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ABS'ffil'CT 

Several ketones in the bicyclo{2.2.l.}heptane system, many of 

them previously unknown, have been prepared and characterized; these 

included rnonoketones, enones and diones. They are listed in Fig. II-1. 

The confonnations of norbornane-2 ,5-dione (27) and 3 ,3-dimethyl­

n:n:bornane-2,5-dione (26} have been carefully examined by nuclear 

magnetic resonance spe::::troscopy. These carpounds have been found to 

exist in two different synchro twist conformations. 76 

'Ih= stereochemistry of base-catalyzed protium-deuterium exchan:Je 

of the diones 32., ~ and 2 7 has been examined and has been found to be 

similar to the stereochemistry of exchange in rnonoketones previously 

observed in these systems, viz exo exchange is considerably more rapid 

than e ndo exchange. 

The rates of NaOD-catalyzed protium-deuterium exchange of the 

ketones, eoones and diones have been rreasured in 60 % dioxane-D20 at 

2 5°.· The rate data is shown in Table II-4. Kinetic analysis showed 

that these rate constants represent the true reactivity of the hydrogen 

for which the rate of exchange was measured. 

A study of the 13C chemical shift of highly substituted bicy­

clo{2.2.l.}heptanes has been undertaken, and also a study of the 13C-H 

coupling constants of many of these caupounds has been made. The results 
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are lista:l in Tables II-6 and II-8. They suggest that there are oo 

unusual hybridization effects at the eoolizable carbon in the diones 

and eoones under study. 

The rate data, together with some literature data, shows that-

hybridization effects, torsional effects, conformational effects and 

strain effects are bf minor importance in the exchange reactions. The 

' 
rate acceleration observe:l in the dione systans is almost entirely 

accountable by an inductive effect of .the second carbonyl group, with 

very little haroconjugative participation. 

The kinetic results suggest that an enol is the intermediate in 

the enolization reaction, and that the transition state occurs relati-

vely early along the reaction coordinate. 
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I. INTIDIUCTION 

1 



Ketones with at least one enolizable hydrogen, react with 

oxygen in the presence of potassium tertiary-butoxide to form a-dike­

tones, 1 · 
2 or a-hydroxyketones. 3 Cleavage of the carl:on chain adjacent 

to the carl:onyl has also been observed. 4 
· 

5 
· 

6 An a-hydroperoxyketone 

is an intermediate in the reaction and has been isola ted in certain 

favourable cases. 5. 7. 8' 9 

Of particular interest is the autoxidation of 1,4-diones that 

gives enediones as product. 10 A few examples are listed in Schane I-1. 

The mechanism postlllated here is depicted in Scheme I-2, where extended 

conjugation in the dienolate ion, or the ease of electron transfer, 

would be responsible for the behaviour of such diones. The autoxida­

tion of the isobutylidene-2-oxazolin-5-one (Schane I-3) 11 would be 

in agreement with this reason. 'Ihe autoxidation of culrrorindione (1) 

is another unusual case (vide infro) • 

2 

A key step in the structural elucidation of culrrorin (~ 13 
· 

14 

has been the l:ase-catalyzed autoxidation of the dione l_. 'Ihe mecha­

nism of the reaction has been postllla ted 1 4 to be as shown in Schane I -4. 

HO 
1 



3 

Schane I-1 

Autoxidation of 1,4-Diones, Examo1es 

A) A-norcoprostane-2,6-dione: 10 

0 0 

0 0 

B) Methy1d.iketopyroquinovate: 12 

H 



4 

Scheme I-1 (continued) 

Autoxidation of 1,4-Diones, Examples 

C) Cholestane-3, 6-dione: 1 0 

0 

D) :N:>n-steroidal example: 10 

0 0 

(X}J 
0 



5 

Scherre I-2 

Mechanism of Autoxidation of 1,4-Diones 10 

Base > > 
()_ 

> 
o_ 



Scherre I-3 

Autoxidation of 4-Isobutylidene-2-Phenyl-2-Gxazoline-5-Qne 11 

1-m, 

' 
' 

0 

o No:,_)O o-:-
z > 2 

0 

or 

6 

?? 



Scherre I-4 

Mechanism of Autoxidation of Culrrorindione 1 4 

t-BuOH 

1 

HOO 

3 

) 

> 
OH 

> 

0 
2 

> 

) 

> 

7 

> 



8 

_ 'lhe fonnation of the a-hydroperoxyketone ~ is thought to go through the 

rrechanism depicta:l in Scheme I-5: 8 Step from! to 2_ (Schene I-5) 

ma.y consist of the radical chain process depicta:l in Scheme I-6. 1 5 

'lhe autoxidation of culrrorindione (1) is of interest because the 

closely relata:l hydroxy ketone 6 1 3 
· 

1 4 and camphor ( 7) 1 6 under similar - -; 

experimental oonditions, do not react. It is clear therefore, that the 

second keto g~oup in dione !_ plays an i.rrportant role in facilitating 

the reaction. In 1,4-diones of the steroid-type, extensjve conjugation 

was thought to be imp::>rtant. In dione !_, this is also possible, 14 

via horroenolic particip3.tion* of the second carbonyl, as in structu-

re 8. That such horroenolic p3.rticip3.tion is p::>ssible is illustrata:l 

6 7 8 

by the fact that it may have been detecta:l before in the reactions of 

phosphines with 4-trihalomethylcyclohexa-2,5-dien-1-ones (9): 

*'Ihis will be discussa:l in detail in the discussion part of this 

dissertation. 



9 

Scherre I-5 

~chanism of Fonnation of the a-Hydroperoxyketone 8 

H R 
't{ 

I 
I 
I 

- +~ H 

x: 
o-- -M----o( 

MJR X A R 

02 
> > HOR 

H R 

H R 
''c{ 

X
o,: 

'-' H M-- ---CX:: 
•' R 

t I 
t I , . 

'0--o A 
> 

H R 

4 5 



Scherre I-6 

OXidation Step in Fonna.tion of the a-Hydroperoxyketone 1 5 

0 
II I -e-e­

l 

0 
II I 

-c-c 

+ 

+ 

0 0 
II I II I 

-c-c- o-o· + -c- c-H 
I I 

0 
II I 

---~> -c-c· + a· 
2 

) 

> 

0 
II I 

-c-c-o-o· 
I 

0 0 
II I II I 

-C-C-0-0H +-C-c· 
I 

10 



Q R3P > 6 EtOH > + R3 PX 

CH3 CX 3 
CH3 ~x2 

.2 lQ 

+ + EtX 

~tiller has rerx>rted 17 a rate acceleration of 106 due to hom::xlienolic 

participation in the reaction of 2_ as e<::>rrpared to chlorofonn. 'Ihe 

interme::liate anion (10) in .the reaction has been suggested to be: 

X 

c 
< > 

On the other hand, the ease of autoxidation does not only 

depend on the degree of conversion to the anion (enhanced. by extensive 

oonjugation), but also on the relative stability of the ca.rbanion and 

the corres:[X)nding radical. 1 8 This is illustrated by the fact that 

nany 6-dicarbonyl corrpounds 1 8 are stable to autoxidation, presurrably 

11 



because the second carbonyl group stabilizes the anion more than the 

radical. 18 (Cf. Scheme I-6) • Thus structure ~' although attractive as 

an explanation, may rot be responsible for the autoxidation of .!: 

Other factors could operate in t.l'E autoxidation of culmorindione (1}. 

