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CHAPTER I 

INTRODUCTION 

The cycloaddition of kstenes with olefinic compounds 

was first noted in 1907 by Herman Staudinger (18). The 

product o'f the cycloaddition of a ketene and an olefinic 

substrate is a substituted cyclobutanone. The cycloaddition 

of diphenylketene with vinyl ethers was first noted by 

Staudinger in 1920 (19). 

C 5 H 5 

C6H5 , 

\ C6H5-C —c = o 
c=c = 0 + 'HoC = CH—0 —CpHc / H _ C _ C _ 0 _ C 2 I 1 5 

C6h5 H H 

(I) 

Staudinger assigned the structure of this cycloadduct 

as 2,2-diphenyl-4~ethoxycyclobutanone (I) but did not 

give supporting evidence for this assignment as opposed to 

2,2-diphenyl-3»ethoxycyclobutanone (II). 

C6H5 

I 
CgHc-C-C—0 

I I 
C 2H 5— 0— C - C — H 

I I 
H H 
(II) 

In i960 Hurd and Kimbrough proposed that the structure 

suggested by Staudinger was unlikely if bond polarization 
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of the two starting compounds was considered (12), i.e., 

G6H5 

C 2 H 5 — O — C H = C H 2 ^ C = C = O 

C6H5 

Cycloaddition to form (II) seemed very reasonable 

since the positive portion of each double bond would then 

react with the negative portion of the other. Hurd and 

Kimbrough presented chemical evidence to show that 

structure (II) was indeed the-correct structure (12). 

Hurd and Kimbrough also found that diphenylketene 

would form similar cycloadducts with other -unsaturated 

ethers such as dihydropyran. The structure of this 

cycloadduct was formulated as 8,8-diphenyl-2-oxabicyclo 

Q 4.0.2 J] octan-7-one (III). 

C6H5 

G6H5-C—C = O 
I I 

H — C — C — H 
/ \ 
0 Clip 
\ / 

• H2C — CH2 

(III) 

This structural assignment was based on the elemental 

analysis and the known structure of the analogous cyclo-

adduct (II) of diphenylketene and ethyl vinyl ether. 

There are numerous examples of cycloaddition reactions 

of ketenes and olefins reported in the literature. However, 



no definitive work concerning the kinetics and mechanism of 

this general reaction of ketenes can "be found. 

There are three mechanisms which may "be envisioned 

as being operative in the cycloaddition of a ketene with 

an olefin. These three possibilities are 

1. Diradical mechanism 

2. Ionic mechanism 

3. Concerted mechanism. 

Roberts has discussed two of the plausible mechanisms 

which involve a diradical intermediate and a zwitterionic 

species as shown below (16). 

CR2=C = 0 + CH2=CHX-

CR2= C=.O + cn2— CHX-

R 
I 

R — C— C=0 
: i 

H - C - C - H 
I \ 
X H 

R 
I 

R-C—c=o 
+ I 

H - C — G — H 
I I 
X H 

R 
I 

R-C-C: 
I I 

H—C—C-
I I 
X H 

-0 

-H 

K 
I 

R - G —C — 0 
i I 

H— C — C—H 
I I 
X H 

In general, the products have the structures predicted 

by the diradical mechanism. This contrasts strongly with 

ketene dimerizations in which the reported products always 

have a head-to-tail structure regardless of whether the 

product is a cyclobutanedione or a ̂ -lactone (6). The 



dimerizations can be formulated as having ionic structures 

as important contributors to their transition states. 

R 

R — 0 - 0 = 0 
i 
0 R — C=J 

I 
R 

R 
I 

R— C—C = 0 
i I 

R — 0 = 0 — 0 
I 
R 

2R2C=C = 0 (a vinylaceto-^-lactone) 

R 
I 

R — o - c = o 
+ ' 

0 = 0 — o — R 
I 
R 

R 
I 

R — 0 — c = o 
I I 

0 = 0 — C — R 
I 
R 

(a 1,3-cyclobutanedione) 

It is possible that, in the cycloaddition of ketenes 

to olefins, the apparent conformity to structural predictions 

based on the diradical mechanism is misleading. The • 

difficulty is that all of the substituted olefins thus 

far employed (ethyl vinyl ether, styrene, cyclopentadiene) 

would be expected to yield the same product by either the 

diradical process or an ionic process in which the olefin 

acts as a nucleophilic agent, some evidence has been 

reported in the literature which is suggestive of an ionic 

process. 

Hasek and Martin have indicated that the cycloaddition 

of dimethylketene with enamines is particularly facile (7). 



It was reported that the rate of the reaction was increased 

when a more polar solvent was employed. This observation 

lends support to the ionic mechanism. 

Hasek, Martin, Gott, and Goodlett have reported that 

the cycloaddition of dimethylketene with cyclopentadiene 

is a rapid reaction when acetonitrile is employed as the 

solvent and produces a high yield of a bicyclic ketone (9)* 

It was also reported that a good yield was obtained when 

hexane was employed as the solvent but the reaction was 

slower. These observations are also in support of the 

ionic mechanism. 

Hasek and Martin, however, have observed a 1:1 stereo-

specific addition for the cycloaddition of ethyl propenyl 

ether and dimethylketene (8). This observation was based 

on the cycloadduct which consisted of two isomers in amounts 

corresponding to the ratio of cis-trans isomers in the start-

ing propenyl ether and Martin indicated that these 

results were too fragmentary to afford significant conclusions 

but they suggest that the cycloaddition of ketenes with vinyl 

ethers is a more concerted process than the cycloaddition 

with enamines. 

Huisgen, Peiler, and Binsch have investigated the 

cycloaddition of diphenylketene and dimethylkentene with 

both cis- and trans-propenyl propyl ether (11). In both cases 

it was reported that the cis-form reacted faster than the 



trans-form. It was also reported that each of the two 

geometrically isomeric ethers had retained their original 

configurations in the cycloadducts. This stereoselective 

cis-addition is evidence for a one-stage multicentered 

cycloaddition. 

The cycloaddition mechanism has been subjected to a 

hydrogen isotope effect study by Katz and Dessau (13). 

The reaction of diphenylketene with 1-deuteriocyclohexene 

was examined to determine if the two products, IVA and IVB, 

were formed in significantly different amounts. 

G5H5 

C5H5-.-C-C=O 
I I 

Y - C - C - X 
/ \ 

HPC CHO 
\ / 
c - c 
H 2 H 2 

IVA, X=D, Y=H 

IVB, X=H, Y = D 

An excess of IVA was observed indicating that, in 

the transition state which determines the product formation, 

the bond formation is not symmetrical (i_.e_. , the bonds are 

not equally formed). The results of this investigation are 

evidence against a truly concerted mechanism. 

