and mass spectrometry. The re- 
sults are summarized in Tables v-VIII. The average pri- 
mary intermolecular deuterium isotope effect for primary 
alcohols was found to  be 1.9 and for the secondary alco- 
hols 3.2.  These values are consistent with those reported 
by other investigators.17-18 

The average intramolecular isotope effects involving the 
oxidation of alcohols of the type RCHDOH were 4.9 ex- 
cept in the two instances in which the Celite support was 

omitted. For those cases the isotope effect was found to be 
6.5. In all of the above oxidations there was no significant 
change in the isotope effect with the solvent composition. 
Additional isotope effect da ta  were obtained from the oxi- 
dation of o,o'-bis(hydroxymethyl)biphenyl(7-9). 

Two types of experiments were performed with this 
compound. The first involved the oxidation of 7 and the 
second the oxidation of a 1:l mixture of 8 and 9. In the 

Q-p 
A B  

A B 

7 CH,OH CD,OH 
8 CH,OH CH,OH 
9 CDzOH CD,OH 

first instance the average value of the kinetic isotope ef- 
fect was 6.1 (slightly higher when the Celite support was 
omitted, ca. 6.8). 

The second set of experiments gave a kinetic isotope ef- 
fect value of 2.0 with or without Celite. 
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Table VI 
Oxidative Data and Intermolecular Isotope Effects for Primary Alcohols 

Alcohola 
-Reaction conditions 7 

Ratio support Solvent Reaction time KH/KD 

PhCHzOH, PhCDzOH 
PhCHzOH, PhCDzOH 
o-MeOPhCHzOH, o-MeOPhCDzOH 
o-MeOPhCHz H, o-MeOPhCDzOH 
o-MeOPhCHzOH, o-MeOPhCDzOH 
o-MeOPhCHzOH, o-MeOPhCDpOH 
o-MeOPhCH,OH, o-MeOPhCDzOH 
o-MeOPhCH,OH, o-MeOPhCDzOH 
CHa(CH2) sCHzOH, CH3 (CHz) 8CDzOH 
CHa (CHz) sCHzOH, CH3 (CH2)sCDzOH 

1:l 
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
1:l 
1:l 
1:l 
1 : l  

Celite 
Celite 
Celite 
Silica gel 
Cellulose 
Alumina 
Celite 
None 
Celite 
Celite 

Benzene 
Heptane 
Benzene 
Benzene 
Benzene 
Benzene 

Heptane 
Heptane 
Benzene 

CHCl3 

l h r  
30 rnin 
90 min 
40 min 
90 min 
55 min 

7 hr 
48 hr 

2 hr  
3 hr  

a The isotopic purity of these mixtures was checked before the reaction and found to  be 50 f 2%. 

Table VI1 
Oxidative Data and Intermolecular Isotope Effects for Secondary Alcohols 

1 . 9 0  
2 .o 
1 . 8 2  
1 . 7 4  
2 . o  
1 . 8 0  
1 . 7 0  
1 . 7 5  
2 . 0 3  
1 . 9 8  

- Oxidation conditions---- 
Alcohola Ratio support Solvent Reaction time 

CHBCH(OH) (CHz)CHa, CHaCD(0H) (CH2)7 CH3 1 : l  Celite Benzene 1 hr 
CHaCH(0H) (CHz)CHa, CHaCD(0H) (CH2)yCHa 1 : l  Silica gel Benzene 2 hr 
CHaCH (OH) (CHz)CH3, CH3CD (OH) (CHz)7CH3 1:l Silica gel Benzene 30 rnin 
CHdCH(0H) (CHz)7CHa, CHaCD(0H) (CHz)GHa 1:l Celite Toluene 45 min 
PhCHOHCHa, PhCDOHCHa 1 : l  None Benzene 30 rnin 
PhCHOHCH,, PhCDOHCHa 1:l Celite Benzene 15 min 
PhCHOHCH3, PhCDOHCH3 1:l Celite Heptane l h r  
o-MeOPhCHOHCH3, -PhCDOHCH3 1 : l  None Heptane 10 hr  

a The isotopic purity of these mixtures was checked before the reaction and found to  be 50 & 2%. 

K H K D  

3 . 5  
3 . 5  
3 . 4 5  
3 . 5 3  
2 . 9 5  
3 . 2  
3 . 6  
3 .O 

Table VI11 
Isotope Effects and Oxidative Data for the Reaction of o,o'-Bis(hydroxymethy1)biphenyl 

Reaction conditions - K(CHz0H) / 
Substrate Product support Solvent Reaction time K(CDz0H) 

CH,OH 
CD,OH 

Celite Benzene 5 days 6.15" 
None Benzene 1 day 6 . 8  

11 mixture 

a Average of four experiments. * Partial oxidation. 

From observed values of the kinetic isotope effects the 
following conclusions may be drawn. 

(1) Theoretical considerationslSJO for homogeneous sys- 
tems predict a maximum isotope effect for symmetrical 
transition states. The isotope effects we have measured, 
although significant, fall somewhat short of the predicted 
maxima. However, we feel that  the theoretical arguments 
mentioned are not entirely applicable to our heterogene- 
ous system. The isotope effect observed in our study is 
most likely a combination of differential adsorption with 
elimination. To separate the two effects we have designed 
experiments which minimized the adsorption step. This 
was accomplished by conducting some of the oxidations 
without Celitee2I The consequence of omitting the Celite 
was an increase in the observed isotope effect. Similar re- 
sults were obtained in all of our experiments, i .e. ,  the ki- 
netic isotope effect decreased with increasing adsorption. 
Thus we feel that  the kinetic isotope effect values ob- 
tained from the oxidations without Celite can serve as a 
more valid criterion of the nature of the transition state 
because they can be attributed almost exclusively to  the 
breaking of the carbon-hydrogen bond. 

KHIKD 
Celite Benzene 2 hr 1 . 9 8  
Celite Heptane 1 hr 2 . 0 2  

In view of the above we interpret the rather high values 
of the kinetic isotope effect (>6) obtained from the silver 
carbonate oxidations without Celite as indicative of a 
symmetrical transition state. 

