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A kinetic study was made of the acylation of 3-pentanol with butylethyl-, dibromo-, diethyl-, dichloro-, 
dimethyl-, and diphenylketenes. All reactions were first order in keteneand first order in alcohol. The reactivity 
of the ketenes increases in the order given. The acylation of 3-pentanol with diphenylketene occurred at a faster 
rate in a nonpolar solvent. These results are interpreted to suggest a onestep process involving a cyclic transition 
state and establishes that the dihaloketenes are less reactive than diphenylketene with about the same activity 
as the dialkylketenes in the acylation of 3-pentanol. 

Although there is an extensive amount of literature 
involving the acetylation of alcohols with ketene, the 
acylation of alcohols with other ketenes has received 
much less attention. Staudinger has shown wide dif- 
ferences in reaction rates between different ketenes, 
e.g., diphenylene > diphenyl > phenylmet,hyl > di- 
methylaa However, this is a general reaction of ketenes 
and i t  is catalyzed by both acids and bases. 

Except for Staudinger’s early work on ketene re- 
activities, only quite recently have there been any 
reports on the kinetics and mechanism of this reaction. 
Pracejus and Leska have measured the kinetics of 
addition of C1-Cs aliphatic alcohols to phenylmethyl-, 
diphenyl-, and phenyl( a-naphthy1)ketenes in the 
presence of nitrogen heterocyclic compounds which 
act as  catalyst^.^ The activity of the ketenes increases 
in the order shown. 

Some recent reports from this laboratory have 
described the preparation and chemistry of two dihalo- 
ketenes.6-8 It became of interest to study the re- 
activity of these new dihaloketenes in relation to  di- 
phenylketene and some dialkylketenes in a nucleophilic 
addition reaction to determine if the halogen atoms 
exhibited much influence on this reaction. Therefore, 
a kinetic investigation of the acylation of an alcohol 
with several different types of ketenes including di- 
chloro- and dibromoketenes was made and this paper 
describes the results of this study. All of the reactions 
were in the absence of added catalysts. 

3-Pentanol was selected as the nucleophile because 
this alcohol reacts a t  an easily measureable rate in 
hexane with all the ketenes investigated at  25”. The 
rate of reaction was followed by observing the rate of 
disappearance of 3-pentanol by vapor phase chroma- 

TABLE I 
BPENTYL ALKANOATES FROM KETENES AND ~-PENTANOL 

0 

CHRih- LO-CH-CHz-CHa 

AH, 

AHs 
7- c, % Yield, 

Ri RE BP, ‘C (mm) % Formulaa Calcd Found Calcd 

c1 c1 62(1 .8)  97 C7HizClzOz 42.21 42.24 6.03 
Br Br 66 (2.6)  89 C~HizBraOz 29.16 29.25 4.17 
CaHs C4H9 83 (1.8)  97 CisHasOz 72.89 73.19 12.15 
CzHs CzHs SO(1.8) 83 CiiHzzOz 70.96 71.15 11.83 
CeHs CeH6 170 (1.7)  93 CigHzz02 80.85 81.09 7.80 
CHa CHa 161 (760) 96 CeHiaOz 68.35 68.30 11.39 

4 The respective registry numbers are 18598-96-4, 18598-97-5, 18598-985, 18598-99-7, 18599-003, 18599-01-4. 

-H, % 
Found 

6 .05 
4.39 

11.92 
11.83 
7.50 

11.58 

Tille and Pracejuei have investigated the kinetics and 
mechanism of some amine-catalyzed ketene acylations 
of  alcohol^.^ The order of the reaction with respect to 
alcohol was reported to be strongly dependent on the 
temperature. Some work was also reported on the non- 
catalyzed reaction which is discussed later. 

tography. Methanol, ethanol and butanol were found 
to  react too rapidly at  this temperature to  allow accurate 
rate determinations by this method. This nucleo- 
philic addition reaction produces a 3-pentyl alkanoate 
as shown. A complete list of the esters produced is 
given in Table I. 

A treatment of the rate data indicated that each 
nucleophilic addition reaction was first order in ketene ( I )  Paper VII: W. T. Brady and E. F. Hoff, J .  Amer. Chem. sot., 90, 

8256 (1988). 
(2) Abstracted in part from the M.S. thesis of W.L. V., North Texas State 

University, 1988. 
(3) H. Staudinger, “Die Ketene,” Ferdinand Enke, Stuttgart, 1912, an 

seen in R. N. Lacey, ”The Chemistry of Alkenes,” 8. Patai, Ed., Interscience 
Publishers, NewYork, N. Y. ,  1984,p 1174. 

and first Order in 3-pentano1* These data are presented 

(6) W. T. Brady, H. G. Liddell, and W. L. Vaughn, J .  Oru. Chem., 81, 

(7) W. T. Brady, ibid., 81,2876 (1988). 
(8) W. T. Brady and 0. H. Waters, ibid., Sa, 3703 (1987). 