Consider a generalized bicyclo{2.2.1. }heptane-2 ,5-dione, structure ,g_, 

to be taken as a model for culrrorindione (1). 

~0 
11 

12 

In addition to the h::xnoronjugative effect rrentioned above, the follaving 

factors could conceivably be responsible for the easy autoxidati9n:* 

1) Hybridization effect 

Introduction of a second sp 2 center in the bicycle{ 2. 2 .1. }ske­

leton may give rise to additional strain which in turn may cause a 

rehybridization of the C-H bond, a to the caroonyl, in the sane way 

that in cyclopropane the C-H bonds are fonned with an orbital on 

carbon approaching sp 2 in character. 19
' 

20 'Ihe net effect VJOUld be an 

increase in the acidity of the hydrogens. 

* Effects are listed here with ro reference to their influence on 

a) enolization, or the stability of the carbanion, and b) trn stability 

of the radical. 



2) Strain effects 

'lhe additional strain introduced by the second sp2 center ma.y 

be an important factor. The sp2 angle (ca. 120°) at C(2) may force 

the angle at C (6) (the enolizable center) to increase or decrease, 

depending on the exact conformation of 11. 

3) Torsional effects 

~3 

'Ibrsional interactions between the a-protons and a) the caroo­

nyl2 1 
· 
2 2 arrl b) the bridgehead protons2 3 could consti rote in the dicar-

oonyl comr::ounds an important effect, relative to the same interactions 

in the rronocaroony 1 corrq::ounds. 

4) An inductive effect 

'Ihe inductive effect of the caroonyl 1, 3 to the enolizable 

center may be imr::ortant. 

Enolization in the autoxidation mechanism is important (vide 

supra). 'Ib gain some insight into the role of the secorrl caroonyl 

group, firstly on the enolization step, a study of enolization of some 

m::x:1el comr::ounds in the bicycle{ 2. 2 .1. } heptane sys tern was undertaken, 

and is the subject of this dissertation. 

It is well known that basic reagents rem::>ve an a-hydrogen from 

ketones to form enol or enolate intermerliates. It is also well known 

that the rate-determining step in H-D exchange reaction of ketones, is 

the formation of enols in acid merliu.m and enolates in strongly basic 

med
. 24 
l.Uffi. In acid merlium the transition state leading to enol interme-

diate should be enol-like 'While in basic merlium it should be enolate-

like. 'Ihese represent 'tw::) extremes of a large spectrum of transition 



states. In general, in ba.se-cataly:zed enolization, the ¥.eaker the 

ba.se, the nore the transition state should resemble an enol. 2 5 2 6 2 7 

Warkentin and Tee have suggested 2 6 that even with bases as strong as 

14 

-OD in D20 (or -OF! in H20) , enolization nay re represented as involving 

an enol as the interrrediate. With this in mind, the two rrechanisms 

are summarized in. Scheme I-7. The -OD-catalysed enolization of bicy­

clic ketones·has not reen studied in detail such that it is not known 

at this time whether enol or enolate interrrediates are involved. It 

might re possible ho¥.ever' to gain infor:rration on the problem by deter­

mining the effect of the second carbonyl group on the rate of enoliza­

tion. An acceleration due to the carbonyl is expected to re nore impor­

tant in the case where there is a charge developrent in the o-c-c 

system than in one where charge developrrent is mini:rral (Enol-like 

transition-states and intermediates). Further, for an enolate-like 

transition-state (as in Miller's case 1 7
) , a substantial acceleration 

due to hamoenolic participation would be expected. 

At the start of this work, only several scattered and inoom­

plete studies of base-catalyzed hydrogen-deuterium exchange in bicy­

clo{ 2. 2 .1. } heptanones had reen reported, and this further prompted our 

kinetic studies. Thomas and Willhalm2 8 exdl.anged isofenchone (12) in 

dioxane-D20-NaOD solutions for 3 days at room temperature, and obtained 

a nonodeuterated compound (97 % isotopic purity). The deuterium cOntent 

was not appreciably altered after a second exchange for 20 minutes 

at 90° • camphor (7.) and norcamphor ( 13) ¥.ere found to behave simi-

lar ly. In other work, 2 9 norcamphor ( 13) was exchanged under the nore 
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15 

vigorous conditions of NaOCH3 -DCCH3 -D2 0 at 100°for 12 hours, and was 

found to contain 50% of 2 deuteriurns per rrolecule. Dehydronorcarn­

phor (14) under the same conditions, incorporated 95% of 2 deuteriurns 

per rrolecule. On the other hand, Barraclough and Yonng 3 0 treated 

dehydronorcarnphor (14) to the same conditions re:r:orte:l by 'Ihomas and 

Willhalm2 8 and fonnd a product containing 84% of a monc:deuterated 

species, i.e. the behavior of dehydronorcarrphor (14) was similar to 

that of the other bicyclic ketones. 

16 

'Ihe stereocherrd.stry of these reactions Wa.s investigate:l by all 

the authors cited so far 1 
2 8 

· 
2 9 

· 
3 0 ard also by Thomas 1 Schneider and 

Beinwald. 3 1 In all cases the stereochemistry was fonnd to be the same. 

Lithium aluminium hydride reduction of isofenchone gives endo-isofen­

chol, 2 8 
· 

3 2 The carbinol hydrogen in the n,m.r. spectrum gives 2 8 a 

broad doublet centered at o """' 3. 7 (J ~ 9 Hz). 'Ihe reduction prc:duct 

of the rronodeuterated isofenchone displaye:l a broad singlet at 

o = 3. 7 2. 'Ihis was interpreta:l as being consistent with compound 15. 

'lhe disappearance of the large coupling constant indicates a cis 

arrangement, 2 8 
· 

3 3 
· 

3 4 and therefore exo-deuteriull at C ( 3) • Similarly, 



17 

camphor (7) was subjected31 to various exchanges as shown in Schane I-8. 

'lhe carbinol hydrogen in isoborneol appears in the n.m.r. spectrum as 

a triplet centererl around. o = 3.5 p.p.m. The deuterated isoborneol 16 

exhibiterl a doublet at o = 3.53, with J = 8.5 Hz. The ma.gnitude of this 

coupling indicates a cis arrangement, 3 1 
· 

3 3 
· 

3 4 and therefore endo-endo 

coupling. 'lhe stereochemistry of the druterium at C ( 3) is then exo. 

The isoborneol 17 exhibited a broad unresolverl absorption at o = 3.55, 

the width of which at half height was about 5 Hz. This absorption was 

rationalizerl as a doublet with J ~ 2.5 Hz, characteristic of trans-

coupling, 3 1 
• 

3 3 
· 

3 4 establishing that the druterium is endo. 