The 1,2 cycloaddition of ketenes to olefins is similar 

to the 1,4 cycloaddition observed in the classical Diels-Alder 
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reaction in the sense that both are cycloadditions and 

also that a concerted process or a multi-step process can be 

envisioned for either reaction. In the Diels-Alder reaction, 

the question as to whether the two bonds between the diene 

and the dieneophile are formed in sequence or simultaneously 

is still under investigation." 

Huisgen has reported in a recent review that virtually 

all Diels-Alder reactions may be interpreted by a multi-

center process since formation of the two bonds need not 

tahe place at exactly the same rate (10). A difference in 

the degree of bond formation would produce a transition 

state containing partial charge separation. 

The kinetic studies of the Diels-Alder reaction by 

Wassermann (20, 21, 22, 23, 24, 25, 26, 27, 28, 29) and 

histia;c0v/si':y (14-, 15) in the 1930's showed that the activation 

parameters exhibited characteristic peculiarities. These 

studies showed low activation energies (Ea=. 9-17 Kcal) and 

these are associated with low frequency factors. Collisions 

which produce a reaction are relatively rare and the steric 

configuration in the rate-determining step must be highly 

ordered. Application of the Eyring equation gives large 

negative values for the activation entropy. 

It nas also been noted that the solvent effect on the 

rate constant is very small. In general, the rate constant 

inci eases b^ a isc i<or of from three to eight when comparing 
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polar solvents to non-polar solvents (1, 4, 5, 22). This 

is SUJJ^8o OXVG of a transition state which is only slightly 

mors polar than the ground state. 

Tiie influence of substituents is also small, as shown 

"by the reactions of p-substituted 1-phenylbutadienes with 

maleic anhydride (17) and of p-substituted ethyl phenyl-

propiolates with tetraphenylcyclopentadienone (2). In both 

cases the change in the rate constant is less than tenfold 

when a p-methoxy group is replaced by a p-nitro group. This 

is also suggestive of a rate—determining transition state 

witn only small partial charges. In comparison, the 

solvolysis of p-CH30C6H4C(CH;5)2Cl is approximately 13,000,000 

times faster than the corresponding p-nitro compound (3). 

Woodward and Hoffman recently examined intermolecular 

cycloadditions in terms of molecular orbital relationships 

(30). Iu was concluded that a 1,2 concerted addition would 

not be allowed for the type of cycloadditioa reactions ex-

hibited by ketenes with olefinic bonds. However, a recent 

extension of these rules postulates that the selection rules 

are reversed for a ketene, resulting in allowed 1,2 concerted 

aactioion and. forbidden 1,4 concerted addition.* 

Prom a review of the published work in the field of 

cycloadditions, it is evident that further research is needed 

*Dr. Paul Bartlett of Harvard University. Private 
n i a a t.-i nn . communication. 



to establish the mechanism of ketene cycloadditions. This 

work was initiated with the intent of obtaining kinetic 

data which will contribute to the elucidation of the mechanism 

of ketene cycloadditions. 

The objectives of this program were 

1. To obtain activation parameters, i.e. A H * and AS,* 

for the cycloaddition of diphenylketene and dihydropyran. 

2. To study the effect of various solvents on the rate 

of cycloaddition of diphenylketene and dihydropyran. 

3. To obtain and compare rate constants for the cyclo-

addition reactions of diphenylketene-cyclopentadiene and 

diphenylketene-l,3-butadiene. 

4. To obtain product distribution data for the cyclo-

addition of diphenylketene-isoprene and also for diphenylketene-

chloroprene. 

The cycloaddition of diphenylketene and dihydropyran was 

selected for kinetic studies since it proceeds cleanly and in 

high yield at moderate rates (12). Also, diphenylketene does 

not undergo dimerization at moderate temperatures as contrasted 

to many other ketenes. 

The cycloaddition of diphenylketene-cyclopentadiene and 

diphenylketene-l,3-butadiene was selected for relative rate 

studies since comparable data for the Diels-Alder reaction of 

cyclopentadiene and 1,3-butadiene with maleic anhydride were 

available from the literature (10). 
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The cycloaddition of diphenylketene-isoprene and 

diphenylketene-chloroprene might be expected to yield two 

products in each case, depending on the amount of 1,2 cyclo-

addition as opposed to the amount of 3,4 cycloaddition. 

The product distribution would be expected to be indicative 

of the mechanism of the cycloaddition. 

It is anticipated that a combination of the results 

of the various parts of this study will provide a firm 

basis for establishing the mechanism which is operative 

in the cycloaddition of ketenes with olefins. It is 

also anticipated that a number of new substituted cyclo-

butanones will result from this study. 



CHAPTER BIBLIOGRAPHY 

1. Andrews, L. J. and Keefer, R. M., "A Kinetic Study 
of the Diels-Alder Reaction of Various Anthracene 
and Maleic Anhydride Derivatives," Journal of the 
American Chemical Society, LXXVII (December, 1̂ 55"), 
6284-6289. 

2. Benghiat, I. and Becker, E. I., "Electronic Effects 
and Rates in the Diels-Alder Reaction," The Journal 
of Organic Chemistryt XXIII (June, 1958), 885-890. 

3. Brown, H. C. and Okamoto, Y., "Substituent Constants 
for Aromatic Substitution," Journal of the American 
Chemical Society, LXXIX (April, l9!?77T I$T3-1$17. 

4. Pairclough, R. A. and Hinshelwood, C. If., "The 
Functional Relation between the .Constants of 
the Arrhenius Equation. Solvent Effects in a Diels-
Alder Addition," Journal of the Chemical Society. 
(1938), 236-238. 

5. Gillois, Mme M. (Doucet, J.), and Rumpf, P., "Influence 
du solvant sur la Vitesse de la reaction de Diels-
Alder entre le diphenylisobenzofuranne et l'acrvlonitrile," 
Bulletin de la Societe chimique de Prance (1959). 1823-
1825. 

6. Hanford, W. E. and Sauer, J. C., "Preparation of 
Ketenes and Ketene Dimers," Organic Reactions, Vol. Ill, 
New York, J. Wiley & Sons, Inc., 194FI 

7. Hasek, R. H. and Martin, J. C., "Ketenes. I. Cycloaddition 
of Ketene and Dialkylketenes to Enamines," The Journal 
of Organic Chemistry, XXVIII (June, 1963), 1468-1474. 

8. Hasek, R. H., Gott, P. G., and Martin, J. C., "Ketenes. 
II. Cycloaddition of Dialkylketenes to Vinyl Ethers," 
The Journal of Organic Chemistry, XXIX (May, 1964), 
—l~ 9 * 

9. Hasek, R. H., Martin, J. C., Gott, P. G., and Goodlett, 
V. W., "Ketenes. V. Reactions of Ketenes with Dienes 
and Olefins," The Journal of Organic Chemistry, XXX 
(December, 1965 ), 4175-418JTT 

11 



12 

10. 'Huisgen, R., Grashey, R., and Sauer, J., The Chemistry 
of Alkenes, edited by Saul Patai, New York, Inter-
science Tublishers, 1964. 