828 (1988). 
(4) H. Pracejus and J. Leska, 2. Ndurforsch., A ,  81, 30 (1988). 
(5) A. Tille and H. Pracejus, Chem. Ber., 100, 198 (1987). 
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in Figure 1. Diphenylketene reacted faster with 3- 
pentanol than the dialkylketenes did, as expected, and 
also faster than the dihaloketenes, as illustrated by the 
second-order rate constants given in Table 11. 

TABLE I1 
SECOND-ORDER RATE CONSTANTS FOR THE ACYLATION 

OF 3-PENTANOL AT 25" IN n-HEXANE 

Ketene k X 104, l./mol sec 

Diphenylketene 74 Z k  2 
Dimethylketene 36 * 1 . 5  
Dichloroketene 24 =!= 1 
Diethylketene 17.6 0 . 9  
Dibromoketene 9 .7  & 0.2  
Butylethylketene 4 . 3  * 0 . 1  

A solvent effect study was made to determine if 
the solvent effected the rate of this reaction. The 
acylation of 3-pentanol with diphenylketene was 
selected for this investigation because of the ease of 
handling and purification of this ketene as well as the 
slow rate of dimerizat i~n.~ The results are recorded in 
Table 111. 

TABLE I11 
THE EFFECT OF SOLVENT ON THE SECOND-ORDER RATE 

CONSTANTS FOR THE REACTION OF DIPHENYLKETENE 
AND 3-PENTANOL AT 25' 

Solvent k X 104, l./mol sec 

Hexane 74 
Ether 3 . 3  
Acetonitrile 1 .7  

Discussion 
The selection of the bulky 3-pentanol as a nucleophile 

obviously imparts some steric problems for this re- 
action. However, it was desirable to slow the acylation 
reaction so that accurate rate data could be obtained 
by the method employed. It should be realized that 
the differences in rate between the different ketenes 
diminishes because of this steric effect; e.g., there will 
be larger differences in the rates with less bulky nucleo- 
philes. This was observed by Pracejus and Leska in 
studying the C&6  alcohol^.^ 

The solvent effect on the second-order rate constant 
is real but rather small as shown in Table 111. Since 
therate increases with decreasing polarity of the solvent, 
apparently the reactants are solvated to a greater 
degree than the activated complex. This suggests a 
one-step process rather than the previously assumed 
two steps involving an ionic intermediate as shown in 
Scheme I. Furthermore, i t  is indicated that the 
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transition state for this one step is less polar than the 
reactants, suggesting a highly ordered complex. This 
is consistent with the very recent findings of Satchell 
and Lillford who have demonstrated in an elegant 
fashion that the acylation of amines proceeds through 
a cyclic transition state. lo 

In  the report by Pracejus and Tille, a similar solvent 
effect was ~ b s e r v e d . ~  Also, i t  was indicated that the 
acylation of methanol with phenylmethylketene was 
first order in alcohol a t  -80°, second order in alcohol 
a t  +lo and an order appreciably greater than two a t  
methanol concentrations greater than 0.1 M .  It was 
suggested that the acylation a t  + 1' occurred through 
transition state A. 

A 
Our results involving the acylation of 3-pentanol 

with the ketenes investigated showed a first-order de- 
pendence on alcohol; however, in all runs only a slight 
excess of alcohol was used and the concentrations were 
always less than 0.1 M .  Perhaps the order with respect 
to the alcohol is dependent on the steric requirements 
of the alcohol; e.g., 3-pentanol is too big and bulky to 
crowd two such molecules into a cyclic transition 
state as shown above. Therefore, we propose that 
in the acylation of 3-pentanol and perhaps other bulky 

(9) There was no evidence of dimerization of any of the ketenes in the 
kinetic experimenta. (10) P. J. Lillford and D. P. N. Satchell, J .  Chen.  SOC., B, 54 (1968). 
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alcohols the reaction proceeds through a cyclic trans- 
ition state B, but one involving only one molecule of 
3-pentanol. 

B 
Our kinetic results are compatible with all of the 

reports in the literature which show that diarylketenes 
are more reactive than dialkylketenes in the acylation 
of alcohols. This is probably due to some degree of 
charge separation in the transition state and the ability 
of the aryl group to stabilize the activated complex by 
smearing out any carbanionic character a t  the a- 
carbon atom. 

The smaller second-order rate constant for dibromo- 
ketene as compared to dichloroketene is exactly as ex- 
pected. A consideration of both electronic and steric 
factors would suggest this result. The chlorine atoms 
are more capable of stabilizing any carbanionic char- 
acter in the transition state due to the greater inductive 
ability and steric crowding will be more predominant 
with dibromoketenc due to the larger bromine atoms. 