At the onset of this work, m quantitative data were available 

on the rates of exchange of these bicyclic ketones. While the present 

work was in progress hCMever, sane kinetic data appeared in the litera-

ture. T.T. Tidwell and co~rkers measured the rate of NaOD catalysed 

exchange of several bicyclic ketones in 66% dioxane-D 0 at 25°. 35
-

38 

2 

The kinetic procerlure userl was similar to that userl in the present 

work, although the methods were developed independently. The data is 

listerl in Table I-1. 

Several oonclusions were drawn: 

1) 'lhe exo-selectivity observed in all these exchanges would have been 

prerlicterl on steric grounds, but the ma.gnitude of the selectivity is 

perhaps surprisingly large. 'Ihis observation ma.kes enolization of 

these ketones fall into H.C. Brown's classification 39
• 

40
•

41
· 

42 of non-

cyclic reactions that are not very much affecterl sterically by 7, 7-di-

methyl substitution in the norbomyl system. 
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'Iab1e I-1 

Serond Order Rate Constants of Na.OD-catalyzed Deuterium Exchange in 

Ketones at 2SC'in 67% Dioxane-D 0 * 

Ketones** 

13 exo 
end a 

7 exo 
end a 

14 exo 
end a 

18 exo 
end a 

19 exo 
end a 

20 

21 

k (1/rrole · s) 
2 

5.48 X 10-2 

7.67 X 10-5 

9.50 X 10-4 

4.46 X 10 -5 

7.30 X 10-4 

6.06 X 10 -6 

2.68 X 10-2 

4.50 X 10-5 

*References 35-48. 

2 

Relative Rates 

Exo End a 

1.0 
1.0 

0.017 
0.58 

0.013 
0.079 

0.49 
0.59 

0.032 
0.61 

1.1 X 10-4 

0.080 

0.71 
510 

**Structures for these ketones will be found in Fig. I-1. 

Exo/endo 

715 

21 

120 

595 

19 

19 
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Fig. I-1 

Structures for Compounds Listed in Table I-1 

7 13 14 

18 19 
20 

21 
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2) 'I'h= l<JV.T reactivity of 14 is contrary to previous reiX>rt. 29 

3) 'Ihe l<JV.T reactivity of 14 and 18, relative to 13, and also the exo-·- - -
endo rate ratios show that the steric effect of the enda-5,6-hydrogens 

in 13 is not the dominant factor in governing its reactivity relative 

to 14 arrl 18. 

4) The results in 1.! are contrary to expectation from the inductive ef-

feet of the double bond. Bishorroantiarorratic delocalization (struchl-

re 22, destabilizing) "WOuld however be consistent with the results. 

e 

5) Comparison of the rates of exChange in 7 and 19 show that torsional 

effects2 3 are of minor importance. (This conclusion will be discussed 

in detail with some additional data in the Discussion). 

6) Angle strain (I-strain) arrl non-bonded van der tvaals repulsion 

(F-strain) are rrajor contril:utors to the rate differences in going 

from the {2.l.l.}system to the {2.2.1.} and {2.2.2.}systems. 

7) Hybridization effects in going from the {2.1.1. }system to the 

{2.2.2.}system are not detected, but rray still be operative. (This 

conclusion will be discussed further in the Discussion.) 

w.o. Crain, 43 
• 

44 using d.m.r. spectroscopy, has also studie:i 

the stereochemistry of these exChange reactions. The rates of 



isotopic exchange at C (3) in camphor (7_) and in various deuterated 

camphors were measured in 60 % dioxane-020 (or dioxane-H2 0) at 34°. 

'Ihe results are shown in Table I -2 • 

In an atterrpt to determine whether or not the nurribers shCMn 

in the table represented the true sterooselectivity of the exchange 

reaction, Crain measured the deuterium distribution in the hydrolysis 

of enol trifluoroacetates in oo--020. The argument was that the enol 

ester upon hydrolysis, gives rise in the rate determining step, to 

the em late anion, 4 3 
• 

4 5 
• 

4 6 which upon deuteration, should give an 

exo-endo ratio that represents the true reactivity of the different 

stereochemical positions: 

6{ 
0 ~ 

OCOR 
> ~ o_ 

> 

'Ihe enol trifluoroacetate was chosen because it is sufficiently 

reactive for the reaction to be canplete before exchange with the 

medium can occur. The results are sha.·m in Table I-3. The discre-

pency betw=en these results and those obtained by the direct exchange 

of the ketone is large. Ccmnents on these results are reserved until 

a later stage in this dissertation. Suffice it to say at this point 

that: 

1) Hydrolysis of the eoo1 ester gives rise to an enolate anion, which 

may not be the inte:r:mediate in the exchange reaction. 

22 



Table I-2 

Pseudo-first Order Rate Constants for Exchange at exo and endo C{3) 

in Camt:hors in 0. 2N Base in 60% dioxane-D 0 (or H 0) at 34 ° 4 3 

2 2 

Ketones kexo x 10 6 (min. -1
) 

Camphor 240 13 18 

camphor-3, 3-d 11 s.s 2 
2 

camphor-endo-3-d 220 
1 

camphor-exo -3-d 14 
1 
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Table I-3 

Relative Arrounts of Deuterium Substitution into the exo and endo C(3) 

Positions from the Hydrolysis of Enol Trifluoroacetates of Various 

Bicyclo{2.2.l.}heptane-2-ones 43 

Corrpound Source Exo-D/Endo-D 

Camphor-3-d 1 Enol trifluoroacetate 8.2 ± 1.0 
of camphor, 020/0D-

Enol trifluoroacetate 0.12 ± 0.01 
of camphor-3-dl, 
H2oroH 

Norca.mphor-3-d 1 Enol trifluoroacetate 60 ± 10 
of norcamphor, D2oroo 

Isofenchone-3-d 1 Enol trifluoroacetate > 100 
of isofenchone, D2oroo 

24 



2) 'Ihe transition state for protonation of the enolate from the ester 

hydrolysis may not be at the same position along the reaction coordi­

nate as that in the exchange reactions. 

25 

Thus the present work shall dool with the mechanism of enoli­

zation in bicyclic ketones, in an atterrpt to determine what factors 

govern the reactivity of bicyclo{2.2.l.}heptanones under a particular 

enolization condition. It will constitute the initial study on the 

autoxidation mechanism. The factors that will be looke::l at will be: 

1) Effect of hybridization changes at the a-carbon arising through 

strain in the {2.2.l.}skeleton. 

2) Effect of various torsional interactions of the a-hydrogens • 

3) Effect of additional strain, particulary strain of a secorrl sp2 

center, in the {2.2.l.}skeleton. 

4) Inductive effect arrl/or horroconjugative effect of a carbonyl group, 

place::l 1, 3 to an enolizable center. 



II. RESULTS AND DISCUSSION 

26 
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A. SYN'IHESIS 

In order to test the reactivity towards hydrogen-deuterium 

exchange of bicyclo{2.2.1. }heptanones, a number of rronoketones, diones 

arrl enones were prepared. 'Ihese are shown in Fig. II-1. 

