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The kinetics of the reaction of 1,2,3,4,5-pentaphenyI-2,4-cyclopentadien-1-ol (1 )  with <1 molar equiv of sodium 
amide in isoamyl ether (IAE) at  1 7 3 O  has been investigated. These reactions are observed to be first order in the 
disappearance of dieno1 1 to produce the unconjugated ketone 2,2,3,4,5-pentaphenyl-3-cyclopenten-l-one (2) and 
the conjugated ketone 2,3,4,5,5-pentaphenyl-2-cyclopenten-l-one (3).  The rate constant (k) obtained for the con- 
version of 1 to 2 with 10% sodium amide was found to be 5.27 X sec-' for the conver- 
sion of 2 to 3, while with 20% sodium amide the rate constants (k) obtained were 5.58 X sec-I and 5.31 X 

sec-', respectively. The results obtained indicate that dienol 1 is not a quenching agent in the reaction, that  
the conversion of 2 to 3 i s  base catalyzed, and that 2 is a mandatory intermediate for the formation of 3. These re- 
sults lead to a simple proposed mechanism. 

sec-' and 1.24 X 

We have previously reported's2 that 1,2,3,4,5-penta- 
phenyl-2,4-cyclopentadien-l-one (1) undergoes a thermally 
induced suprafacial [ 1,5]-sigmatropic phenyl shift to pro- 
duce 2,2,3,4,5-pentaphenyl-3-cyclopenten-l-one (2). We 
have also previously reported" that treatment of dienol 1, 
ketone 2, or 2,3,4,5,5-pentaphenyl-2-cyclopenten-l-one (3) 
at 173' in isoamyl ether (IAE) with 1 molar equiv of sodi- 
um amide, followed by cooling of the anion solution to 
room temperature and quenching with water, produced ex- 
clusively ketone 2. However, if the anion solution prepared 
in the same manner from either dienol 1, ketone 2, or ke- 
tone 3 is quenched a t  173O with water, ketone 3 was pro- 
duced exclusively. These results led to the previously re- 
ported3 mechanism shown in Scheme I. 

With this mechanism established for the reaction of di- 
enol 1, unconjugated ketone 2, or conjugated ketone 3 with 
equimolar amounts of sodium amide, it became of interest 
to investigate the mechanism of the reaction of dienol 1 
with less than 1 molar equiv of sodium amide. This reac- 
tion appeared interesting, because unlike the previously 
studied reaction of dienol 1, ketone 2, or ketone 3 with 1 
molar equiv of sodium amide, where the only quenching 

agent was the water externally added, in this reaction of 
the dienol 1 with <1 molar equiv of sodium amide, exten- 
sive high-temperature internal quenching by more than 
one source, the unreacted dienol 1 or the thermally formed 
ketone 2, is possible. I t  thus became of interest to establish 
to what extent this internal quenching by dienol 1 or ther- 
mally formed ketone 2 was important to the production of 
products from this reaction. Moreover, a study of the reac- 
tion of dienol 1 with other bases4 had already established 
that ketone 2 was a required intermediate in the conversion 
of dienol 1 to ketone 3 and it became of importance to es- 
tablish mechanistically if ketone 2 was also a required in- 
termediate for the production of ketone 3 in the reaction of 
dienol 1 with <1 molar equiv of sodium amide. 

Results 
The evaluation of the kinetic data was complicated by 

the lack of reliable values for the initial concentration of ei- 
ther the dienol 1 or the added sodium amide base. This was 
true because as can be seen from Scheme I, the conjugate 
base of ketone 2 and ketone 3 is a catalyst in this reaction 
which upon quenching affords ketone 2. However, ketone 2 
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is also formed directly from dienol 1 via an uncatalyzed 
thermal [1,5]-sigmatropic phenyl rearrangement. There- 
fore, the amount of ketone 2 formed from the enolate upon 
quenching must be subtracted from the observed total of 
ketone 2. Another complication was caused by the fact that 
the kinetically important amount of dienol 1 began at  less 
than 100% because an amount of dienol 1 equal to the con- 
centration of the sodium amide was converted immediately 
to the enolate ion at  time zero. 