(2) The intramolecular kinetic isotope effects we have 
measured were larger than the intermolecular effects by a 
factor of three. Usually the reverse is found, Le., the in- 
termolecular effects are higher because of the contribution 
of the secondary isotope effect . 2 2 3  Inverse isotope effects 
have been previously reported24 for silver ion-olefin com- 
plexes where deuteration has led to an increase in com- 
plex stability. However, the difference we have observed is 
much too high to  be solely attributed to  secondary effects 
of this type. Therefore what we have measured must be 
principally a primary effect stemming from hydrogen 'us. 
deuterium adsorption. These data indicate that  the ad- 
sorption of the hydrogen which is attached to the carbon 
bearing the hydroxyl group precedes elimination. The ste- 
ric effects, which will be discussed in section VI, lend sup- 
port to  this hypothesis by dramatically demonstrating the 
necessity of having this hydrogen oriented toward the sur- 
face of the solid prior to  oxidation. 
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Table IX 
Kine t i c  Da ta"  and Calcula ted  Results f o r  the 

Oxida t ion  of Alcohols b y  Silver Carbonate /Cel i te  
Equiv of Equiv of 

AgrCOs for the AgnCOs for Rate constants 
Alcohol(8) mixture each alcohol X 106, 8ec- l  

5 

20 

5 

1-Octanol 5 5 19 
10 10 24 
40 40 132 

1-Hexanol 10 1 . 7  

1-Octanol 10 2 . 6  
1-Hexanol 15 0 . 6  

1-Octanol 15 0 . 8  

1-Decanol 15 1 .3  
1-Hexanol 60 82 

1-Octanol 60 82 

1-Decanol 60 82 
2-Hexanol 15 8.8  

2-Octanol 15 8.8 

2-Decanol 15 8 . 8  
1-Octanol 20 86 

2-Octanol 20 16 

0 Average of three experiments. Average deviation 10%. 

+ 5 

+ 
+ 

+ 
+ 

+ 
+ 
+ 10 

In all cases where steric and conformational factors pre- 
vented the  adsorption of the CH hydrogen, the reaction 
was severely inhibited. 

(3) The above discrepancy in the observed values of in- 
tramolecular and intermolecular isotope effects points out 
the obvious dissimilarity in the  mechanism of alcohol oxi- 
dations by manganese dioxide22 and those by silver car- 
bonate on Celite. 

In addition, the kinetic isotope effect values obtained22 
for manganese dioxide oxidations were significantly higher 
than our own. 

(4) The  isotope effects measured during the  oxidation of 
0, 0'-bis( hydroxymethyl) biphenyl are particularly illumi- 
nating. The oxidation of this diol leads to a n  c-lactone. 
There are two significant observations to be made regard- 
ing this reaction. First, the abstraction of single hydrogen 
dictates and fixes the particular hydroxymethyl group 
which is oxidized. The isotope effect is therefore equiva- 
lent to tha t  of a primary alcohol. Second, the two hy- 
droxymethyl groups, being part of the same molecule, are 
probably adsorbed at the same time, a fact which for the 
diol 7 results in an intramolecular type kinetic isotope ef- 
fect. This effect is the sum of a primary and secondary ef- 
fect.22 Thus the  da t a  obtained from the oxidation of the 
diols permit us to calculate a secondary isotope effect for 
this reaction using the relation 

This value is consistent with tha t  reported by Goldman.22 
The simultaneous adsorption of the two alcohol functions 
was verified by oxidizing a 1 : l  mixture of 8 and 9. The 
measured isotope effect (2.0), which is intermolecular, 
agrees with tha t  obtained for the  intermolecular oxidation 
of ordinary primary alcohols. 

The above results can only be explained in terms of a 
two-step oxidation for the diol studied: a slow step leading 
to the aldehyde which cyclizes to the lactol, followed by 
the rapid oxidation of the  lactol to the c-lactone. Any 

J. Org. Chem., Vol. 39, No. 4, 1974 527 

Table X 
Results f r o m  the Compet i t ive  Oxida t ion  of an 

E q u i m o l a r  Mix tu re  of Primary Alcohols 

Alcohol 1-Butanol 1-Hexanol 1-Octanol 1-Decanol 

Per cent oxidationa 2 7 10 15 

Per cent oxidationa 17 16 18 23 
after 7 . 5  days 

after 18.5 days 

*l%. 

other alternative would have given much higher values for 
the isotope effect. A previously reported25 silver carbonate 
oxidation of 1,6-hexanediol has also resulted in the isola- 
tion of an  c-lactone. These findings are significant, since it 
is well known26 tha t  seven-membered-ring ketones form 
with difficulty. It is noteworthy, however, tha t  the mecha- 
nistic model we propose ( c f .  section VII) invokes proton- 
ated carbonyl structures which are known to undergo 
rapid cyclization. Thus the isolation of seven-membered- 
ring ketones from the oxidation of diols by silver carbon- 
a te  provides additional, be it indirect, evidence for the 
correctness of the  postulated mechanism. 

V. Kinetics. General. The difficulties associated with 
the study of kinetics of heterogeneous reactions are well 
k n 0 w n . ~ 2 - ~ 7  In our particular system there are some im- 
portant reaction parameters which are impossible to con- 
trol. T o  begin with, it  has been reported tha t  silver car- 
bonate28 can exist in two distinct forms, and that the pro- 
portion of the two is a function of the mode of prepara- 
tion. Second, i t  is not possible t o  achieve absolute uniform- 
ity in the  size and shape of the adsorbent particles. 
Such variations are known to affect significantly the 
course of heterogeneous reactions. Third, we have estab- 
lished by means of many trials tha t  the rate of agitation 
greatly influences the rate of oxidation. Again it is diffi- 
cult to maintain absolutely identical rates of agitation. Fi- 
nally, in our experiments we have always utilized predried 
silver carbonate/Celite reagent, and, although we have 
carefully followed the  same drying procedure, there is no 
way of assessing quantitatively the amount of moisture 
which was retained by the samples in each case. 

In view of the  above we felt that  it would be meaning- 
less to attempt to obtain absolute rates for these oxida- 
tions. The only meaningful experiments, therefore, were 
competitive oxidations which take place in the same reac- 
tion vessel and therefore can give good values for the rela- 
tives rates. All other types of measurements give answers 
which are not very reproducible. Thus it can only be used 
in a qualitative way, Le., to reveal general trends. 

Specific. The rates of oxidation of 1-octanol as well as 
mixtures (1-hexanol and 1-octanol; 1-hexanol, 1-octanol 
and 1-decanol; 2-hexanol, 2-octanol and 2-decanol; and 1- 
octanol and 2-octanol) in heptane were determined by gas 
chromatography. In each case an excess of silver carbon- 
ate/Celite reagent was used. The details on these experi- 
ments are summarized in Table IX. I t  was generally found 
tha t  after an initial induction period good pseudo-first- 
order rate constants can be obtained. The rate was also 
found to be roughly proportional to the amount of silver 
carbonate/Celite used in each case. In  another experiment 
we have oxidized an  equimolar mixture of 1-butanol, 1- 
hexanol, 1-octanol, and 1-decanol, but rather than per- 
forming detailed kinetic measurements we have examined 
the reaction mixture after 7 .5  days and again after 18.5 
days by gas chromatography to ascertain the  per cent oxi- 
dation of each alcohol. These results are summarized in 
Table X. 