11. Huisgen, R., Feiler, L., and Binsch, G., "Stereo-
specific Addition of Ketenes onto Enol Ethers," 
Angewandte Chernie International Edition. Ill 
(November, I964), 753-754. 

12. Hurd, C. D. and Kimbrough, R. D., Jr., "The Addition 
of Ketenes to oC,-Unsaturated Ethers," Journal 
of the American Chemical Society, LXXXII (March, 
I96S77 1373-1376: : 

13. Katz, T. J. and Dessau, R., "Hydrogen Isotope Effects 
and the Mechanism of Cycloaddition," Journal of the 
American Chemical Society, LXXXV (July, 1963), 2173"-
7I7T. 

14. Kistiakowsky, G. B. and lacher, J. R., "The Kinetics 
of Some Gaseous Diels-Alder Reactions." Journal of 
the American Chemical Society, LVIII (January, 193*6), 
I2T-X337 

15. Kistiakowsky, G. B. and Ransom, W. W., "The Polymerization 
of Gaseous Butadiene," The Journal of Chemical Physics, 
VII (September, 1939)» 725-735. 

16. Roberts, J. D. and Sharts, C. M., "Cyclobutane Derivatives 
from Thermal Cycloaddition Reactions," Organic Reactions, 
Vol. XII, New York, J. Wiley & Sons, Inc., 1962. 

17. Ropp, G. A., DeWitt, E. J., and Lester, C. T., "The 
Application of Isotope Dilution Technique in Studies 
of Reaction Rates and Equilibria: The Effect of Diene 
Structure on the Rate of the Diels-Alder Reaction," 
Journal of the American Chemical Society, LXXVIII 
(May, 195F) 7^101-2103. 

18. Staudinger, H., "Uber Ketene. 4. Mitteilung: Reaktionen 
des DiphenyIketens," Deutsche Chemische Gesellschaft 
Berichte, XI (March, 1907), 1145-1148. 

19. Staudinger, H. and Suter, E., "Ketene XXXII: Cyclobutan-
Derivate aus Diphenyl-keten und Athylen-Verbindungen," 
Deutsche Chemische Gesellschaft Berichte, LIII (June, 
1926}, 1092-1105. 



13 

20. Wassermann, A., "The Mechanism of Additions to Double 
Bonds. Part III. Molecular Forces between Benzo-
quinone and Cyclopentadiene," Journal of the Chemical 
Society (1936), 432-436. 

21. , "Kinetics of Bimolecular Associations 
in Solution and in the Gaseous State. The Mechanism 
of Additions to Double Bonds. Part IV," Journal of 
the Chemical Society (1936)? 1028-1034. 

22. _ , "Kinetics of Bimolecular Associations 
in the Gaseous and Condensed Phase," Transactions of 
the Faraday Society, XXXIV (1938), 126-137. 

23. , "The Mechanism of Additions to Double 
Bonds. Part' XIV. The Nature of the Activated Complex 
in Bimolecular Diene Syntheses," Journal of the Chemical 
Society (1942), 612-617. 

24. , "The Reaction between Gaseous Cyclo-
pentadiene and Benzoquinone," Journal of the Chemical 
Society (1946), 1089-1090. ' 

25. Wassermann, A. and Benford, G. A., "The Mechanism of 
Additions to Double Bonds. Part VI. Kinetics of 
Gaseous Associations," Journal of the Chemical Society 
(1939), 362-367. 

26. Wassermann, A. and Benford, G. A., "The Mechanism of 
Additions to Double Bonds. Part VII. Chemical 
Equilibrium in Solution and in the Gaseous State," 
Journal of the Chemical Society (1939), 367-371. 

27. Wassermann, A. and Eisler, B., "Stereochemical Factors 
in the Kinetics of Diels-Alder Associations," Journal 
of the Chemical Society (1953), 979-982. 

28. Wassermann, A. and Khambata, B. S., "The Mechanism of 
Additions to Double Bonds. Part VIII. The Equilibrium 
of Gaseous Associations," Journal of the Chemical 
Society (1939), 371-375. 

29. Wassermann, A., Khambata, B. S., Benford, G. A., and 
Kaufmann, H., "The Mechanism of Additions to Double 
Bonds. Part IX. Kinetics of the Association of 
Cyclopentadiene in Carbon Tetrachloride Solution and 
in the. Pure Liquid State," Journal of the Chemical 
Society (1939), 381-387. 



14 

30. Woodward, R. B. and Hoffmann, R., "Selection Rules for 
Concerted Cycloaddition Reactions," Journal of the 
American Chemical Society, IXXXVII (May, 19657,~2TT46-



CHAPTER II 

EXPERIMENTAL 

Infrared data were obtained with, a Perkin~Elmer Model 

237 Grating Infrared Spectrophotometer. The samples were 

prepared as potassium "bromide pellets or as solutions in 

carbon tetrachloride and run at a slit program setting of 26. 

The rates of cycloaddition were followed by observing the 

rate of disappearance of the olefins by vapor phase chroma-

tography (v.p.c.) employing n-heptane or n-nonane as an 

internal standard. An Aerograph AP-40 operating with a 

thermal conductivity detector was used with a 10 ft. by 

TI- in. column packed with 15 per cent Ucon and 2 per cent 

Oronite on 30/60 mesh white chromosorb. The oven temperature 

varied from 70° to 95° C. depending on the olefin. Proton 

magnetic resonance (p.m.r.) determinations were obtained on 

a Varian A-60 Nuclear Magnetic Resonance Spectrometer. Carbon 

tetrachloride was employed as the solvent and tetramethylsilane 

as the reference. 

A constant temperature water bath was employed for the 

kinetic studies and was heated with an immersion heating 

element coupled to a Fisher proportional temperature controller 

which afforded a temperature control of i0.02° C. All solvents 

employed in this study were refluxed over lithium aluminum 

15 
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hydride for a period of from- two to three hours and then 

distilled under a nitrogen atmosphere through a 30-plate 

Oldershaw column. Least squares rate constants and activation 

parameters were calculated on an IBM 1620 computer. 

Cyclopentadiene was obtained "by the destructive dis-

tillation of commercially available dicyclopentadisne. The 

cyclopentadiene was redistilled before use. Dihydropyran 

and isoprene were commercially available and were freshly 

distilled before use. Special purity 1,3-butadiene was 

obtained from Phillips Petroleum Company of Bartlesville, 

Oklahoma, and used without further purification. Chloro-

prene was commercially available as a 50 per cent xylene 

solution was distilled (b.p. 35-40° 0. at 200 mm.) before 

use. 