M::>noketones 

All the rronoketones have been described in the literature. 

N::>rcarnphor was available conmercially. 

6, 6-Dimethyl-2-norbornanone (24) was obtained as shown in 

Scheme II-1. Cyclopentadiene and rrethylmethacrylic were conden­

sed 4 7 
· 

4 8 in a Diels-Alder reaction to fonn a mixture of exo and 

endo-2-norbornene-5-rnethyl-5-carboxylic acid (32). Lithium aluminium 

hydride reduction of the mixture gave the corresponding mixture of 

carbinols (33). 49 'lbsylation, followed by further reduction with 

lithium aluminium hydride gave the hydrocarbon camphenilene ( 34) • 4 9 

EfxJxida tion with per lauric acid gave only the exo-ep::>xide 35 1 
50 

• 
51

· 
52 

which when reduced with lithium aluminium hydride in diglyme at 100° 

gave stereospecifically exo-alcohol 36. 50 This compound was identical 

to an authentic sample kindly providE;rl by Professor H.C. Brown of 

Purdue University, Lafayette, Indiana, u.s.A. Oxidation of alcohol 36 

gave the desired 6,6-dimethyl-2-norbornanone (24). 

Epiisofenchone (23) was prepared as shovm in Scheme II-2. 

Fenchol (37) was dehydrated with fused KHS0 4 to a mixture of hydro­

carbons. 53 The mechanism of the reaction is shown in Scheme II-3. 54 

"When this mixture of hydrocarbons is protonatEd (H 2S0 4 ) in acetic acid 
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Scherre II -1 

Preparation of 6,6-Dirrethy1-2-norbornanone 47
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Scherre II-2 

Preparation of Epiisofenchone (23) 53.55-59 
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Dehydration of Fencho1 5 4 
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under thermodynamic conditions, isofen:hyl acetate (~ predaninates. 55 

Hydrolysis of the acetate 56 follCMed by oxidation57 gave isofen:hone 

(12). Purification of this. ketone was achieved by repeated re::rys-

tallization of the corresponding semicarbazone, follCMed by hydroly-

sis. 58 The ketone was identical in all respe::ts with an authentic 

sample provided by Dr A. F. Thomas of the Laboratoires de Recherches , 

Firmenich et Cie, Geneva, Switzerland. Selenium dioxide oxidation of 

isofenchone (12) gave dione 39, 59 which upon thioketalization gave 

specifically dithioketal 40. 59 Desulfurization of the dithioketal (40) 

with Raney-Nickel gave epiisofenchone (23) • 59 

Diones 

Fenchane-2,5-dione (25) and 3,3-dirnethylnorbornane-2,5-dione 

(44) were prepared from fenchone (41) and camphenilone (42) respe::ti­

vely, Camphenilone ( 42) was prepared by two methods: 

a) Ozorolysis of camphene (43), followed by oxidative work up. 60 

b) Addition of dinitrogen tetroxide on camphene (43) follCMed by base 

cleavage: 6 1 
• 

6 2 

43 42 

'Ibe preparation of the diones ( 25 and 26) is shown in Scheme II -4. 

Lithium aluminium hydride reduction of camphenilone (42) and 

.32 



Scheme II-4 

Preparation of Fenchane-2 1 5-dione ( 25) and 3 1 3-Di.rrethy lnorbornane-2 1 5-

dione (~) 

~ 1~ LiAJH!± > ~ Cr03 > 2) Ac201 py HQZ\c 

42 R=H 45 R=H 

44 R = CH 3 46 R = CH3 

> 
{O} 

47 R = H 49 R = H 

26 R = H 

25 R = CH 3 
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fenchone {44), followed by acetylation gave the corresponding endo­

acetc=ttes 45 and 46. Oxidation with 'c1:03 in acetic anhydride I acetic 

acid gave the 5-ketoacet.c'ltes 4 7 and 48, 56
• 

6 3 ' 6 ~ • 6 5 which upon hydroly­

sis \>dth aqurous K2C03 yielded alcohols49 and 50. 5 6 
• 

66 Spectral datcl 

and elanentc'lry analysis for previously unknown alcohol 49 were in 

agreanent with the proposed structure (cf. EXPERIMENTAL). 

The diones ~and~ were obtc'lined by oxidation of the alcohols 

49 and 50. Spectral datcl and melting point for fenchane-2,5-dione were 

in agreanent with the published datc'l. 6 6 Spectral datcl and elanental 

analysis for the previously unknown dione 26 were in agree:nent with the 

proposed structure. (N.rn.r. is shown in Fig. II-8, and see discussion 

on page 55). 

Norbornane-2, 5-dione (2 7) was prepared by the known procedure 

shown in Schane II-5. 67 N::>rtricyclyl formate (51) was reduced with 

lithium aluminium hydride to nortricyclanol (52) which upon oxidation 

gave the corresponding ketone (53). TLeatment of this ketone with 

perchloric acid in B:OAc gave the 2,5-ketoacetate (54). Reduction 

with lithium aluminium hydride followed by Jones' oxidation gave nor­

bornane-2,5-dione (27), for which physical datc'l were in agreanent with 

the literab.rre datc'l. 6 7 (Cf. also DISCUSSION on page 46). 

Enones 

Previously unknown enones 28, 29 and ~ were prepared by the 

same procedure, starting fran an intennediate in the synthesis of the 

corresponding diones. The synthesis of enone 28 is shown in 

34 
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Scherre II-5 

Preparation of Norbornane-2,5-Dione (27) 67 
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Scheme II-6. Ketalization of 5-ketofenchyl acetate {48) gave the 

28 29 30 

ketal 56. Ra:luction of the acetate with li thiurn aluminium hydride 

gave aloohol 57 which upon oxidation with Cr03 in pyridine gave ketone 

58. A Wittig reaction on ketone 58 gave the olefin 59, and subsequent 

hydrolysis of the ketal function yielda:l enbne 28. 

All the enones gave satisfactory elemental analysis or ma.ss-

spectral data, arrl their spectral data were in agreement with the 

proposa:l structures. They all oould be transforrna:l into the previous-

ly prerara:l corresponding dione by oxidation with KMn~ and KI~: 

KMn04 > ~R 
Also, all intenna:lia tes in the prerara tions gave satisfactory 

elemental analysis arrl the spectral data were in agreement with the 

proposa:l structure. 

Previously unknovm 6-methylene-2-norbornanone {31) was prepara:l 

36 
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Scherre II-6 

Preparation of 1-Methyl-5-oxocarrphene (28) 
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48 56 
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59 28 



as shown in Scheme II-7. Treabnent of acid 60 with iodine arrl KI 
' 

afforderl iodolactone 61 6 8 
• 

6 9 which upon base-catalyzed elimination of 

the iodine gave ketoacid 62 • 6 8 
· 

7 0 Trea unen t of this ketoacid with 

ethylene glycol and acid gave a compound for which spectral evidence 

suggestro that esterification as well as keta.lization had occured: 

Reduction with lithium aluminium hydride, followed by acetylation gave 

acetate 64. Pyrolysis of this acetate at 450-500°, followerl by hydro-

38 

lysis of the ketal function, gave 6-rnethylene-2-norbornanone (31). 'Ihis 

compound gave a satisfactory elemental analysis, and the spectral data we-

re in agreement with the proposed structure. Unlike the other enones, 

it could not be transfonned in to a known compound. For this reason, 

its n .m.r. spectrum is reproducro in Fig. II -2. 