With these limitations in mind we proceeded to evaluate 
the kinetic data. Since the concentration-time curves for 
the reaction resembled a consecutive first-order reaction 
sequence (eq l), plots of the logarithm of the starting di- 

(1) 

enol 1 vs. time were made to establish the first-order char- 
acter of the disappearance of the dienol 1. These plots for 
the 10 and 20% sodium amide reactions were both linear. A 
linear least-squares computer program was used to evalu- 
ate the rate constant, k l ,  and the initial concentration of 
the dienol 1. Evaluation of these data for the nominal 10% 
sodium amide reaction by use of the linear least-squares 
program afforded a k l  = 5.27 X sec-l and an initial 
concentration of dienol 1 of 100 f 2%, while in the nominal 
20% sodium amide reactioqthis evaluation afforded a k l  = 
5.58 X sec-l and an initial concentration of dienol 1 of 
81.3 f 2%. With this information in hand, a nonlinear 
least-squares computer program was used to calculate the 
best value of k2 based upon the exact solutions of the ki- 
netic expression for calculating ketone 2 and ketone 3 

k ,  unconjugated k, conjugated dienol 1 -L - 
ketone 2 ketone 3 

where [dienol 110, the best value for the initial concentra- 
tion of dienol 1, and the rate constant, kl, were both deter- 
mined from the linear least-squares computer program dis- 
cussed above. The values required as input for this nonlin- 
ear least-squares program were k l  and the true concentra- 
tion of ketone 3 a t  the time specified. These values of ke- 
tone 3 were obtained by dividing the observed concentra- 
tion of ketone 3, a t  the specified times, by the percentage of 
dienol 1 actually present a t  the start of the reaction (time 
zero); for 10% sodium amide, 95%, and for 20% sodium 
amide, 81.3%. 

Using this nonlinear least-squares program and the 
input described above and allowing for numerous iterations 
until convergence and minimization was obtained afforded 
the best value of the rate constant, kp, the corresponding 
calculated concentrations of unconjugated ketone 2 and 
conjugated ketone 3/[dienol 110, and the initial concentra- 
tion of dienol 1 of approximately 95 and 81.3% based upon 
the best calculated values of the kz's for the 10 and 20% so- 
dium amide reactions, respectively. Table I shows the data 
and the calculated concentrations, and also that the agree- 
ment of the observed and calculated values of unconjugat- 
ed ketone 2 and conjugated ketone 3/[dienol 110 are well 
within the uncertainty expected. The rate constants ob- 
tained for the two molar ratios of sodium amide used are k l  
= 5.27 X 10-5 sec-l and k2 = 1.24 X low4 sec-l for the 
nominal 10% molar ratio sodium amide reaction, and 121 = 
5.58 X 10-3 sec-l and k2 = 5.31 X lod4 sec-' for the nomi- 
nal 20% molar ratio sodium amide reaction. 

Discussion 
The addition of sodium amide to the dienol 1 is assumed 

to form the conjugate base of the alcohol immediately. The 
anion formed rearranges rapidly a t  the temperature of the 
reaction, 173'. 

The reactions which can take place at  this point are (1) 
thermal conversion1i2 of the dienol 1 to unconjugated ke- 
tone 2, (2) quenching of the rearranged anion produced 
from the dienol 1 to yield either unconjugated ketone 2 or 
conjugated ketone 3, and (3) quenching of the rearranged 
anion produced by unconjugated ketone 2 to produce con- 
jugated ketone 3. 

Since quenching of the rearranged anion by either dienol 
1 or unconjugated ketone 2 produces rearranged anion as a 
product, this process is catalytic and the amount of catalyst 
(rearranged anion) should remain constant. 

The k l  value for the thermal rate2 (0% sodium amide) is 
4.6 X sec-l and for the nominal 10 and 20% sodium 
amide reactions the k l  values are 5.27 X and 5.58 X 

sec-l, respectively. The upward trend of these values 
may be attributed to the differences in boiling point eleva- 
tion produced by the differing concentrations of salt. Tem- 
perature increases in the boiling point of the IAE solvent of 
1 and 2' have been observed in the solution containing the 
sodium amide over the temperature observed when the re- 
action is run with 0% sodium amide, and these increases in 
the boiling point of the solutions easily account for the 
slight upward trend of the rate constant k1. Viewed togeth- 
er these results indicate that the rate of disappearance of 
the dienoll shows no significant dependence upon the con- 
centration of the base. This observation rules out the possi- 
bility that the rearranged dienol 1 is quenched initially by 
the starting dienol 1 to yield either unconjugated ketone 2 
or conjugated ketone 3. Therefore, the first step in this re- 
action must be the thermal rearrangement of the starting 
dienol 1 to unconjugated ketone 2. 