Typical Kinetic Procedure 

The solvent, the internal standard and a known weight 

of the olefin were placed into a 30 ml. reaction vessel 

equipped with a rubber septum. The vessel was placed in 

the constant temperature bath and the contents allowed to 

equilibrate. A ratio of the peak heights of the olefin and 

the internal standard was obtained by v.p.c. and this ratio 

was then related to the initial olefin concentration. 

A known amount of diphenylketene was added to the re-

action vessel by means of a hypodermic syringe. The rate of 

disappearance of the olefin was followed by observing the 
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decrease in the peak height ratio with time. The con-

centration of olefin at each sample point was obtained by 

relating the peak height ratio at the time of sampling to 

the peak height ratio and initial olefin concentration. 

The reactions were followed to 70-75 per cent completion 

at which point scattering of data occurred. 

Diphenylketene Preparation 

Diphenylketene was prepared by the dehydrochlorination 

of diphenylacetyl chloride with triethylamine (3).* The 

diphenylacetyl chloride was prepared from commercially 

available diphenylacetic acid and thionyl chloride. A 

50.0 g. (0.217 mole) portion of diphenylacetyl chloride 

was placed in a 500 ml. three-necked flask equipped with 

a reflux condenser, a mechanical stirrer, and a dropping 

funnel. To the flask was added 100 ml. of thiophene free 

benzene and, with stirring, the solution was cooled in an 

ice bath. A mixture of 26.0 g. (0.258 mole) of triethylamine 

and 20 ml. of benzene was added over a 20-30 minute period. 

The ice bath was removed after 15-20 minutes and stirring 

continued for 2-3 hours. 

The triethylamine hydrochloride was removed by filtration 

and the benzene then removed under reduced pressure. After 

*In a private communication, Dr. J. C. Martin, Tennessee 
Eastman Company, Kingsport, Tennessee, suggested a modified 
procedure which employs benzene as the solvent. This was 
found to be a definite improvement for obtaining pure di-
phenylketene. 
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removal of the benzene, the diphenylketene was transferred 

to a bantamware flask and distilled, using a short path con-

denser. The diphenylketene was redistilled "before use, 

employing a six-inch vigereaux column. A yield of from fifty 

to sixty per cent (b.p.'-95-100° at 0.2 mm.) was consistently 

obtained. 

Diphe nyIke tens and Dihydropyran Cycloaddition 

A 4.5566 g. (0.05425 mole) portion of dihydropyran was 

placed in a 30 ml. syringe bottle. Tetrahydrofuran, 12.5 ml., 

and 2.5 ml. of -n-heptane as an internal reference was added 

and the solution thoroughly mixed. The solution was placed 

in the temperature bath and allowed to equilibrate. A 

5.6712 g. (0.02323 mole) portion of fr.eshly distilled &i-

phenylketene was added by means of a hypodermic syringe. The 

rate of reaction was followed by observing the rate of 

disappearance of dihydropyran by v.p.c. A yield of 7.3 g. 

(96 per cent) of 8,3-diphenyl-2-oxabieyclo £4.0.2.1 octan-7-

one, m.p. 153-154° C. (lit. m.p. 154-155° C. (1)), was 

obtained. 

This reaction was conducted at 30, 40, 50, and 60° G. in 

order to obtain the activation parameters /k H* and AS.* An 

Eyring plot of log >/T vs 105/I yielded A H* from the slope 

of the line and this value was then used to calculate & S* 

for the reaction. (See Figure 2, page 42.) 

The reaction was also conducted at 40° C. in solvenl 

of varying polarity and the rates were determined. The 

L IrS 
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solvents employed were toluene, tetrahydrofuran, n-butronitrile 

and dimethylformamide. In all cases the cycloadduct was ob-

tained in greater than 90 per cent yield. 

Diphenylketene and Dihydropyran 
Cycloaddition in Cumene 

A reaction solution containing 4.5773 g. (0.05449 mole) 

of dihydropyran, 2.5 ml. of n-heptane, 12 ml. of cumene and 

3.7752 g. (0.01946 mole) of diphenylketene was placed in 

a reaction vessel and left undisturbed for twenty-four hours. 

There was obtained 5.0 g. of 8,8-diphenyl-2-oxabicyclo Q.0.2.^ 

octan-7-one, which corresponds to a 93 per cent yield, m. p. 

154-155° C. The p.m.r. spectrum in deuterated chloroform 

with internal tetramethylsilane standard showed the following: 

multiplet at 7.75 p.p.m (aromatic protons), doublet centered 

at 5.25 p.p.m. (methinyl proton adjacent to ether linkage), 

multiplet centered at 3.95 p.p.m. (remaining methinyl proton), 

a multiplet centered at 3.5 p.p.m. (methylene adjacent to 

ether linkage), and a. multiplet centered at 1.6 p.p.m. (re-

maining two methylenes). These protons were in the ratio 

of 10:1:1:2:4. 

Diphenylketene and Cyclopentadiene 
Cycloaddition 

To a 30 ml. reaction bottle containing 0.7789 g. 

(0.01180 mole) of cyclopentadiene was added 21 ml. of tetra-

hydrofuran- and 2 ml. of n—nonane as an internal reference. 
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The mixture was placed in the temperature bath at 

30° C. and allowed to equilibrate. A 1.1362 g. (0.00586 

mole) portion of diphenylketene was then added by means of 

a hypodermic syringe. The rate of cycloaddition was fol-

lowed by observing the rate of disappearance of cyclopentadiene 

by v.p.c. 

The reaction solution was washed with dilute sodium 

carbonate, water, and dried over anhydrous magnesium sulfate. 

The magnesium sulfate was removed by filtration and the 

filtrate evaporated with stirring under a nitrogen atmosphere. 

A yield of 6.1 g. (91 per cent) of 7,7-diph3nylbicyclo Q3.0.2.] 

hept-2-en-6-one, m.p. 87.5-89° 0. (lit. m.p. 86-89° C. (2)), 

was obtained. 

Diphenylketene and 1,3-Butadiene Cycloaddition 

A solution of 150 ml. of tetrahydrofuran and 25 ml. of 

n-heptane was saturated with 1,3-butadiene. This resulted in 

a 2.02 molar solution of 1,3—butadiene in tetrahydrofuran and 

containing n-heptane as an internal reference. A 21 ml. 

portion of this solution was placed into a reaction bottle 

and 4.36 g. (0.022 mole) of diphenylketene was added. This 

resulted in a reaction solution which was 1.74 molar in diene 

and 0.899 molar in diphenylketene. The rate of cycloaddition 

at 30° 0. was followed by observing the rate of disappearance 

of 1,3-butadiene by v.p.c. 
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The reaction solution was washed with dilute sodium 

hydroxide, water, and dried over anhydrous magnesium sulfate. 