The first approach to the prep:rration of 2,6-enone 31 had been 

intenderl to be as follows: 

1) Wittig > 

67 31 

or 
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Scheme II-7 

Preparation of 6-Methylo~-2-norbornanone (31) 
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1) CH 3Mcri ~ 
2) dehydration 

or elimination 
. 3) H+ 

67 31 

The preparation of ketoketal 67 is shown in Scherre II -8. The Wittig 

reaction did not succeed. Treatrrent of ketoketa1 67 with a rrethyl 

Grignard gave keta1a1coho1 68 mich gave rise to an interesting 

rearrangerrent: 

> 

67 68 

Dehydration of compound 68 with phosphoryl chloride gave as a mjor 

product (ca. 60 % of the mixture) the following corrpound (69): 

68 69 

41 
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Scheme II-8 

Preparation of 6-Ethylenedioxy-2-norbomanone (67) 71 

> 

> LiAllh > 

{O} 
HO > 

67 



Canpound 69 probably arises via the following rrechanism: 

> ---->~ 69 

Attempts to eliminate the tosylate corresponding to~ gave rise to 

solvolysis type products. 

43 



B. S'I'EREXXl!EMIS'IRY OF EXCHANGE AND CONFOR1ATION OF THE DIONES 

The exo-stereoselectivity of the exchange reaction in the 

bicyclo{2.2.l.}heptanone system is well documented, 28 - 31 · 35 - 38 • 43 and 

was reviewed in the I:NTRODUCTION. Suffice it to say at this point 

44 

that even in the case of camphor (2) , 26
-

31
• 36 • 37 • 

44 where a 7-gem-dimethyl 

substituent is preseht, the preferred stereochemistry of exchange is 

still exo. That the preferred stereochemistry of exchange is also exo 

in the diones, was established as follows. 

The n.m.r. spectrum of fenchane-2,5-di-endo-diacetate (70, 

n.m.r. # 88 A) exhibits a doublet at 8 = 4 .40 for the C (2) hydrogen, 

7 

A cO 

70 

J = 1.3 Hz. The C (5) hydrogen absorption is a heptet centered at 

8 = 4. 96, with a signal width at half-height of about 22 Hz (cf. 

Fig. II -3-a) • Fenchane-2, 5-dione was subj a::: ted to monodeuteration 

conditions, and the resulting product was transfonned into the 

corresponding di-endo-diacetate. Fig. II-3-b (n.rn.r. # 88 C) sl1.oNs 

ti-E c (2) hydrogen as a sharp singlet (8 = 4 .40) • This corresponds 

to tre rerroval of "W" coupling: 
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Fig. II-3 

60 ~1Hz N.m.r. of Corrpound 70 and Various :ceuterate:l Analogs 

D 
c. 

D OAc 

b. 

D 

H Ok 

OAc a. 
H 

I I I I 

5.0 4.0 p.p.m. 



D H 

H OAc 

'Jhe C(5) absorption becomes a broad singlet of width at half-height 

of 11 Hz. 'Ihis is consistent with the reroval of a large coupling 

46 

{~ (22-11) ~ 5.5 Hz} and therefore, the removal of a cis-coupling31
• 

33 

i.e. exo-exo-ooupling, thus establishing the C(5)-deuterium in an 

exo-J:X>sition. The didruteratai material (n.m.r. # 88 b, Fig. II-3-c) 

shows the C (5) hydrogen absorption, the signal width at half-height 

of which is ca. 8.6 Hz. 'Ihis is consistent with the further reroval 

of a small coupling{~ (11-8.6) ~ 1.2 Hz}, and therefore trans-cou­

pling, 3 1 
· 

3 3 or exo-endo-coupling. 'Ihis further su:r;:ports an exo­

deuterium at C(5) in the monodeuteraterl species. 

In the INTRODUCTION, it was sta.tai that the conformation of 

the diones could have some imJ:X>rta.nce in determining its reacti vi -cy 

towards hydrogen-deuterium exchange. N.m.r. analysis of these diones 

and some deuteraterl analogs can give sane information about this. 

Norbornane-2,5-dione (27) was subjecterl to various exchange 

reactions as shown in Scheme II -9. The n .m.r. (100 M Hz) spectrum 
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Scherre II-9 

Stereospecific Deuteration of Norbornane-2,5-dione 

NaOD '-
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(# 166 d) of the tetradeutero compound (72) is shown in Fig. II-4. 

This establishes the position of absorption of the bridgehead hydrogens 

{C(l) and C(4)} at o =272Hz (2.72 p.p.m.) downfie1d from TMS, and the 

C(7) hydrogens at o = 182 Hz (1.82 p.p.m.). The absorption due to the 

bridgehead hydrogens is not as v..ell resolved because of line broadening 

due to deuterium coupling. That .the two absorptions are coupled to 

each other was verified by double resonance experinents. Coupling 

constants are as follows: 

J1 7• = 1.8 Hz 
' Jl 7 =1.5Hz 
' J4,7 = 1.5 Hz 

J 47• = 1.8 Hz 
' 

The spectrum (# 166 e) of the dideuterated species 73 is 
. -

shown in Fig. II-5-a. Irradiation of the bridgehead hydrogens 

(o = 272 Hz) collapses the C(7) signal to a singlet (Fig. II-5-b). 

The C(3) and C(6) hydrogens (o = 208 Hz) then becorre a triplet. 

This triplet can only be interpreted as arising from geminal deuterium 

coupling, with J . 
1 

= 2.8 Hz. First order analysis of the 
H-D, genu.na 

multiplet at o = 208 Hz of Fig. II-5-a then gives J = J = 6.6 Hz 
1' 6 4' 3 

(Fig. II-6). An additional srrall coupling also appears to be present. 

That H and H (exo-protons) are involved is suggested by the rragnitude 
3 6 

of the coupling. 3 3 This conclusion is supported by the EpeCtrum 

depicted in Fig. II-5-c. Irradiation at the C(3) and C(6) exo-hydro-

gens collapses the bridgehead hydrogen absorption to a singlet 
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Fig. II-5 

100 MHz N .m.r. Spe:::trum of 73; D.:mble Irradiation Exper:irnents 
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Fi5J .. II-6 

First Order Analysis of the C (3) and C (6) Hydrogens in Spa::ies 73 

(cf. Fig. II-3a) 

Deuterium coupling: 

~6.5 Hz-> 

<-6.7 Hz~ 

~6.6 H2~ 

J - 2.8 Hz 
HD 
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(broadened by deuterium coupling) , and leaves the C (7) hydrogen 

absorption unchanged. These hydrogens would have been coupled to H 

and H (endo-protons), via the ''W" fCk::!Chanism had there been protons 
6' 

3' 

rather than deuterons. This is also seen in Fig. II-5-d, -where irra.-

diation at the C(7) hydrogens does not give rise to any change at the 
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C ( 3) and C ( 6) hydrogen absorption ( o = 208 Hz) • That the deuterium is 

in the endo-position in +3 is also consistent with spectrum of 2!_ 

(n.m.r. # 166 e, Fig. II-7), -where the deuterium is in the exo-, 

position and the protons appear at 180 Hz downfield from 'IMS. 