The values of k2 are 1.24 X sec-l (10% sodium 
amide reaction) and 5.31 X sec-l (20% sodium amide 
reaction). These pseudo-first-order rate constants become 
second-order rate constants when divided by the base con- 
centration. The average concentration of catalyst in the 
10% sodium amide reaction is 2.2 X M (5.1%). Inspec- 
tion of Table I shows that this computer calculated value of 
the catalyst concentration together with the computer cal- 
culated values of k l  and k z  gives a very accurate reproduc- 
tion of the amount of conjugated ketone 3 produced as a 
function of time over the entire course of the reaction. In 
the 20% sodium amide reaction, extrapolation of the loga- 
rithm of the concentration of starting dienol 1 vs. time plot 
to the initial concentration of dienol 1 yields a concentra- 
tion of 81.3% and, therefore, 18.7% (8.1 X M )  as the ef- 
fective catalyst concentration. This value is exactly the 
same as that obtained from the linear least-squares com- 
puter program for the effective catalyst concentration. The 
mean concentration of catalyst as calculated from the dif- 
ference between the measured and calculated amounts of 
unconjugated ketone 2 for all points is 17.4%; the average of 
the last four data points is 19%, in good agreement with the 
extrapolated value and the computer generated value of 
18.7%. 

If the conversion of unconjugated ketone 2 to conjugated 
ketone 3 is essentially base catalyzed, then the ratio 
k2(20%)/k2(10%) should equal the ratio of the catalyst con- 
centrations for the two reactions. The ratio of catalyst con- 
centrations 19/5 = 3.8 can be compared with 5.31 X 
1.24 X = 4.2. The agreement between these ratios con- 
firms the base catalysis quantitatively. In view of the medi- 
um effect previously noted for the k l  values, it  is reason- 
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able to suppose that a portion of the variation between the 
two ratios obtained for the kz's is due to a small difference 
in the temperature of the boiling IAE solution. 

Although chemical experiments previously p ~ b l i s h e d ~ 3 ~  
indicate that the conversion of unconjugated ketone 2 to 
conjugated ketone 3 is reversible, the data reported here in- 
dicate that the equilibrium constant for this conversion 
must be greater than 20 and, in these runs, indeterminable. 

The possibility that the conversion of the conjugated 
base of dienol 1 (initial anion) to the rearranged anion was 
important was tested by taking a sample at  relatively long 
times and quenching it at the reaction temperature (173') 
followed by analysis. Such high-temperature quenches had 
previously3 been shown to favor the formation of conjugat- 
ed ketone 3 over unconjugated ketone 2. Results of this 
quench established that conjugated ketone 3 was increased 
and unconjugated ketone 2 was decreased over their con- 
centrations in a sample treated normally under the same 
conditions, but the remaining dienol 1 was unaffected and 
therefore no conjugate base of the dienol 1 was present 
under either analytical conditions at  long times. The rear- 
rangement reaction of the anion appears to be quite rapid 
at  these temperatures and thus the catalyst is not the 
added sodium amide but is indeed the rearranged anion. 

The kinetic data rule out the possibility of unconjugated 
ketone 2 or conjugated ketone 3 being obtained via the 
quench of the rearranged anion catalyst by the starting di- 
enol 1. The formation of conjugated ketone 3 results from 
the quenching of the rearranged anion catalyst by the in- 
termediate unconjugated ketone 2 and indeed requires that 
the conversion of dienoll to conjugated ketone 3 take place 
via the intermediate unconjugated ketone 2. 