The kinetic behavior observed during all of these com- 
petitive oxidations above deserves further comment. 
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Figure 1. 

/ H 1 
Figure 2.5a-Androstan-2/3-01(10). 

(1) The specific rate constant obtained for the oxidation 
of 1-octanol in the presence of 1-hexanol is significantly 
lower than  that  obtained for the oxidation of the 1-octanol 
by itself, even though in each case the same equivalents of 
silver carbonate were used and identical reaction condi- 
tions were maintained. A further decrease was observed 
when a mixture containing a third alcohol (1-decanol) was 
oxidized under the same conditions. I t  is clear, therefore, 
that  the presence of one alcohol inhibits the oxidation of 
the others. 

(2) When equimolar mixtures of alcohols (either all pri- 
mary or secondary) were oxidized, and there was competi- 
tion for the oxidizing agent, the increase in the rate of oxi- 
dation coincided with increased molecular weight, Le., the 
heavier alcohols oxidized faster than  the lighter ones. 
Since all of the alcohols were oxidized in the same vessel, 
this difference can only be due to differential adsorp- 
tion,29 which underscores the significance of this phenom- 
enon in silver carbonatelcelite oxidations. 

(3) An inspection of Tables IX  and X reveals that  the 
difference in the rate of oxidation of the various alcohols 
in the mixtures becomes smaller as the quantity of silver 
carbonate increases. Thus, when a large excess of oxidant 
is used, the oxidations proceed essentially a t  the same 
rate. Even in this case, however, one can observe differ- 
ences by making measurements in the very early stages of 
the reactions where the difference in the rate of oxidation 
is more pronounced, These results are consistent with our 
postulated differential adsorption of heavy and light alco- 
hols. 
(4) Our measurements confirmed the previously re- 

ported general tendency of secondary alcohols to  oxidize 
faster t han  primary alcohols under the same conditions.30 
In the presence of significant steric interactions this gen- 
eral trend may be reversed ( e .g . ,  dicyclopropylcarbinol 
oxidized slower than cyclopropylcarbinol). 

VI. Steric Effects. A. Steroid Alcohols. To establish 
the steric and conformational parameters associated with 
this oxidation, several competitive oxidations of binary 
mixtures of steroidal epimeric secondary alcohols were 
carried out. These studies provided us with significant 
further insights as to  the mechanism of the oxidation. The 
results of these experiments were presented in our prelim- 
inary c o m m ~ n i c a t i o n . ~  

Figure 3.5a-Androstan-2a-o1(11). 

It was generally found that  the oxidations were first 
order with respect to the alcohol. Furthermore, the neces- 
sity of proper orientation toward the adsorbent surface of 
not only the hydroxyl group but also the hydrogen at-  
tached to  the carbon bearing the hydroxyl group was dra- 
matically demonstrated. 

Our results can best be explained in terms of a coplanar 
configuration of all the groups undergoing bond change, 
which is perpendicular to the plane of the solid surface of 
the oxidizing reagent .31 

The necessary three-dimensional arrangement of the 
various groups is depicted in Figure 1. 

In all cases where steric and conformational factors did 
not permit the described orientation toward the surface, 
the oxidation was found to  proceed much slower than that  
involving isomers which could more easily attain the re- 
quired orientation. In severely restricted cases the oxida- 
tion was totally inhibited. 

The significance of these steric effects may be illus- 
trated by means of the following example. 

The oxidation of 5a-androstan-28-01 (10) proceeds 25 
times faster than the oxidation of the 2a isomer (11). An 
examination of the models reveals that  in the case of the 
28 alcohol (10, hydroxyl axial) there is no interaction 
whatsoever between the rest of the molecule and the solid 
surface of the oxidant (Figure 2). 

In contrast, the adsorption of the epimeric 2a alcohol 
(1 1, hydroxyl equatorial) is sterically hindered by the (2-19 
methyl group (Figure 3). 

A similar analysis can be used to explain the virtual 
lack of reactivity toward silver carbonate of 5a-androstan- 
6a-01 (12) and 5a-androstan-7a-01 (13). The adsorption of 
compound 12 is sterically hindered by both the C-19 
methyl and the C-4 methylene groups, whereas the ad- 
sorption of compound 13 is hindered by the C-15 methy- 
lene group. The corresponding 68 and 78 epimeric alco- 
hols 14 and 15, whose adsorption is not sterically hin- 
dered, were readily oxidized. 

As we have pointed out in our preliminary communica- 
tion,3 steric acceleration apparently plays only a minor 
role in the reaction under study, since, in contrast to 
chromic acid 0xidations,3~ we have found that  5a-andros- 
tan-28-01 (hydroxyl axial) does not oxidize appreciably 
faster than Sa-androstan-38-01 (hydroxyl equatorial). 

I H 
OH 
12 13 

OH 
14 15 
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Another type of steric interaction, one which involves 
the degree of accessibility of the hydrogen which is at- 
tached to  the carbon bearing the hydroxyl group, is exem- 
plified by the relative rates of oxidation of 13a,5a-andros- 
tan-17/3-01 (16)  and 13a,5a-androstan-17a-ol (17). Inspec- 
tion of the structures below shows tha t  the hydrogen of 
the 178 isomer (16) is more accessible than the hydrogen 
of the 17a isomer (17) .  16 was found to  oxidize six times 
faster than 17. 

IH ,OYH 

16 17 
A similar result was reported by Eckert, et a1.,16 who 

found that  the silver carbonate oxidation of endo-norbor- 
nanol proceeds much faster than tha t  of exo-norbornanol. 

The fact tha t  5a-androstan-3a-01 (18) and 5a-andros- 
tan-3/3-01 (19) were found to oxidize at  the same rate may 
be compared with the results of Venkatasubranian, et 
a1.33,34 These authors effected the oxidation of 3a and 3/3 
cholestanols by N-bromosuccinimide in the presence of 
mercuric acetate35 and found that the two isomers oxi- 
dized a t  the same rate. The results were interpreted in 
terms of a cyclic transition state which involved simulta- 
neously the hydroxyl group of the alcohols and hydrogen 
which is attached to the carbon bearing the hydroxyl 
group. Our data  lead to postulate a similar transition 
state (cf. section VI). 