The n.m.r. data for norbornane-2,5-dione is surrmarized in 

Table II-1. The vicinal coupling constant J is related to the dihedral 

angle ¢ by Karplus equation72 (eq. 1), 

J = 8.5 cos 2 ¢ - 0.28 Hz eq. 1 

-where 0° < ¢ < 90°. Using this equation , we can then obtain the 

dihedral angle ¢ between H and H • *This angle turns out to re 26° 
1 6 

(J = 6. 6 Hz) , as corrpare:l to norcarrphor for which J = 2 Hz, 7 5 

1' 6 1' 6 

such that ¢ = 59°. Also, the fact that J '\= J implies sorre degree 
1' 7 1' 7' 

twisting about the bridge. The dihedral angle difference between the 

two C (7) -H bonds and the C (1) -H, bond is about 3°. In order that all 

these data be accarodated we must have that the {2.2.l.}skeleton be 

*The equation has been shown experimentally to apply to a wide variety 

of compounds, including same compounds of the bicyclo{2.2.l.}system, 75 

(carrphane-2 ,3-diols) • An electronegativity effect of the carbonyl might 

be operating, but it should re s:rrall. 71+ 
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Table II-1 

N.m.r. Data for Noroornane-2,5-Dione 

Cremical Shifts (p. p.m. ) 

2.72 (272 Hz) 
2.08 (208 Hz) 
1. 82 (182 Hz) 
1. 82 (182 Hz) 

27 

Coupling Constants (Hz) 

1.8 
1.5 
6.6 
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twisted with a synchro twist, 76 viz. 

/ 
/ 

where the two carbonyl groups { C ( 2) and C (5) } are pushed upwards, 

relative to C (3) and C (6) , that are pushed downwards. This is in 

agreerrent with Santry's 7 7 calculations on this molecule from mich a 

value of 80° was obtained for the angle e, and a value of 21° for the 
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angle y. These calculations probably exaggerated the amount of twisting 

of the skeleton. Nevertheless, the real angle e is probably closer to 

90° than 109.5°. These conclusions are also in agreement with n.rn.r. 

data on 3,3-dimethyl-norbornane-2,5-dione. 

Extensive n.rn.r. data were obtaine:F 8 for 3,3-dimethylnorboma-

ne-2,5-dione (26). The 100 MHz s~ctrurn is shown in Fig. II-8, and the 

data are surmarized in Tables II-2 and II-3. These data were obtained 

using partially deuterated compounds as before. Interatomic distances 

were calculated using Bell and Saunder's equation78
· 79 (eq. 2) 

l 
N.O.E. 

= A I' 6 
AB 

where N.O.E. =Nuclear OVerhausser Effect 

A = a constant 

eq. 2 



Fig. II-8 

r 
100 !-1Hz N .m.r. Spec:: truro of 3, 3-Dimeth;tlnorb:Jrnane-2, 5-Dion~ (26) ·~ 
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Table II-2 

N.m.r. Data for 3,3-Dirrethylnorbornane-2,5-Dione 78 

26 

Chemical Shifts (p.p.m.) Coupling Constants (Hz} 

H1 2.77 J 16 s.o 
I 

CH3 (A) 0.98 Jl16' o.s 
CH3 (B) 1.10 J 117' 2.0 
H4 2.44 J47 2.0 

I 

HG 2.10 J 47' 1.2 
I 

Hs, 1. 94 J6'7' 4.0 
I 

H7 2.06 J77' 11.0 
I 

H7, 1. 71 J17 1.1 
I 



Table II-3 

Nuclear OVerhausser Effect for Compound 26 7 8 

A} 3 , 3-Dirrethy 1norbornane-2, 5-dione 

Proton 
Irradiated 

CH3 (A) 

CH3 (B) 
H7 
H71 
H7 

@13 (B) 

Proton 
Observed 

H4 
H4 
H4 
H4 
Hl 
Hl 
H61 

Observed 
N.O.E. (%) 

15 
10 

7 
8 
8 

11 
4 

Ca1culated
0 

distance (A) 

2.96 
3.21 
3.10 
3.03 
3.03 
2.83 
3.8 

B) 6-Exo-deutero-3 ,3-dir,-ethylnorbornane-2, 5-dione 

* No twisting in the rro1ecu1e. 

20 
4 
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H3asured* 
0 

distance (A} 

2.85 
3.40 
2.70 
2.70 
2.70 
2.70 
3.4 

2.65 
3.4 



rAB = Interatomic distance l:::etween proton A and proton B, or proton A 

and methyl group B (or vice-versa). 

The "measured distances" are those found by using Dreiding m:rlels. 

Key features that are relevant to the structure are given l:::elow. 

The large coupling l:::etween H61 and H 71 ( 4. 0 Hz) suggests that 

H6,, C(6), C(l), C(7) and H7r form a planar "W". 78 To do this, it is 

necessary to rrove C (6) upwards. Then C(2) can twist either synchro 

or contra: 7 6 

synchro contra 

The value of the N.O.E. 's at H4 when the CH 3 (A) is irradiated relative 

to that when the 01 3 (B) is irradiated, inplies that the measured 

CH 3 (A)-H 4 distance rrust increase and that of the CH 3 (B)-H 4 distance 

rrust decrease. To do this we must push C (2) downwards, i.e. ~rform a 
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synchro twist. This is also implied by the N .o.E. l:::etween CH 3 (B) and H6r. 

The measured distance rrust increase, and to do this we rrust push C{3) 

upwards, i • e , syn chro twist. 

The difference l:::etween J 1 7 and J 1,1' is now considerable: 0. 9 Hz , 

as compared to 0.3 Hz in norl:ornane-2,5-dione. This gives rise to a 

difference in the calculated angle between the two C (7) -H bonds and 



H11 of about 10° (3° in norbornane-2,5-dione). This can be rationa-

lized as follows: as C (2) is forced downwards and C (6) up.vards, C (1) 

twists such that H1 rroves towards the C (2) carbonyl; and C (7) also 

rroves in that direction, but not as much. Thus the H1-H 71 dihedral 

angle decreases, and so da=s the H'+-H7 dil'Edral angle; but the H4-H7 

distance increases. Thus the N.O.E. between H4 and H7 is less than 

Tle coupling constant J1, 6 = 5.0 Hz. This corresponds to a 

dihedral angle 38°. ~ twist around C (1) described above, 'WOuld 

account for this small angle • 

The data are also consistent with a small e angle, as found 

for norbornane-2,5-diore. This is indicated by: 

1) 

2) 

3) 

Tre small N.O.E. betv.een CH3 (B) and H6r. 