These results give rise to the following mechanism for 
the reaction of isoamyl ether (IAE) solutions of dienol 1 
with sodium amide, which is simpler and slightly different 
from the mechanism previously p r ~ p o s e d . ~  

r 

volved were as follows: dienol 1, 6 min 15 sec, 100; unconjugated 
ketone 2,13 min 45 sec, 80; conjugated ketone 3,15 min 45 sec, 86. 
The temperature of the reaction mixture was maintained a t  the 
temperature reported &lo by means of a thermostatically con- 
trolled oil bath. Extreme care was exercised to remove impurities, 
especially water, from the IAE solvent used. The solvent was dis- 
tilled, under nitrogen, from lithium aluminum hydride (LiAlNd, 
chromatographed under nitrogen, on alumina and redistilled, 
under nitrogen, from LiAlH4 directly into the reaction flask, which 
was oven baked, flamed, and cooled under nitrogen. The reaction 
flask containing the IAE was then continuously swept with nitro- 
gen. Although ultrahigh-purity nitrogen was used, it was pased 
through a BTS catalyst (pelleted form of finely divided copper on 
an inert support). The nitrogen was passed successively through a 
column of molecular sieves, a column of BTS catalyst heated by 
means of a heating tape, and finally through another column of 
molecular sieves. The output gas had an oxygen and water content 
each below 1 ppm. These precautions were utilized because in sev- 
eral initial experiments where these precautions were not taken 
the results obtained were found to be irreproducible. This irrepro- 
dicibility was not observed when the above described precautions 
were taken. To  ensure against premature hydrolysis of the sodium 
amide used, vials containing preweighed base were prepared in a 
drybox and were opened immediately before introduction to the 
IAE solution. 

Kinetic Runs. Reaction of 1,2,3,4,5-Pentapheny1-2,4-cyclo- 
pentadien-1-01 (1) wi th  10% (Molar Ratio) of Sodium Amide. 
Into a lOO-ml, three-necked, round-bottomed flask equipped with 
a reflux condenser, a serum cap, a magnetic stirrer, and a nitrogen 
inlet tube was placed 50 ml of purified isoamyl ether (IAE), which 
was then heated to 173' under nitrogen. At this point 1.0 g (2.16 
mmol) of the dienol 1 was added as a solid all a t  once. After solu- 
tion occurred (almost instantaneously), 8.0 mg (0.2 mmol) of pre- 
weighed sodium amide was added all a t  once. At this point a vigor- 
ous reaction occqrred but the reaction mixture was contained by 
the confines of the flask. While the mixture was refluxing, samples 
of 1 ml each were taken a t  various times (Table I) by inserting a 
hypodermic syringe through the serum cap. The samples thus re- 
moved were placed in a flask containing twice the volume of water 
and well shaken. To  this mixture was added 1 ml of benzene, the 
solution was shaken, and the organic layer was removed. The re- 
maining water solution was extracted a second time with another 1 

eGH5 

1 

I 

L i ;1G~5 J k,H, 

173' 
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Experimental Section 

General. The gas-liquid partition chromatographic (GLC) 
analysis of samples was performed on a Bendix Model 2600 (flame) 
gas chromatograph and a Bendix Model 1200 recorder. The GLC 
was equipped with a 3 ft X 0.25 in. column packed with 3% QF-1 
on Chromosorb W (H.P., mesh 100/120) support. Operating condi- 
tions were as follows: temperature of inlet 210°, detector 255', in- 
jector 255', column 210', and He carrier gas flow rate of 80 ml/ 
min. The retention times and relative molar response to a flame 
ionization detector, based on 100 for dienol 1, for the materials in- 

ml of benzene, the benzene solutions were combined, and then 
dried over anhydrous magnesium sulfate. All samples removed 
were treated as described above. After all the required samples 
were collected, GLC analysis was carried out using the instrument 
and conditions described above. For each kinetic run the peak 
areas of the three peaks corresponding to the dienol 1, the uncon- 
jugated ketone 2, and the conjugated ketone 3 were determined by 
triangulation5 and the percent concentrations represented by these 
peak areas, corrected for the flame response ratios, were then cal- 
culated (Table I) and plotted on the same graph vs. time (Figure 
1) .  Using analytical GLC on all kinetic samples and from previous- 
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Table I 
Isomerization Reaction of 1,2,3,4,5-Pentapheny1-2,4-cyclopentadien- 1-01 in Isoamyl Ether 

at 173" with Various Molar Ratios of Sodium Amide 

Ratio, %b 
Reaction time, [Ketone 31 [Ketone 31 

min Dienol 1 Ketone 2 Ketone 3 (dienol 1)oIc (dienol l )dca lcd#  [Ketone 2&,lcdd 