18 19 
B. 1 1-Methyl- 11,12-dihydroxymethy1-9,10-dihydro- 

9,lO-ethanoanthracene (20). The effect of steric hin- 
drance on the outcome of silver carbonate oxidations of 
alcohols was further verified by means of the oxidation of 
the disymmetric diol 20. The oxidation of this compound 
can lead to two different lactones (21a and 21b). In the 
absence of steric interactions the two products should 
form in equal amounts. We have found, however, tha t  the 
major product was 21b, Le., tha t  resulting from the oxida- 
tion of the least hindered 12-hydroxymethyl group of 20. 
The oxidation of the 11-hydroxymethyl group is hindered 
by the presence of the methyl group, thus leading to the 
minor product 21a. 

20 

18% 21a 82% 21b 
VII. Postulated Models. A. Kinetic. The data  from 

the rate studies discussed above permit us to postulate a 
kinetic model to explain the behavior of alcohols when 
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they are oxidized by silver carbonate on Celite. This 
model is based on the assumption tha t  there is no signifi- 
cant reaction except with adsorbed molecules, and that  
the silver ions in the solid phase constitute “active sites” 
for the chemisorption of the alcohol oxygen.36 

The reaction under investigation bears an interesting 
similarity to one-substrate enzymatic reactions, a thor- 
ough theoretical treatment of which has been recently 
published.37 Thus, if we let A represent a free alcohol 
molecule in solution, P a molecule of the product, and F, 
and F, the oxidized and reduced forms of the silver car- 
bonate reagent, respectively, the overall process can be 
represented by two reversible and one irreversible steps 

where A-F, represents the adsorbed atcoho139 on the oxi- 
dized form of the reagent and P-F, the adsorbed product 
on the reduced form of the reagent. 

The irreversible step can be broken down further 
A-F, == (A-F)* - P-F, 

where (A-F)* represents the activated complex. 
In theory36 any one of these three steps can be rate de- 

termining. In the initial stages of the reaction the concen- 
tration of the chemisorbed alcohol is very small; therefore, 
the overall rate of the forward reaction is too slow to be 
perceptible. This would account for the observed induc- 
tion periods. Subsequently, as the concentration of the 
chemisorbed alcohol acquires a finite value the forward 
reaction begins a t  a measurable rate. 

However, since the kinetics were followed by sampling 
the solution, there was in heptane a sharp decrease in the 
concentration of the alcohol in the very beginning of the 
reaction because of its rapid physical adsorption on the 
virgin solid phase. This accounts for the apparent rate ac- 
celeration observed during the initial stages of the reac- 
tion. 

I t  is noteworthy tha t  this trend was reversed when ben- 
zene was used as a solvent instead of heptane. In that  in- 
stance, the solid surface was not “free,” but covered with 
benzene molecules which formed 7r complexes with the 
silver ions in the reagent.38 Consequently, the alcohol had 
to displace the benzene molecules from the adsorption 
sites before it could be bound; hence an apparent lowering 
of the initial rate resulted. The actual oxidation begins 
after the concentration of the chemisorbed alcohol has 
reached a finite value and it is this concentration which 
governs the rate. 

The factors affecting this concentration are as follows: 
(1) the concentration of the alcohol, (2) the temperature, 
(3) the polarity of the solvent, (4) the number of “active 
sites” in the solid reagent, (5) the available surface, (6) 
the presence of other polar or mobile electron groups in 
the molecule, ( 7 )  the amount of contact between the alco- 
hol molecules and the surface, i.e., the rate of mixing, and 
(8) the pressure. 

The effects of concentration and temperature on the 
rate are well known. It must be noted, however, that an 
increase in the temperature in this system may have two 
opposing effects: an increase in the rate of oxidation but 
also an increase in the rate of desorption of the alcohol 
and its oxidation products from the surface. 

I t  is well known39 that  for polar solids the temperature 
effect on the adsorption is minimal if one component is 
more polar than the other. It has been reported,4” for ex- 
ample, tha t  the extent of adsorption of ethyl alcohol on 
silica gel from a benzene solution was not significantly af- 
fected by temperature variations. These results were later 
confirmed41 and attributed to chemisorption of the alco- 
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hol by the silica gel. If our model (which also postulates a 
chemisorbed alcohol) is correct, an increase in tempera- 
ture should increase the rate of oxidation and desorption 
of products, leaving the concentration of chemisorbed al- 
cohol virtually unaffected. Thus, an increase in the oxida- 
tion rate is predicted. This prediction has been well au- 
thenticated experimentally.42 

Our experiments and those of other investigators17 have 
shown that an increase in the polarity of the solvent deac- 
tivates the reaction. This we believe is due to the combi- 
nation of several effects. First, an increase in the polarity 
of the solvent facilitates desorption, thereby decreasing 
the effective concentration of the bound substrate. Sec- 
ond, the polar solvent molecules occupy adsorption sites 
on the surface of the solid phase in competition with the 
substrate molecules. Thus a lowering of the reaction rate 
results similar to the well-known “competitive inhibi- 
tions” observed in enzymatic systems. Finally, adsorption 
of polar solvents alter the nature and polarity of the sur- 
face,36.39 deactivating the adsorption of the substrate. I t  
is for the same reason that mixtures of alcohols were 
found to oxidize slower than the individual species under 
the same conditions. In these cases each alcohol inhibited 
the reaction of the others. As we have already stated, this 
effect is minimized as the amount of available solid sur- 
face increases. 

The number of “active sites” in the solid is dependent 
upon the nature of the solid ( i e . ,  its crystal structure) 
and the mode of the preparation of the reagent. We have 
found (section 111) that the simple addition of Celite to 
silver carbonate does not catalyze the reaction. The silver 
carbonate must be precipitated in the presence of Celite. 
We feel that  this method is responsible for increasing the 
number of active sites on the surface. 

The fact that  the other silver salts (acetate, formate, 
oxalate, benzoate, etc.) similarly precipitated are totally 
ineffective as oxidizing agents for alcohols could be due to 
the dependence of the oxidation on the interatomic dis- 
tances in the crystal. The observed differences in reactivi- 
ty cannot be explained on the basis of oxidation poten- 
tials, since silver oxalate has the same potential as silver 
carbonate (-0.47 V), and silver acetate has a higher oxi- 
dation potential than silver carbonate (-0.64 V).43 

We have postulated that  oxidation begins with the 
chemisorption of the hydroxyl group on the silver ions of 
the oxidant. Thus, if a molecule in addition to the hy- 
droxyl function also contains other H electron systems of- 
fering alternative modes of adsorption on the solid sur- 
face, a lowering of the rate is predicted. 