After filtering, the filtrate was evaporated with stirring 

under a nitrogen atmosphere. An oil was obtained and this 

oil was then heated at 70-80° C. at 0.5-1.0 mm. for ap-

proximately eight hours in order to remove residual te.tra-

hydrofuran. 

The oil was dissolved in heptane and the cycloadduct 

recrystallized by cooling in a dry ice-acetone "bath. A 

yield of 3.0 g. (55 per cent) 'of 2,2-diphenyl-3-vinylcyclo-

butanone was obtained as a white solid which melted at 52-

55° 0. Infrared analysis showed a cyclobutanone carbonyl 

absorption at 1780 cm."-1- and a carbon carbon unsaturation 

at 1595 cm.*"-1-. P.m.r. showed a multiplet centered at 7.2 

p.p.m. (aromatic protons), multiplets at 4.95 and 5.35 p.p.m. 

(vinyl protons), a multiplet centered at 3.7 p.p.m. (methinyl 

proton), and a multiplet centered at 3.0 p.p.m. attributed to 

the non-equivalent methylene protons. The protons were in 

a ratio of 10:3:1:2. 

Analysis: Calculated for C^qH^O: C, 87.10; H, 6.45. 

Pound: C, 87.1; H, 6.29. 

Dimerization of 1,3-Butadiene 

A 21 ml. portion of the 1,3-butadiene solution described 

in the p2*evious section was placed in a reaction bottle along 
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with 4 ml. of tetrahydrofuran. This gave a 1.74 molar 

solution of 1,3-butadiene in tetrahydrofuran containing 

n-heptane as S.n internal chromatographic standard. The 

* 0 

vessel was placed in the water "oath at 30 C. and the 

rate of disappearance of the diene was observed by v.p.c. 

A plot of per cent dimerization against time gave a 

linear relationship over the period of time for "which the 

rate of reaction was followed. This plot was utilized to 

o"btain correction factors for determining the 1,3-butadiene 

concentration at each sampling point in the cycloaddition 

of diphenylketene and 1,3-butadiene. Dimerization occurred 

to approximately 15 per cent during the course of the reaction. 

Diphenylketene and Isoprene Cycloaddition 

Into a 30 ml. reaction "bottle was placed 5 ml. of 

isoprene, 16 ml. of carbon tetrachloride and 4 ml. of di-

phenylketene. The sealed bottle was placed in the water bath 

at 40° G. from ten to twelve days.* The reaction solution was 

washed with dilute sodiu/.i hydroxide solution, water, and dried 

over" anhydrous magnesium sulfate. The magnesium sulfate was re-

moved by filtration and a portion of the filtrate employed 

for p.n.r. studies. The solvent was evaporated under a 

nitrogen atmosphere with stirring and the resulting oil 

*The amount of dimerization of' isoprene was found to 
be negligible under these reaction conditions. 
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heated &t 70-30° C. at 0.5-1-0 mm. for approximately four 

hours to remove residual solvent. A yield of 3-8 g. (62 

per cent) of the nixed isomers was obtained as an oil. 

Humorous recrystallization attempts were unsuccessful. 

Infrared analysis of the oil showed an absorption at 

1780 cm.""-'' (cyclobutanone carbonyl) and at 1595 cm.""-*-

(carbon carbon unsaturation). P.m.r. studies on the carbon 

tetrachloride filtrate containing the mixed isomers showed 

a multiplet at 1.2 p.p.m. (aromatic protons), multiplet 

at 3-95 p.p.111. (methinyl proton), multiplet centered at 

3.05 p.p.m. (methylene protons), and two singlets at 1.38 

and 1.23 p.p.m. (methyl protons of the 3,4- and 1,2-cycloadducts 

respectively). These protons were in the ratio of 20:5:1:4:6. 

The methyl protons were in a 1.5 to 1 ratio in favor of the 

1,2-cycloadduct. 

Analysis: Calculated for CigHigO: 0, 37-02; II, 6.87. 

Found: C, 86.9; H, 6.60. 

Diphenyl-;etene and Chloroprene Cycloaddition 

A 4 ml. portion of freshly distilled chloroprene was 

placed in a 30 ml. reaction vessel along with 17 ml. of carbon 

tetrachloride and 4 ml. of diphenylketene. The reation was 

allowed to proceed at 40° C. from two to three weeks.* 

*Chloroprene dimerized to the extent of approximately 
18 per cent as shown by p.m.r. The diiaer absorptions dis-
appeared upon recrystallization and the ratio 20:5:1:4 was 
maintained. 
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The reaction solution was washed, with dilute sodium carbonate, 

water, and dried over anhydrous magnesium sulfate. The 

magnesium sulfate was removed by filtration and a portion 

of $he filtrate employed for p.m.r. studies. Evaporation 

of the solvent under nitrogen and with stirring gave an 

oil which crystallized on standing. The solid was re-

crystallized from hexane and gave 5.0 g. (75 per cent) of 

a white solid. Part of the solid melted at 80° C. and the 

remainder melted at 110° C. This is assumed to be the result 

of a mixture of the isomers. 

Infrared analysis showed the cyclobutanone carbonyl 

adsorption at 1780 cm. and carbon carbon unsaturation at 

1595 c m . T h e p.m.r. spectrum of the carbon tetrachloride 

filtrate containing the mixed isomers showed a multiplet at 

7.3 p.p.m. (aromatic protons), multiplets at 6.0 and 5.1 p.p.m. 

(vinyl protons), multiplet at 4.0 p.p.m. (methinyl proton), 

and a multiplet at 3.4 p.p.m. (methylene protons). The ratio 

of protons was 20:5:1:4. Protons from the dimer of chloro-

prene were not considered. 

Analysis: Calculated for 018H150C1: C, 76.46; H, 5.31. 

Pound: 0, 76.5; H, 5.17. 
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CHAPTER III 

RESULTS AND DISCUSSION 

The rates of reaction for the cycloaddition of 

diphenylketene and dihydropyran in tetrahydrofuran were 

determined at temperatures of 30, 40, 50, and 60° C. A 

treatment of these rate data indicated the reaction was 

second-order, first-order in diphenylketene and first-

order in dihydropyran. These data are presented in 

Figure 1, page 42. The second order rate constants at the 

various temperatures are given in Table I. 

TABLE I 

SECOND-ORDER RATE CONSTANTS 

Temperature, °C. . k x 10^ 1. mole"-1- sec.-^ 

30 1.65 t 0.07 

40 2.35 - 0.05 

50 4.55 t 0.14 

60 6.62 t 0.24 

The tabulated rate constants represent the average 

value for five determinations at each temperature. The 

second-order plots, Figure 1, page 42, represent a least-

squares analysis of. the data obtained for each temperature. 