The difference in rate of the three dialkylketenes 
would appear to be solely due to steric effects. An 
examination of molecular models reveals that the butyl 
group in butylethylketene is certainly large enough to 
present a steric problem for the bulky 3-pentanol 
molecule. Consequently, it would appear that steric 
considerations are the controlling factor in dialkyl- 
ketene reactivities. 

In  conclusion, our solvent effect data suggest that the 
acylation of alcohols with ketenes proceeds by a one- 
step process which probably involves a cyclic transition 
state. Also, the halogen atoms in the dihaloketenes 
studied apparently do not markedly influence the re- 
reactivity of the ketene in the acylation of alcohols; 
e.g. ,  these ketenes exhibit about the same reactivity 

as dialkylketenes but both are less reactive than di- 
phenylketene. 

Experimental Section 
Dichloroketene was prepared by the dehalogenation of tri- 

chloroacetyl bromide and isolated in hexane as previously de- 
scribed by us.( Dibromoketene was prepared by the dehalogena- 
tion of tribromoacetyl bromide and also isolated in hexane as one 
of us has previously reported.? Diphenylketene was prepared by 
the dehydrochlorination of diphenylacetyl chloride with tri- 
ethylamine." Diethylketene was obtained by the pyrolysis of 
diethylmalonic anhydride according to the procedure of Duck- 
worth.12 We are grateful to Eastman Chemical Products, Inc., 
for supplying us with butylethylketene in the form of a 20% 
solution in toluene. The toluene was removed under reduced 
pressure and the ketene distilled and dissolved in dry hexane for 
kinetic runs. Dimethylketene was prepared by the pyrolysis of 
the ketene dimer, tetramethyl-l,3-cyclobutanedione.~3 

Apparatus.-A constant-temperature water bath was employed 
with an immersion heating element coupled to a Fisher propor- 
tional temperature controller that afforded a temperature control 
of 10.02'. The rate of disappearance of 3-pentanol was followed 
by ypc. An Aerograph AP-40 operating with a thermal con- 
ductivity detector was used with a 10 ft X 0.25 in. column packed 
with 15% Ucon and 2y0 Oronite on 30/60 mesh white Chromo- 
sorb. An oven temperature of 95' was employed. n-Octane 
was used as an internal standard. Least-squares rate constants 
were calculated on an IBM 1620 computer. Only a slight excess 
of 3-pentanol was employed in all runs and the concentrations 
ran about 0.05 M .  

3-Pentyl Alkanoates.-A hexane solution of the ketene was 
treated with an excess of 3-pentanol. The hexane and excess 
alcohol were removed by distillation. The esters were distilled 
under reduced pressure through a 6 in. Vigreux column, ir 
absorption (smear) 1730-1770 cm-'. The more detailed data are 
recorded in Table I. 
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The mechanism of nitric acid oxidation of diphenylmethane to benzophenone has been kinetically studied with 
ca. 2.5 M "0s in 70 vol. % aqueous acetic acid at  90'. The reaction shows an induction period, sodium nitrite 
being an effective initiator. At the nitrous acid concentration over 0.02 M ,  where the solution is probably 
saturated with NOn, the rate is expressed as v = ~ [ C & C H ~ C ~ H S ] ,  Le., the rates are independent of concentrations 
of nitric and nitrous acids. The k value increases with increasing acidity of the media, the plot of log k us. Ho 
giving a straight line with a slope of ca. - 1. A possible mechanism is proposed which involves a ratedetermining 
abstraction o f  or-hydrogen atom from diphenylmethane by protonated NOn. 

The kinetic studies on the nitric acid oxidation of 
some substrates, e.g., benzyl alcohol,2 benzyl ether,3 
and benzaldehyde,.' have been reported from this 

(1) Contribution No 116. 
(2) Y. Ogata, Y. Sawaki F. Mstsunaga, and H. Tesuka, Tetrahedron, 12, 

(3) Y. Ogata and Y .  Sawaki, J .  Amer. Chem. Soc., 88, 5832 (1966). 
(4) Y. Ogata, H. Tesuka, and Y. Sawski, Tetrahedron, 18, 1007 (1967). 

2655 (1966). 

laboratory, where aqueous dioxane has been used as a 
solvent. Dioxane is a suitable solvent, but it may be 
decomposed by nitric acid, while acetic acid is a stable 
solvent for oxidation. It is known that diphenyl- 
methane is oxidized to benzophenone by dilute nitric 
acid15 but its mechanism has not yet been reported. 

(5) S. M. Rivkin, J .  A p p l .  Chem. USSR, 11, 83 (1938); Chem. Abstr.,  82. 
4566 (1938). 