On the other hand, if those H systems are so situated as 
to  facilitate the adsorption and proper orientation of the  
substrate molecule, an  increase in the rate of oxidation is 
predicted. Both of these theoretical predictions have been 
authenticated experimentally, thus lending support to the 
validity of the model. 

For example, endo-2-norbornanol has been found to  oxi- 
dize over 50 times faster than endo-2-norbornenol. Appar- 
ently adsorption through the double bond hinders the nor- 
bornenol molecule from attaining the necessary orienta- 
tion (cf. Figure l) for facile oxidation; thus a lower oxida- 
tion rate results. Similarly, the oxidation of isopulegol 
(22) is very slow and leads to  a mixture of undefinable 
products.44 Slow reactions and anomalous products were 

I 
H -0 

f :  c 
Figure 4. Model for cholane-3a,24-diol (23) adsorption. 

also observed in certain oxidation attempts of various 3p- 
hydroxy-A5 steroids -44 

In contrast, it  was found2 that  certain diols oxidized 
more rapidly than the corresponding ketols. Furthermore, 
the selectivity of the oxidation was lost. Both of these 
hitherto unexplained findings can now be explained on 
the basis of our adsorption model. To illustrate, consider 
the oxidation of cholane-3,24-diol(23). 

Adsorption of this compound obviously cannot take 
place through the face of the molecule because of the an- 
gular methyl groups, etc. According to our model, adsorp- 
tion through the back side involving both hydroxyl groups 
would lead to an  arrangement as  depicted in Figure 4. 

Close inspection of the group orientations around C-3 
and C-24 shows that  the hydrogen which is attached to 
the third carbon cannot approach the surface of the oxi- 
dant  in the required manner (Figure 1). Consequently, the 
selective oxidation of C-3 does not take place despite the 
fact that  the oxidation of cholane-3a-01 (24) is much faster 
than the oxidation of cholane-24-01(25). 

V C H Z O H  

24 25 

B. Mechanistic. In our preliminary communication3 we 
have proposed a model for the mechanism of this oxida- 
tion. This is shown in Scheme I. It consists essentially of 
the following steps. 

Scheme I 
Postulated Mechanism for the Oxidation of Alcohols by Silver 

Carbonate Precipitated on Celite 

1 

0 

(1) A reversible adsorption39 of the alcohol on the sur- 
face of the oxidant with the oxygen electrons forming a 
coordinate covalent bond with the silver ions. 

(2) Orientation of the carbon-hydrogen bond so that  the 
A 

22 
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HCOH groups are coplanar and perpendicular to  silver 
carbonate/Celite surface. 

(3) A concerted irreversible homolytic shift of electrons 
to generate reduced silver atoms, hydrogen ions, and a 
protonated carbonyl compound. 

(4) A collapse of these species to products with the car- 
bonate ion acting as a hydrogen ion acceptor, thereby gen- 
erating carbonic acid which is immediately decomposed to 
carbon dioxide and water. 

All of the published data as well as the results de- 
scribed in this paper are consistent with and lend support 
to these models. 

Experimental Section 
General. Melting points were taken on a Thomas-Hoover “Uni- 

Melt” or a Reichert apparatus and are uncorrected. The nmr 
spectra were recorded either on Varian T-60 and A-60 or a Jeol 
Model JNM-CdO M spectrometers, with tetramethylsilane as an 
internal standard, and are reported in parts per million. Infrared 
spectra were recorded on a Perkin-Elmer 257 and 357 or on a 
Beckman IR-5 A spectrophotometer. Ultraviolet spectra were re- 
corded on a Unicam SP 800 or on a Beckman DU-2 spectropho- 
tometer. Mass spectra were taken on a Varian CH 5 III spectrom- 
eter. Optical rotations were measured with the aid of a Perkin- 
Elmer 141 polarimeter. Gas chromatographic analysis of the ali- 
phatic compounds were performed on a Carlo-Erba Model GI ap- 
paratus equipped with a 5% Carbowax 20M on Chromosorb P, 
3-m column. The analysis of steroids was performed on a Varian 
Aerograph Model 1400 gas chromatograph equipped with a flame 
ionization detector and a 5-ft column which was packed with 
Chromosorb Z (100-200 mesh) treated with DMCS pnd impreg- 
nated with 2% fluorosilicone QF’I. Analyses were performed by the 
Laboratoire Central de Microanalysis du CNRS. 

Unless otherwise stated, deuterated products were prepared by 
lithium deuteride reduction of the corresponding carbonyl com- 
pounds. The silver carbonate/Celite reagent of the oxidations was 
prepared in the standard way1 and predried prior to use for 3 
days under vacuum at 60”. This reagent contains approximately 1 
mequiv of silver carbonate per 0.57 g. 

When other supports were used an identical procedure for the 
preparation of the reagent was followed except that the weight of 
Celite was replaced by an equal weight of another support. 

For the studies of the surface effects the standard procedure for 
preparing the oxidizing agent was modified to include two, three, 
and four times the normal amount of Celite. All other aspects of 
the preparation remained the same. 

All oxidations were carried out by simple reflux of a solution of 
the alcohol containing the oxidizing agent. At the end of the reac- 
tion the products were isolated by simple filtration, washing of 
the solid phase, and evaporation of the solvent. 

The isotopic composition of the deuterated samples was deter- 
mined either by nmr, which involved integrating the spectra and 
taking the average of a t  least ten integrations, or by mass spec- 
trometry, which involved a comparison of the molecular ion peak 
for the protium compounds with that of the dueterium com- 
pounds after making suitable corrections for the isotopic abun- 
dance of I3C. The first method afforded a precision of *5% and 
the second *2%. 

All of the steroid samples used in this investigation were either 
available from previous studies or prepared by standard methods. 
Thin layer chromatography was conducted on silica plates 
(Merck, 0.05-0.2 mm), impregnated with silver nitrate (7%) and 
eluted with pentane-ether. 

Stoichiometry. Method A. A sample of benzhydrol (312.9 f 
0.2 mg, 1.7 mmol) was dissolved in reagent-grade heptane (300 
ml) and introduced into a 500-ml flask equipped with a reflux 
condenser. The condenser was fitted with a preweighed absorp- 
tion tube filled with “Mallcosrob”20 (30-50 mesh) followed by two 
traps containing indicating silica gel and potassium hydroxide 
pellets, respectively. 