26 . 
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The concentrations were approximately 2 molar in dihydropyran 

and 1 molar in diphenylketene. 

Table II lists the activation parameters for this re-

action. These parameters were obtained from an Eyring plot 

as shown in Pigure 2, page 43. 

TABLE II 

ACTIVATION PARAMETERS 

Parameters Value Obtained 

AH* 9.1-0.1 kcal mole-1 

AS* . . . -43.5 ± 2.2 e.u. 

The heat of activation, AH*, for the reaction was 

obtained from the slope of the Eyring plot and found to be 

9.1 -"0.1 kcal. mole-1. The entropy of activation, A.S*, 

of -43.5 e.u. was calculated using the average rate constant 

2.35 x 10"1 1. mole-1 sec."1 at 40° G. and AH* of 9.1 kcal. 

mole-"1. 

A solvent effect study was made employing solvents of 

varying dielectric constants. The results of this study are 

tabulated in Table III. The reactions were conducted at 

40° C. and the concentrations were approximately 2 molar in 

dihydropyran and 1 molar in diphenylketene. 

In addition to the solvents listed in Table III, the 

reaction was also conducted in cumene. This material is an 
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TAB IS III 

THE EFFECT OF SOLVENT ON THE SECOND-ORDER 
RATE CONSTANTS FOR THE REACTION OF 
DIPHENYLKETENE AND DIHIDROPYRAN 

AT 400 c. 

Solvent 
Dielectric 
Constant 

k x 105 
1. mole-1 sec.""̂ -

Toluene 2.4 3.42 - 0.04 

Tetrahydrofuran 7.4 2.35 - 0.05 

n-Butyronitrile 20.3 1.56 - 0.15 

Dimethylformamide 36.7 0.94 - 0.05 

excellent hydrogen donor and dicumyl, the main reaction 

product of the cumyl radicals, if produced, is conveniently 

handled. However, this experiment yielded no dicumyl and 

the cycloadduct was isolated in 93 per cent yield. 

Dihydropyran would be expected to give the same sub-

stituted cyclobutanone, i..e_. V rather than VI, regardless 

of whether an ionic, concerted with charge separation, or 

diradical mechanism ?/as operative. This is due to the fact 

C6H5 

C 6H 5-C-C=O 

CH-CH / \ 
0 CH 
\ / 
CHS7CH2 

C6H5 
I 

CgHn-C — C = 0 
^ I I 

CH-CH 
/ \ 

CH 0 
\ ^ 
CH^CH2 

VI 
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that the olefin is nucleophilic, with the alkoxy substituent 

"being capable of stabilizing either the diradical or dipolar 

intermediate or a transition state with charge separation. 

The entropy of activation is a measure of the freedom 

of motion among the molecules in a given reaction. When 

two molecules come together to form an activated complex, 

the restrictions on their freedom of motion obviously 

increase since the molecules can no longer move independently. 

If a cyclic transition state is formed from noncyclic reactants, 

a negative AS* is to be expected since free rotation about 

the single bonds becomes restricted during the cyclization. 

The large negative activation entropy obtained for. 

the' cycloaddition of diphenylketene and dihydropyran reflects 

a high degree of orientation in the transition state; .i.e.., 

the steric configuration must be highly ordered. 

The solvent effect on the second-order rate constant 

is quite small, as shown in Table III. Since the rate in-

creases with decreasing polarity of the solvent, the transition 

state is probably only weakly polarized and the kinetic ad-

vantages of a polar solvent are thus obscured. Evidently the 

transition state is less polar than the reactants. This would 

seem to indicate a highly ordered transition state with, 

relatively little charge separation. 

If a diradical intermediate were produced in this re-

action, the utilization of a good hydrogen donor as solvent, 
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such.as cumene, might be expected to yield some coupled 

product unless the diradical were extremely shortlived. 

The fact that no dicumyl could "be detected does not com-

pletely eliminate the diradical mechanism but is suggestive 

of some other process. 

Roberts has suggested the use of electrophilic olefins 

for cycloaddition study (10)- The orientation of products 

would be expected to be different depending on the type of 

mechanism involved. At this time, no cycloadducts involving 

electrophilic olefins have been reported, the problem being 

that diphenyl- and dialkylketenes undergo cycloaddition with 

unactivated olefins with difficulty and simply will not form 

cycloadducts with electrophilic olefins under the normal 

conditions (8).* This indicates that the process is not 

diradical, but that a concerted, near-concerted, or a dipolar 

process is operative and bond polarization of the reactants 

determines the product orientation. Contrasting this to the 

following transition state, it seems very reasonable that 

this cycloaddition reaction proceeds by a concerted or near 

concerted process whereby electron-releasing substituents in 

the olefin stabilize the charge separation. 

*W. T. Brady and 0. Hurst, unpublished results. Numerous 
attempts to prepare a cycloadduct of diphenyllcetene and 
acrylonitrile were unsuccessful. 
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/ 
0 CH2 
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CH2-C' 

The kinetic d, described _e iradical inter-

mediate highly improbable. T: small solvent effects 

suggest that a discrete dipolar intermediate is not formed. 

The data â e interpreted as suggestive of a one-step con-

certed process with perhaps some charge separation in the 

transition state. The kinetic results, low activation heat, 

high negative entropy of activation, and small solvent effects, 

correspond to the kinetic data reported for many Diels-Alder 

reactions which are believed to proceed through a concerted 

mechanism (10). 

The cycloaddition of diphenylketene with 1,3-butadiene 

and also with cyclopentadiene has been investigated at 30° C. 

employing tetrahydrofuran as the solvent. In the case of 

1,3-butadiene, the concentrations were approximately 1.7 

molar in diene and 0.9 molar in diphenylketene. For cyclo-

pentadiene, the concentrations were approximately 0.5 molar 

in diene and 0.2 molar in diphenylketene. 

At this time, only one report has appeared in the 

literature concerning the cycloaddition of diphenylketene 
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and 1,3-"butadiene (7). It was reported that the adduct 

obtained involved two molecules of diphenylketene and one 

molecule of 1,3-butadiene. 

The cycloaddition of diphenylketene and 1,3-butadiene, 

when carried out under the conditions described in the 

experimental section, gave a good yield of the 1,2-cycloaaduct, 

2.2-diphenyl~3-vinylcyclobutanone. The cycloadduct was charac-

terized by p.m.r., infrared, and elemental analysis. 

Table IV presents rate data for the cycloaddition of 

diphenylketene with 1,3-butadiene and also with cyclopentadiene. 

The tabulated values represent an average of four determinations 

for each diene. 