30a 89 .O 11 .o Trace 0 .o 0.9 8 .O 
60 82.5 15.2 2.3 2.4 3.4 13.8 
90 74.2 18.4 7.4 7.7 7 .O 17.7 
120 66.2 20.6 13.2 13.8 11.3 20.2 
150 61.7 22.8 15.5 16.3 16.0 21.7 
180 59.3 22.7 18.0 18.9 20.9 22.3 
210 51 .O 22.6 26.4 27.7 26.0 22.4 
240 48.8 21.9 29.3 30.8 31.0 22.1 
300 39.6 20.2 40.4 42.5 40.6 20.5 
3 60 32.9 19.8 47.3 49.7 49.4 18.5 
420 28.0 20 .o $2 .o 54.7 57.2 16.2 
4 80 22.9 17.5 59.6 62.7 64 .O 14 .O 
540 17.7 14.9 67.4 70.9 69.8 11.9 
660 11.8 13 .O 75.2 79.1 79 .o 8.5 
750 9.3 11.2 79.5 83.6 84 .O 6.5 
30e 75.6 18.4 5 .O 6.1 3.4 6 .O 
60 66.8 21.8 11.3 13.8 10.3 7.8 
90 57.6 27.7 15.8 19.4 18.0 7.9 
150 49.5 27.3 22.8 28.0 32.5 6.9 
210 40.8 23.3 35.9 44.1 44.7 5.7 
270 33.2 22 .o 44.9 55.2 54.7 4.7 
276 37.0 12.8 50.3 

a 10% sodium amide; results reported are for three kinetic runs which were reproducible to within 17~ of each other. Amounts reported 
are corrected for flame response ratios. Concentration of ketone 3 used in nonlinear least-squares computer program to obtain rate con- 
stant k*. d Computer generated values. e 2070 sodium amide; results reported are for three kinetic runs which were reproducible to within 17c  
of each other. f Sample of kinetic solution quenched a t  173" with water. 
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Figure 1. Variation with time of concentration of dienol 1, uncon- 
jugated ketone 2, and conjugated ketone 3 a t  173' in isoamyl ether 
with 10% (molar ratio) sodium amide: 0, dienol 1; A, unconjugated 
ketone 2; 0, conjugated ketone 3. 

ly synthetic experiments the results indicate that only 
three species are present in each kinetic sample, dienol 1, unconju- 
gated ketone 2, and conjugated ketone 3. This information estab- 
lished a mass balance for each kinetic sample and for the overall 
reaction of approximately 100%. 

Reaction of 1,2,3,4,5-Pentaphenyl-2,4-cyclopentadien-1-01 
(1) with 20% (Molar Ratio) of Sodium Amide. This experiment 
was performed exactly as described above except that  16 mg (0.4 
mmol) of sodium amide was used. After all the required samples 
were removed from the kinetic run and were treated as described 
above, water was added dropwise to the refluxing reaction mixture 
remaining in the flask so that a quench at  173' could be per- 
formed. After this high-temperature quench was completed, the 
mixture was cooled to room temperature, extracted with benzene, 
the organic layer was separated, dried over anhydrous magnesium 
sulfate, and analyzed on the GLC using the same instrument and 

I 
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Figure 2. Variation with time of concentration of dienol 1, uncon- 
jugated ketone 2, and conjugated ketone 3 a t  173' in isoamyl ether 
with 20% (molar ratio) sodium amide: 0, dienol 1; A, unconjugated 
ketone 2; 0, conjugated ketone 3. 

conditions previously described for the kinetic samples. The re- 
sults of this kinetic run and the high-temperature quench are re- 
ported in Table I and Figure 2. 

Registry No.-1, 2137-74-8; 2, 34759-47-2; 3, 34759-48-3; sodi- 
um amide, 7782-92-5. 

References and Notes 
(1) A. K. Youssef and M. A. Ogliaruso, J. Org. Chem., 37, 2601 (1972). 
(2) A. K. Youssef and M. A. Ogliaruso. J. Org. Chem., 38, 487 (1973). 
(3) A. K. Youssef and M. A. Ogliaruso. J, Org. Chem., 38,3998 (1973). 
(4) A. K. Youssef and M. A. Ogliaruso, J. Org. Chem.. 38, 2023 (1973). 
(5) A s  described in H. M. McNair and E. J. Bonelli, "Basic Gas Chromatogra- 

phy", Varlan Associates, Palo Alto, Calif., 1969, p 154. 