The system was flushed with nitrogen gas prior to the installa- 
tion of the absorption tube and traps. The mixture was then 
treated with an excess of silver carbonate/Celite reagent (5 g, ca. 
9 mmol) and heated under reflux. 

A continuous stream of pure nitrogen gas was maintained 
throughout the reaction to displace the carbon dioxide produced. 
When the evolution of carbon dioxide ceased (ca. 24 hr) the heat- 
ing was discontinued, the system was purged with nitrogen gas, 
and the absorption tube was removed, capped, and weighed. 
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The experiments were performed in triplicate, the reported 
values being the average of the three runs. The results of these 
experiments are summarized in Table I. 

An identical system, but containing no alcohol, was set up as a 
control. When the effluent of this control experiment was tested 
with barium hydroxide solution there was no precipitate formed. 
Thus it was established that silver carbonate did not decompose 
under these conditions. However, there was still a small increase 
in the weight of the absorption tube due to the mechanical en- 
trainment of solvent and moisture droplets by the carrier gas. 
This weight (25.0 mg) was subtracted from the weight gained by 
the absorption tube (108.3 mg) used in the sample run, to obtain 
the net weight of the carbon dioxide produced during the reaction. 

Method B. Several standard solutions of benzophenone in 
spectral grade heptane were prepared and their ultraviolet ab- 
sorption was measured at 278 mp. A plot of these absorbances us.  
the concentrations gave a good straight line, obeying Beer’s law. 
The resulting graph was used in all subsequent oxidations of ben- 
zhydrol to ascertain the quantity of benzophenone produced. 

An aliquot (250 ml) of a standard solution of benzhydrol (150.2 
mg/l., 0.816 mmol/l.) in spectral grade heptane was introduced in 
each of four identical flasks (500 ml) equipped with reflux con-. 
densers and drying tubes filled with indicating silica gel. Thus 
each aliquot contained 0.2 mmol of benzhydrol. Samples of silver 
carbonate/Celite reagent corresponding to 1, 0.75, 0.5, and 0.25 
equiv were introduced into each of the flasks, respectively. The 
mixtures were simultaneously heated under reflux for approxi- 
mately 5 days to ensure completeness of reaction. The heating 
was then discontinued, and, after-the solids had settled, aliquots 
were withdrawn and their absorption at 278 mp was measured. 
The respective concentrations of benzophenone were then deter- 
mined with the aid of the standard Beer’s law curve. The deter- 
minations were performed in quadruplicate, the reported values 
being the average of the four runs. These results are summarized 
in Table II. 

Oxidation of Cyclopropylcarbinol. Commercial sample45 of 
cyclopropylcarbinol (1 ml, ca. 10.7 mmol) was dissolved in hexane 
(60 ml) and treated with silver carbonate/Celite reagent (18 g, 3 
equiv). The mixture was oxidized under reflux for a period of 40 
hr. After filtration of the solids and removal of most of the sol- 
‘vent, the mixture was fractionally distilled. This gave a quantita- 
tive yield of pure product: ir (CC14) 3080, 3000, 1450, 1230, 1700 
cm-l (C=O); nmr (CDCl3) 6 1 (4 H, m), 3.4 (1 H, m), 9.9 (1 H, 
s, aldehyde proton); 2,4-dinitrophenylhydrazone, mp 185-186” 
(lit. mp 186-187.5”). 

The above data confirmed that the only product of the oxida- 
tion was cyclopropylaldehyde. 

Oxidation of Methylcyclopropylcarbinol. A commercial sam- 
ple46 of methylcyclopropylcarbinol (1 ml, ca. 10.2 mmol) was dis- 
solved in hexane (60 ml) and treated with silver carbonate/Celite 
reagent (18 g, 3 equiv). The mixture was oxidized under reflux for 
a period of 2 days. The product was isolated by filtration of the 
solids and removal of the solvent: ir (CC14) 3080, 3000, 1420, 1380, 
1020, 900, 1690 cm-* (C=O); nmr (CDC13) 0.8 (4 H, m), 1.7 (1 H, 
m), 2.1 ppm (3 H, s); semicarbazone mp 117-120” (lit. mp 118- 
120“). 

The above data confirmed that the only product of the oxida- 
tion was methyl cyclopropyl ketone. 

Oxidation of Dicyclopropylcarbinol. A commercial sample45 
of dicyclopropylcarbinol (1 ml, ca. 8 mmol) was dissolved in hex- 
ane (60 ml) and treated with silver carbonate/Celite reagent (18 
g, 4 equiv). The mixture was oxidized under reflux for a period of 
2 days. The product was isolated by filtration of the solids and 
fractional distillation: ir (cc14) 3010, 3080, 1400, 1020, 1685 cm-l 
(-0); nmr (CDC13) 6 1 (8 H, m), 2 (2  H, m). 

The above data confirmed that the only product of the oxida- 
tion was dicyclopropyl ketone. 

Effect of Free-Radical Initiator. A solution of benzhydrol in 
hexane (50 ml, 152 mg/l.) was added to each of two cylindrical 
reaction vessels (100 ml) equipped with reflux condensers. A sam- 
ple of azobisisobutyronitrile (25 mg) was added to one of the 
tubes. Subsequently each tube was treated with 5 equiv of silver 
carbonate. The mixture was then refluxed under nitrogen in a 
constant-temperature bath (115’) for a period of 50 min. The 
tubes were then removed. After the solid had settled the superna- 
tant liquids were assayed for benzophenone by ultraviolet spec- 
troscopy with the aid of a standard Beer’s law curve. It was found 
that the tube with the free-radical initiator contained only traces 
of benzophenone while the other tube showed approximately 35% 
oxidation. Duplicate runs under identical conditions, either with 
or without an inert atmosphere, gave similar results. 
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Oxidation of (-)-1,2,2-Triphenylethanol. A sample of (-)- 
1,2,2,-triphenylethan01~~ ( [ a ] ~  -117", 285 mg, ca. 1 mmol) was dis- 
solved in anhydrous benzene (100 ml) and treated with silver car- 
bonate/Celite reagent (3 g, ca. 5 equiv). The mixture was re- 
fluxed and the reaction progress was monitored by thin layer 
chromatography. A t  approximately 50% oxidation the heating 
was discontinued. After removal of the solids and evaporation of 
the solvent a mixture of the unreacted alcohol and oxidized prod- 
uct (phenylbenzhydryl ketone) was isolated. The two components 
were separated by thin layer chromatography on silica plates 
eluted with benzene. The unchanged alcohol was then recrystal- 
lized from hexane and dried under vacuum over phosphorus pent- 
oxide. Thus a pure (mp 81-82') sample of unreacted 1,2,2-tri- 
phenylethanol was recovered. The optical rotation of this sample 
was found to be unchanged, 