The large coupling constant J 6r7r. , 

'lhe increase in the relative size of the N.O.E. 's from H1 and H7' 

4) 'I'lE large N.O.E. between H6r and H1 • 

In conclusion then, 3, 3-dimethylnorbornane-2 ,5-dione, like 

norbornane-2,5-dione, exists in a synchro twist fonn. 76 But this 

synchro twist is a different one fran that of norbornane-2,5-dione: 
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N::>rbornane-2,5-dione 3,3-Dimethylnorbornane-2,5-dione 

The methyl groups .at C (3) sean to have a dominant effe::t on the 

conformation. That the bicycle{ 2. 2 .1.} heptane-2, 5-dione skeleton may 

exist in such a twist form could perhaps be expe::ted on the basis of 

the preferred conformation of cyclohexane-1,4-dione in solution or in 

the solid phase, 81
-

84* which exists in a twist boat conformation: 

0 

*In the gas phase, the rnole::ule seans to exist in a mn-polar chair 

form. 85 
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Ho¥.ever, recent calculations 8 0 have lead to a reinterpretation of 

the data, and nay suggest another twist boat canfornation, rrore 

or less distorted by pseudorotational rnotion: 80 

62 



C. KINEI'ICS 

The rates of hydrogen-deuterium exchange in all the ketones 

under study are listed in Table II-4. The results for norcarnphor (13) 

conpare ~11 with those independently found by Tidwel1 35 
· 

36 (cf. 

rnTRODUCI'ICN, Table I-1, p. 19), if one takes into account the solvent 

difference: 60 % dioxane-020 in this study, and 67 % dioxane-020 in 

' 
Tidwell's study. 

The rate constants of Table II-4 were obtained by dividing 

the pseudo-first order rate constant by the base ooncentration. The 

pseudo-first order rate constant is the first order rate constant of 

incorporation of the first deuteriu~ (exo) and the first order rate 

oonstant of incorporation of the seoond deuterium (endo) , as follo~d 

by nass-spectrorretry. All the .reactions were carried at least once 

to close to 3 half-lives or more, and all sho~d good linearity 

(except for the special case of endo-exchange in the diones; cf. EXPE-

RIMENTAL) • The rate constants for exo-exchange in the diones were 

obtained as follows: since exo-exchange is very fast (t 1 ~ 16 sec.; 
2 

{OD] 0. 02 M) k 2 exo was obtained by oonsidering the extent of 

reaction d 0 ~ d 1 after 1-4 min. , obtaining t 1 , using the expression 
2 

t1 Zn 2/k and dividing the pseudo-first order rate constant by the 
2 

base ooncentration. 

Generally, the enolization mechanism can be fornalized as 

follows: 86 
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Table II-4 

Second Or:der Rate Constants of Nam-catalyzed Deuterium Exchange in 

ketones at 25° in 60 % Dioxane-D20 

l€lative Rates 

Ketores* r:ev. (%) Exo En do 

D exo 3. 85 X 10-2 7.0 1.0 
endo 5.90 x 10-5 1.9 1.0 

27 exo 4.7 36 130 
endo 3. 54 X lo-2 4.5 600 

30 exo 3.42 X 10-l 0.3 8.9 
endo 1.24 x 1a4 1.6 2.1 

31 exo 6. 97 X lo-2 1.6 1.8 
endo 1.32 X 10-s 1.5 0.22 

24 exo 1.64 X lo-2 6.1 0.4 
endo 2.62 x 10-5 3.2 0.4 

26 exo 6.6 4.5 170 
endo 3.89 X 10-2 5.1 660 

29 exo 1.31 X 10-l 1.5 3.5 
en do 7.48 x lo-5 3.7 1.3 

23 exo 9.88 X 10-3 0.5 2.6 
endo 2.53 X 10-5 21.0** 0.4 

25 exo 2.0 18.5** 52 
en do 4.57 X 10-2 6.8** 775 

28 exo 6.80 X 10-2 U.S** 1.8 
endo 7.28 X 10-S 0.4 1.2 

* Structure for these compounds will be found in Fig. II-1. 
** Represents the standard deviation (3 results) • 

Exo/Endo 

650 

DO 

2800 

5300 

630 

170 

JBOO 

390 

44 

940 



. 
> 

q 
R CH~-C-R' > 

9 
RCHD-~-R 1 

I II III. 

No charge is given to intermediate II to illustrate that enols or 

enolates can f?e the intermediate. 8 7 Also, the structure of II can 

vary considerably. 87 The rate determining step is the formation of 

II. 8 6 Two types of intenned.iates can be envisaged for the enolization of 

bicyclo{2.2.l.}heptanones. One will involve intermediate enols or 

enolates for which the hydrogen that is Nor rerroved will retain sOJ.Te 
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characteristic of its stereochemistry; this is depicted in Scheme II-10.* 

The other will involve a planar enol or enolate as shown in Scheme II-

11.** It is to be noted that if the equilibria between species 75 

and 79 , and 77 and 81 (Scheme II-10) are very rapid, then the rrechanism 

in Scheme II-10 is effectively the same as that in Scheme II-11, at 

least kinetically. 

Consider Scheme II-10. The observed stereospecificity, viz. 

that an exo-deuterium is incorporated corrpletely before the endo-hydro-

gen··~change ·ax:uri:ri1jpltes that the rate at which the equilibrium is reached. 

*Here again no charge is assigned to the intermediates to illustrate 

that enols or enolates can exist. 

**A scheme such as this one was _proposed by Crain. 43 



Scheme II-10 

Kinetics of Enolization of Bicyclo{2.2.l.}heptanones, I 

~0 
y 75 H 

Lo 
\//L-+H 
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79 

k3 ci+D 
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.... k-3 
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k4 Lo 
k_ 4 ~H 

D 
80 

7 

ks 

' ch:D 
77 ~k7 

k_,~D 

D 

k, ,._, 78 

~~ kG 
....... 

-~---/ 

D 
81 

*This structure, as well as the others in this scheme, are rreant to represent a generalized bicyclo 

{2.2.l.}heptanone system. 
0"1 
0"1 
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Scherre II-11 

Kinetics of Enolization of Bicyclo{2.2.l.}heptanones, II 

:0 
H 

~th 
D 80 

k_l 0 +h 
H 76 82 

D 83 

*This structure, as well as the others in this scherre, are rreant to re-

present a generalized bicyclo{2.2.l.}heptanone sys~~. 
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d={H 
75 79 

is either slow as compared to the overall exchange rate or non-exis-

tant. The sarre is presurrB.bly true for the equilibrium 

77 ~ 81 

Further, the steps descrited by k , k , k and k are effectively 
1 2 5 6 

irreversible, tecause under the exper.irrental conditions, there was a 

large excess of D2 0, such that k-{OOH} ~ 0, where k_ represents the 

rate constant for the reverse reaction. The equilibria k I k and 
7 -7 

k I k can te ignored since they do not change the final product 
a -a 

concentration. This is also true for the equilibria k I k and 
3 -3 

k I k , involving the intenrediate products 7.2... and 80. From all this, 
4 -4 

we must have for Scheme II -10: 

k measured k 

k 

1 exo 
measured 

5 
k 

endo 



And if the secondary isotope effect is small,* then 

k. ~ 
5 

k ~ 
1 

k 
2 

k 
6 

k 
endo 

k 
exo 

Similarly for Schene II-11, this type of analysis can be made. 