TABIDS IV 

SECOND-ORDER RATE CONSTANTS FOR CYCLOADDITION OP 
DIPHENYLKETENE WITH 1,3-BUTADIENE AND 

CYCLOPENTADIENE AT 30° C.. 
IN TETRAHYDROPURAN 

Diene k x 10^ (1/mole-sec) 

1.3-Butadiene . . . 1.17-0.05 

Cyclopentadiene 280.3 i 1.00 

The data in Table IV indicates that the cycloaddition 

of diphenylketene and cyclopentadiene proceeds approximately 

240 times faster than the cycloaddition of diphenylketene 

and 1,3-butadiene. 

Similar data have been reported for the Diels-Alder 

reaction between maleic anhydride and 1,3-butadiene and 
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also for the reaction between maleic anhydride and cyclo-

pentadiene (5, 6). These data show that the rate for Diels-

Alder addition of maleic anhydride and cyclopentadiene 

proceeds approximately 1350 times faster than the reaction 

of maleic anhydride with 1,3-butadiene. The activation 

energy for each reaction was also determined. In the case 

of 1,3-butadiene, the value of Ea was found to be 11.7 kcal. 

while that for cyclopentadiene was 8.5 kcal. 

In a reccnt review, Huisgen has pointed out that a 

planar cis-conformation of the diene system is an aosolute 

prerequisite for the Diels-Alder addition (9)» Aston and 

co-workers have shown that 1,3-butadiene is a mixture of 

cis- and trans-conformers with the latter predominating 

below 300° C. (1). In the case of cyclopentadiene, however, 

the conjugated bonds are fixed in the cis-position. 

The observed rate difference for the Diels-Alder re-

action would be expected since the two dienes are elec-

tronically similar, but cyclopentadiene exists in the 

preferred conformation while 1,3-butadiene exists primarily 

in the trans-conformation and must undergo a change in con-

formation before reaction can occur. The difference in the 

activation-energies can be attributed to a preliminary 

endothermic process which transforms the predominant trans-

conformer of 1,3-butadiene to the less stable cis-conformer 

before addition to the dieneophile occurs. 
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Bar let t and co-workers have recently reported on a 

mechanistic investigation of the cycloaddition of 

l,l-dichloro-2,2-difluoroethene with a variety of dienes 

(2, 3, 4). It was established, quite convincingly, that 

this reaction was a 1,2-cycloaddition and that a diradical 

intermediate was formed as the first step in the cyclo-

addition. 

Bartiett found that cyclopentadiene is attacked only 

70 per cent as fast as 1,3-butadiene instead of being 1350 

times as reactive as it is towards maleic anhydride in the 

Diels-Alder reaction. This indicates that the predominant 

trans-conformation of 1,3-butadiene. is preferred over the 

cis-conformation exhibited by cyclopentadiene; the opposite 

of that required for the Diels-Alder reaction. 

The data presented here for the cycloaddition of 

diphenylketene with cyclopentadiene and 1,3-butadiene would 

seem to indicate a preferred conformation, namely the cis-

conformer, since cyclopentadiene reacted 240 times faster 

than 1,3-butadiene. However, in a 1,2-cycloaddition it does 

not seem feasible that a cis-conformation would be required 

as in the Diels-Alder reaction since only one double bond of 

the diene is involved. 

In the case of the cycloaddition of diphenylketene, 

examination of molecular models indicates a more pronounced 

steric effect in the case of the trans-conformer of 1,3-

butadiene than in cyclopentadiene. Therefore, the fact that 
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cyclopentadiene reacts 24-0 tines faster than 1,3-butadiene 

can be explained in terms of a sterically controlled cyclo-

addition. 

The data for the cycloaddition of diphenyllietene with 

1,3-"butadiene and cyclopetadiene do not allow a mechanistic 

interpretation. However, an extended study of this system 

might provide information which could be used to elucidate 

the cycloaddition mechanism. 

The cycloaddition of diphenylicetene with isoprene and 

also with chloroprene has been carried out at 40° G. in 

carbon tetrachloride. This solvent was selected in order to 

facilitate p.m.r. studies in which a product distribution 

of the cycloadducts was determined. 

Two different cycloadducts are possible for each diene 

depending on the amount of 1,2-cycloaddition, VII, as opposed 

to 3.,4-cycloaddition, VIII. 

C5II5 

C 5 H 5 C - C = 0 C c H u - C — C = 0 

I I 1 1 
C H ? = C H - C - C H o Clips G Z - C — C H p 

1 I 

2 H 

VII 'vill 
Z s CI or CHj-

P.m.r. determinations were carried out on the carbon 

tetrachloride filtrate "of the reaction solution. If, in 

the case of isoprene, a 50-50 isomer distribution was 
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obtained, the 1,2-isomer would contribute 3 vinyl protons 

and no methinyl protons while the 3,4--isomer would contribute 

2 vinyl and 1 methinyl protons. Therefore, the vinyl to 

methinyl proton ratio would be 5 to 1 for a 50-50 isomer 

distribution. If the 1,2-isomer was the only isomer formed, 

then the expected vinyl to methinyl proton ratio would be 6 

to 0 and if the 3,4-isomer was obtained exclusively, the ratio 

would be 4 to 2. In all cases the aromatic:methylene:methyl 

ratio would be 20:4:6. 

If a 50-50 isomer distribution was obtained, the integrated 

peak area for the methinyl proton would be 1/36 of the total 

area since only the 3,4-isomer contributes to the methinyl 

proton area. Also, the methyl peaks would contribute equal 

areas to the integration. 

In the case of chloroprene, similar reasoning can be 

employed and the vinyl to methinyl proton ratios would be 

the same as those for isoprene. The aromatic:methylene ratio 

would be 20:4 in all cases. However, in looking at the total 

integrated area, the methinyl proton peak area should be 1/30 

of the total area for a 50-50 isomer distribution since chlorine 

is substituted for the methyl group. 

Integration of the diphenylketene-isoprene cycloadduct 

p.m.r. spectrum resulted in a proton ratio of 20:5:1:4:6 for 

aromatic:vinyl:methinyl:rflethylene:methyl protons. The 
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methinyl pealc area accounted for 3/119 or very nearly 1/36 

of the total area. The methyl peaks were in a ratio of 1.5 

to 1 with the 1,2-isomer predominating. These data indicate 
* 

that essentially a 50-50 distribution was obtained with 

perhaps a slight predominance of the 1,2-isomer. 

In the case of chloroprene, the spectrum integration 

for the cycloadduct gave a proton ratio of 20:5:1:4 for 

aromatic:vinyl:me-thinyl:methylene protons. The methinyl 

peak area accounted for 2/64 or close to 1/30 of the total 

area. The p.m.r. data indicate that essentially a 50-50 

distribution was obtained with perhaps a slight excess of 

the 3,4-isomer. 