Influence of Solvent Polarity. To ascertain the influence of 
the polarity of the solvent a number of concurrent independent 
oxidations of 1-heptanol (0.1 ml) were carried out in the usual 
way1 but each time utilizing a different solvent. In each case the 
same volume of solvent (50 ml) and the same amount of silver 
carbonate (10 equiv) were used. The course of the reaction was 

In another set of experiments two samples of benzhydrol (5.8 
mg) were independently and concurrently oxidized with silver 
carbonate/Celite (187.0 mg). The first oxidation was carried out 
in benzene and the second in a mixture (50 ml) of hexane (35%) 
and heptane (65%). After 45 min the reactions were stopped and 
the solids were filtered, washed, and discarded. The solvents were 
then carefully evaporated through a fractionating column. The 
crystalline residues which remained in each flask were then dis- 
solved in spectral-grade heptane (50 ml) and ultraviolet absorp- 
tion of the resulting solutions was measured at 278 mp. The amount 
of oxidized product (benzophenone) was determined with the aid 
of a standard Beer's law calibration curve. 

Finally, two samples (0.2 mmol) of 5a-androstan-3P-01 were ox- 
idized with silver carbonate/Celite reagent (6 equiv). One oxida- 
tion was performed in benzene and the other in tert-butyl alcohol. 
Analyses of the mixtures were performed by gas chromatography. 
The results from all the above oxidations are summarized in 
Table 111. 

Surface Effects. To establish the role of Celite in these oxida- 
tions, four different samples of the oxidant were prepared in the 
standard way1 except that, during the preparation of each succes- 
sive sample, an amount of Celite was added corresponding to two, 
three, and four times the normal amount. The samples were then 
dried in an identical fashion and analyzed for their silver carbon- 
ate content. Subsequently six samples of benzhydrol (7.5 mg) 
were dissolved in spectral grade heptane and introduced in six 
identical reaction vessels equipped with reflux condensers. Each 
mixture was then treated with a different sample of the oxidizing 
reagent, making sure in each case that the weight used supplied 
each system with the appropriate number of equivalents of silver 
carbonate. The last flask contained the standard silver carbon- 
ate/Celite reagent to which a quantity of free Celite was added. 
Thus the last flask contained the usual silver carbonate reagent 
plus an additional amount of free Celite, making the total Celite 
content equal to that contained in the reagent which was pre- 
pared with twice the usual amount of Celite. The samples were 
then simultaneously immersed in a constant-temperature bath 
(114') and partially oxidized. 

After removal from the bath the reaction solution was 
quenched by refrigeration, When the solids had settled the super- 
natant liquids were examined by ultraviolet spectroscopy at 278 
mp and the quantity of benzophenone produced in each case was 
determined with the aid of a standard Beer's law cirve. This ex- 
periment was repeated several times in both hexane and heptane. 
Although the individual results were not entirely reproducible, 
the trend was. The data and calculated results are shown in 
Table IV. 

Monodeuterated Alcohols RCHDOH. These compounds were 
prepared essentially by the previously described  method^^^,^^ ex- 
cept that the esters RCOOCHs were replaced by the aldehydes 
RCHO. The isolation and purification of the products was 
achieved either by gas chromatography [R = Ph, OMeOPh, m- 
N02Ph, CH2=CH, C H ~ ( C H ~ ) J ]  or by thin layer chromatography 
(Citral). The deutrium analysis showed 97-98% monodeuterated 
products and no dideuterated products; 1.5-2.5'70 of OD products 
were also obtained. 

Primary Alcohols RCD20H. These compounds were also pre- 
pared by the previously published method~.~78~8 
o,o'-Bis(hydroxymethy1)biphenyl (8). A sample of the methyl 

. followed by gas chromatography. 

ester of biphenic acid49 (5 g) dissolved in anhydrous tetrahydro- 
furan (30 ml) was added under nitrogen to a suspension of lithi- 
um aluminum hydride (1.5 g) in anhydrous tetrahydrofuran (100 
ml). After 2-hr reflux, decomposition of the mixture in the usual 
way, and work-up, an 80% yield of crude diol was obtained. 

The crude product was purified by recrystallization from ethyl 
acetate/heptane (1:l). The pure product melted at  112". 
o,o'-Bis(hydroxymethy1)biphenyl-d4 (9). This product was 

prepared by a procedure identical with the above except that 
lithium aluminum deuteride was used in place of lithium alumi- 
num hydride. 
o,o'-Bis(hydroxymethy1)biphenyl-dz (7) .  A sample of 

o,o'-bis(hydroxymethy1)biphenyl (4 g) was dissolved in benzene 
and was oxidized in the usual way by silver carbonate on Celite 
(100 9). After 10 hr the heating was discontinued. Removal of the 
solids followed by evaporation of the solvents afforded an oil 
which crystallized spontaneously (75% crude yield). Upon two re- 
crystallizations from benzene-heptane (1: 1) a pure product (mp 
156") was obtained. 

This product was identified by infrared and nmr spectroscopy 
as the lactone of biphenic acid: nmr (CDC18) 6 4.95 (2 H, s), 7.5 
and 7.95 (3 H, 2 H, AzB& aromatic system). 

A sample of the lactone (2 g) was reduced in the usual way by 
lithium aluminum deuteride. Upon work-up an 87% yield of the 
diol 7 was obtained and found by nmr to have an isotopic purity 
of 99%. 

Intramolecular Kinetic Isotope Effects. The details of the ox- 
idations of alcohols of the type RCHDOH as well as the calculat- 
ed results are summarized in Table V. The isotope effects were 
calculated from the ratios of the per cent deuterated aldehydes 
over the per cent nondeuterated aldehydes found in the product. 
The reported values include a correction for the protium aldehyde 
(ca. 1.5%) which derives from the undeuterated alcohols 

Intermolecular Isotope Effects. Several 1:l mixtures of deu- 
terated and undeuterated alcohols were prepared and subjected 
to partial oxidation under the standard conditions previously de- 
scribed. After separation and purification of the products, deute- 
rium assays were performed either by nmr or mass spectrometry. 
The kinetic isotope effect was calculated by means of the relation 

KD log 1/A(1 - X) 
where A is the per cent of unreacted alcohol in the mixture deter- 
mined by gas or thin layer chromatography and X is the per cent 
of deuterium contained in the alcohol. The data and the calculat- 
ed results for these oxidations are shown in Tables VI and VII. 