Bartlett and co-workers have also reported product 

distribution studies for the diradical 1,2-cycloaddition of 

l,l-dichloro-2,2-diflurorethene with isoprene and chloroprene 

(4). In the case of isoprene, the 1,2-cycloadduct predominated 

over the 3,4-cycloadduct in a 5-4 to 1 ratio. In the case of 

chloroprene, the 1,2-isomer predominated by a 4.0 to 1 ratio. 

Bartlett pointed out that the similarity in orienting effect 

of chlorine and methyl excludes an intermediate with any 

important amount of dipolar character. 

If the cycloaddition of diphenylketene with isoprene 

and chloroprene proceeded through a diradical intermediate, 

product distributions such as those observed by Bartlett 

would be expected. If however, the cycloaddition proceeded 
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through a dipolar mechanism, a predominance of the 

1,2-isomer would be expected in the case of isoprene due 

to stabilization of the intermediate through electron 

release by the methyl group. In the case of chloroprene, 

a predominance of the 3,4-isomer would be expected due to 

destabilization of the intermediate through an inductive 

effect of the chlorine atom. 

The product distribution data observed for the cyclo-

addition of diphenylketene with isoprene and chloroprene 

are indicative of a concerted or near-concerted mechanism. 

The data do not, however, eliminate the possibility of a 

caged diradical mechanism. The problem of distinguishing 

between the two types of mechanisms is one of considerable 

difficulty. 

The objective of this project was to obtain sufficient 

kinetic and other supporting evidence to gain information 

concerning the mechanism of cycloaddition of diphenylketene 

with olefins. The activation parameters obtained for the 

cycloaddition of diphenylketene and dihydropyran are 

indicative of a transition state with a high degree of 

orientation. The small solvent effects observed in this 

cycloaddition. suggest that a discrete dipolar intermediate 

is not formed. The absence of formation of dicumyl when 

dumene is employed as the solvent in this cycloaddition 

is indicative of a process other than a diradical process. 
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As previously pointed out, the kinetic data described 

for the cycloaddition of diphenylketene with 1,3-butadiene 

and cyclopentadiene do not contribute to an understanding 

of the mechanism of cycloaddition. An extended study of 

this system might provide additional information concerning 

the mechanism. 

The observed isomer distributions obtained for the 

cycloaddition of diphenylketene with isoprene and chloroprene • 

are evidence for a concerted, near-concerted, or perhaps a 

caged diradical mechanism when compared to similar data for 

the 1,2-cycloaddition of a system known to proceed through 

a diradical intermediate. 

The cycloaddition of diphenylketene and 1,3-butadiene 

resulted in the preparation of a new compound, 2,2-diphenyl-

3-vinylcyclobutanone. The product distribution study of the 

cycloaddition of diphenylketene with isoprene and chloroprene 

resulted in the isolation of a mixture of isomers previously 

unreported. The isomers were not separated. 

In conclusion, the objective of this project was completed 

in that the kinetic data described for the cycloaddition of 

diphenylketene with dihydropyran coupled with the product 

distribution study for the cycloaddition of diphenylketene 

with isoprene and chloroprene present evidence supporting a 

concerted or a near-concerted mechanism but not eliminating 

the possibility of a caged diradical process. 



CHAPTER BIBLIOGRAPHY 

1 . Aston, J. G., Szasz, G., V / o o l l e y , H. W . , and 
Brickwedde, P. G., "Thermodynamic Properties of 
Gaseous 1,3-Butadiene and the Normal Butenes Above 
25° C., " The Journal of Chemical Physics. XIV 
(February, '1946)> bl-lW* 

2. Bartlett, P. D. and Montgomery, I>. K., "Cycloaddition. 
III. Kinetics and Reactivity in the Addition of 
1.1-Dichloro-2,2-difluoroethylene to Dienes. The 
Biradical Mechanism," Journal of the American Chemical 
Society, KXXVI (February, VJSTJfT^Q^5T. 

3. Bartlett, P. D., Montgomery, L. K., and Schueller, K., 
"Cycloaddition. II. Evidence of a Biradical Inter-
mediate in the Thermal Addition of 1,1-Dichloro-
2.2-difluoroethylene to the Geometrical Isomers of 
2.4-Hexadiene," Journal of the American Chemical 
Society, IXXXVI (February, 19^4), b22-b28. 

4. Bartlett, P. D., Montgomery, I. K., and Seidel, B., 
"Cycloaddition. I. The 1,2-Addition of 1,1-Dichloro-
2,2-difluoroethylene to Some Dienes," Journal of the 
American Chemical Society, LXXXVI (February, 1*JR7~T 
616-^22. 

5. Craig, D., Shipman, J. J., and Fowler, R. B., "The 
Rate of Reaction of Maleic Anhydride with 1,3-Dienes 
as Related to Diene Conformation," Journal of the 
American Chemical Society, LXXXIII (July, l̂ JFl), 
28B5-2S31" 

6. Eisler, B. and Wassermann, A., "Kinetics of the 
Association of Maleic Anhydride and Butadiene," 
Journal of the Chemical Society (1953), 1943-1944. 

7. Farooq, M. 0., Vahidy, T. A., and Husain, 3. M., 
"I>' addition du diphenylcetene aux dienes non 
cycliques. Ipartie; butadiene, , ̂ -dimethyl-
butadiene, p , ̂  -dimethylbutadiene et , <f-pentadiene," 
Societe Chimique de France Bulletin (1958), 830-832. 

40 



41 

8. Hasek, R. H., Martin, J. C., Gott, P. G., and Goodlett, 
V. ¥., "Ketenes. V. Reactions of Ketenes with Dienes 
and Olefins," The Journal of.Organic Chemistry. XXX 
(December, 196577 4175-41H77 

9. Huisgen, R., Grashey, R., and Sauer, J., The Chemistry 
of Alkenes, edited by Saul Patai, lew Yor¥, Inter-
science" "Publishers, 1964. 

10. Roberts, J. D. and Sharts, C. Ivl., "Cyclobutane Derivatives 
from Thermal Cycloaddition Reactions," Organic Reactions, 
Vol. XII, New York, J. Wiley & Sons, Inc.7 Iyb2~ 



APPENDIX 

W 

3 O 

la 
2 

G 
03 
U 
>> 
Qi 
O 

A 

\ 
<D 
£ 
0 *P 
/-»( iH 
I>a CJ 
CD 

P4 »H 

!h O 

-P 
O 
r~i 
P4 
W 
O 

-P 
CD a •H 

Q) 
r& 

0 
1 
S3 
o 
0 
CD CO 1 I H 
£ O •H -P • -H ttÔ  *H rcJ 
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Fig. 2—Eyring plot for diphenylketene-dihydropyran 
cycloaddition. 
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