Kinetic Isotope Effects from the Oxidations of Deuterated 
and Undeuterated o,o'-Bis(hydroxymethy1)biphenyl. The perti- 
nent data and calculated results for these oxidations are summa- 
rized in Table VIII. 

Kinetics. All the kinetic data and the calculated results are in- 
corporated in Table IX. The oxidations were performed in hep- 
tane (900 ml) in a specially constructed reaction vessel which was 
equipped with an efficient reflux condenser and sampling ports 
capped with rubber septa. The reaction progress was followed by 
heating the mixture in a constant-temperature bath (115 * 0.1"), 
removing aliquots (0.1 ml, 0.02% of the total volume), quenching 
them by refrigeration, allowing the solids to settle, and analyzing 
the supernatant liquid by gas chromatography. The chromato- 
graphs were integrated and the concentration of the alcohol was 
in each case calculated by means of the relation Ct = Coa/(a + 
b ) ,  where Ct is the concentration of unchanged alcohol at  time t, 
Co is the initial concentration of the alcohol, a is the area under 
the alcohol peak, and b is the area under the aldehyde or ketone 
peak. The results obtained were then plotted and the specific rate 
constants were calculated from the slopes of the corresponding 
curves. After an initial induction period the results best fitted a 
pseudo-first-order reaction. 

In a related experiment a mixture of 1-butanol (1 ml, 0.01 mol), 
1-hexanol (1.25 ml, 0.01 mol), 1-octanol (1.67 ml, 0.01 mol), and 
1-decanol (2.0 ml, 0.01 mol) in hexane (150 ml) was oxidized with 
silver carbonate/Celite (24 g, ca. 0.04 mol). 

The reaction mixture was sampled after 7.5 and 18.5 days and 
the samples were analyzed by gas chromatography. The per cent 
oxidation of each alcohol was then determined by integrating the 
gas chromatographic peaks and dividing the area for each alde- 
hyde peak by the corresponding total area (aldehyde plus un- 
reacted alcohol). The results are shown in Table X. 

Oxidation of Steroids. A. Competitive. All competitive oxida- 
tions were performed on equimolar (0.1-0.2 mmol of each alco- 

RCH20H. 

- =  K H  log W A X )  
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hol), b inary mixtures of steroidal stereoisomers w i t h  1-3 equiv o f  
silver carbonate in anhydrous benzene (10 ml) .  T h e  reactions 
were moni tored by removing aliquots (0.05 m l )  a t  regular in ter -  
vals and analyzing them by gas chromatography. The f i rs t  sam- 
ple was wi thdrawn when the reaction mix tu re  began to  darken. 
The combined value o f  a l l  the aliquots was approximately 5% of  
the to ta l  volume. 

T h e  best separations were obtained a t  a co lumn temperature o f  
180" and a nitrogen gas f low rate of  16 ml/min. Under  these con- 
dit ions the retention t imes of  the steroids studied ranged f rom 5 
t o  18 min, the ketones being retained approximately twice as long 
as the  alcohols. T h e  fol lowing pairs o f  alcohols were oxidized: 5a- 
androstan-26-01 (10) and 5a-androstan-2a-01 (11); 5a-androstan- 
301-01 (18) and 5a-androstan-36-01 (19); and 13a,5a-androstan- 
176-01(16) and 13a,5a-androstan-17au-ol (17). 

B. Noncompet i t ive.  These oxidations were carried out  under 
the same conditions as described in p a r t  A. However, the  enormous 
difference in reactivi ty toward silver carbonate between the  pairs 
o f  epimers 5a-androstan-6a-01 (12) and 5a-androstan-68-01 (14) 
and 5a-androstan-7a-01 (13) and 5a-androstan-7P-01 (15) made it 
unnecessary t o  perform competit ive oxidations. In fact, the oxida- 
t ion  of  compound 14 w i t h  6 equiv of  silver carbonate was quant i -  
ta t ive after 2 hr. In contrast, the epimeric alcohol 12 remained 
v i r tua l ly  unchanged even after 24 hr under the same conditions. 
Similarly, compound 15 was easily oxidized whereas i t s  epimer 13 
was not .  

11 - M e t h y l -  11,12-dihydroxymethy1-9,10-dihydro-9,10-ethano- 
anthracene (20). This  compound was prepared by the lithium 
a luminum hydr ide reduction (20% excess) o f  the  adduct  o f  an- 
thracene and citraconic anhydrideso in anhydrous tetrahydrofur- 
an. T h e  mix tu re  was st irred under ref lux for 1 hr and a t  room 
temperature for a n  addi t ional  12 hr. Decomposit ion of the com- 
plex in the usual way followed by evaporation of  the solvents af- 
forded a 82% y ie ld  of  crude product. Af ter  two recrystallizations 
f rom benzene a pure ( m p  129") sample of the d io l  20 was ob- 
tained: ir (CHC13) 3180 cm-1 (OH);  nmr (CC14) 6 7.25 (8 H, mul- 
t iplet,  aromatic protons), 4.15 ( 1  H, doublet, flagpole proton), 3.8 
( 1  H, singlet, flagpole proton), 3.22, 3.45, 4.23 (4 H, mult iplets, 
nonequivalent hydroxymethy l  protons), 1.8 ( 1  H, mul t ip le t ) ,  0.97 
(3 H, singlet, methy l  protons). 

O x i d a t i o n  of D i o l  20. T w o  separate samples of  the d io l  20 were 
oxidized w i t h  silver carbonate (15 equiv), one sample in heptane 
and the other in benzene, Af ter  12 hr of  ref lux the heating was 
discontinued and the products were isolated by f i l t ra t ion of  the 
solids and evaporation of  the solvents. Thus  a white, crystalline 
mater ia l  ( m p  150-162") was isolated. T h e  infrared spectrum 
showed no hydroxy l  bond, ind icat ing t h a t  the  oxidation was com- 
plete. A carbonyl band a t  1765 cm-1 indicated the presence of 
five-membered-ring lactones. T h e  ra t io  o f  the t w o  lactones formed 
(21a and 21b) was determined by simple integration o f  the nmr 
singlets produced by the respective 11-methyl groups (for 21a 
methy l  protons a t  1.21 ppm; for 21b a t  1.14 ppm).  Thus  the nmr 
data  showed t h a t  the y ie ld  o f  21a was 18% and o f  21b 82% re- 
gardless o f  the solvent used. 
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