The steps described by k , k , and k are effectively irreversible 
9 12 1 3 

because of the large excess of D o. The equilibrium k /k can be 
2 1 '+ -1 '+ 

ignored because it does not affect the concentration of 78. Since the 

exo/endo rate ratio is large then k >> k , k >> k and {82} ~ 0. 
10 11 13 12 
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This means that 74 exchanges to give only 76 which in turn exchanges to 

give only 78; 80 is never fonred. This irrplies that 

k measured k 
9 exo 

k 
12 

rreasured k d 
en o 

and if the secondary isotope effect is small, then 

k 
9 

k ~ 
12 

k 
1 3 

k 
endo 

k exo 

The above discussion therefore, shows that the rate constants 

*This assertion is reasonable as evidenced by the measured isotope 

effect of the NaOD-catalyzed exchange of bicyclo{2.2.2.}octanone in 

50 : 50 dioxane-D 0 studied by I.amaty, Rcques and Fonzes. 8 8 It was 
2 

found that the secondary isotope effect of a deuterium was 0.99 ± 2%. 



in Table II -4 represent the true reactivity of the hydrogen for which 

the rate of exchange was ITEasured. ·These results will be discussed in 

tenns of the possible effects listed in the INTRCDUCTION, viz. 

1) Hybridization effect. 

2) Torsional effect. 

3) Confonna.tional effect. 

4) Strain effect. 

5) Inductive-homoconjugative effect. 
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D. DISaJSSIOO" OF THE EFFEcrS RElATED TO ENOLIZATICN 

1) H;r:bridization Effect 

l.a. The Chemical Evidence 

The rrore a molecule is strained, the rrore the c-c bonds have 

p-character, and correspondingly, the rrore the C-H bonds have s-charac­

ter. An extrerre example of this is cyclopropane where the c-c bonds 

are formed with orbitals approaching sp 5 hybridization19
·

20 and corres­

pondingly, the C-H bonds are formed with orbitals approaching sp2 hybri­

dization. Now the kinetic acidity of a C-H bond is known to dep:md 

qualitatively on the amount of s-character on the carbon bonding 

orbital. 89
· 90 · 

91 That strain is an important factor in the kinetic 

acidities of hydrocarbons was shown by Streitwieser and Caldwell9 1 

who found the kinetic acidities of cycloalkanes to be as follows: 

c:;xcloalkane Relative Rate* 

c6 1.00 

cs 5.72 

c~+ 28 

c3 7.0 X 10'+ 

In the ketones presently under study, the strain introduced in 

the molecule by the presence of a second sp2 center (diones and enones) 

could cause an increase in the kinetic acidities of the enolizable 

* Relative rate of cesium cyclohexylamide-catalyzed tritium incorpora­

tion from N-tritiated cyclohexylamine. 



hydrogens,and hence affect the rate of enolization. A test for these 

hybridization effects arising from strain was provided by Tidwell38 

in the series of compounds listed in Fig. II-9 (cf. also the INTRODUC­

TION ) • If the hybridization effects were important, one would expect 

the rate of exchange to decrease from 20 to 13 to 21, since strain 

decreases in that direction. The reverse is actually observed. Tid­

~11 concluded3 8 that angle-strain and non-bonded repulsions were the 

dominant factors* governing the reactivities in the above series of 

ccmpound while hybridization effects ~re not detected. Thus, although 

these experiments do not evaluate quantitatively the effect of hybridi­

zation because of opposing effects, they tend to shCM ,. hCMever, that 

the effect is not important in these exchange reactions. 

l.b. The Spectroscopic Evidence: C.m.r. of Highly Substituted Bicyclo 

{2.2.l.}heptanes 

13C-n.m.r. spectroscopy (c.m.r.) is a powerfull rrethod to 

study the electronic and molecular structure of molecules (vide infral 

One advantage of 13C shifts over, for example, proton shifts, is that 

the shifts range over 200 p.p.m. 9 2 Further, the shifts are sensitive 

to electronic and structural changes. Broad classification of chemical 

shifts can be rrade according to carbon type. 9 3 
· 

9 4 Generally, the shift 

sequence from low to high field is sp2 < sp < sp3
• A general correla­

tion is shown in Fig. II-10. 

*Torsional effects are not .important, as will be discussed in a later 

section. 
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Fis. II-9 

Hybridization Effect, Chemical Evidence: Ielative Rates of NaCD-Cata-

lyzed Deuterium Exchange of Ketones at 25° in 2:1 Dioxane-D 0 3 8 

2 

H 

20 

ci;:H 
H 

13 

H 

21 

H 

0.080 

0.080 

715 

1.0 

510 

510 
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Fis. II-10 

Correlation Table of 1 3C Chernical Shifts and Structural rrype 9 4 

c-c 
c+ 

esc 
I 

C=C 

[I] c-o 

Oco Dco 2 

C=O COOH 
§;?~:~&~~<;~~ 

_ ___,! RC==N 

" j =-= n L. , I • • 1 

2 50 2 0 0 1 50 l 0 0 50 0 

Cr1e::nical Shift 6 (p.p.m.) 



Very e:rrly in the development of c.m.r. spe:=troscopy, it was 

shown 9 5 that 1 3C-schifts, on first order a_pproxfu1ation, is a consti tu­

tive property for :horrologous series of canpounds, just like, for 

example, nolar refraction and polarization. In other words the chemi­

cal shift of any given carbon is to a great extent dependent on its 

inmerliate structural environment, and not on distant parts of the 

nola:::ule. Thus it should be possible to obtain empirically a series 

of parameters that should enable us to predict the 1 3C-shifts in any 

rrola:::ule. Also,· significant deviations from irrmerliate additivity would 

be expa:::terl to occur. for nola:::ules with unusual structural and I or 

ela:::tronic features. Numerous examples have appearerl in the literature 

that illustrate this constitutive property. For example, alkanes have 

been studied 9 6 and the chEmical shifts can be prerlicted using the 

fonnula: 

~· 3 

where oc (k) = The chemical shift of the kth carbon atan. 

B = A constant, which is approximately the shift in methane. 

P..z = Additive chemical shift parameter. 

nkZ = Ntnnber of carbon atom in the Uh position relative to 

the kth carbon. 

For structures rrore canplex than alkanes however, such universal 

parameters do not apply, as spECific ela:::tronic and structural effa:::ts 

start to play an important role. But still, it is possible to correlate 

chemical shifts, and define nEW sets of parameters that apply for a 
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particular series of compounds. Such was the case for example, for 

:rrethy lcyclohexanes, 9 7 cyclohexanols, 9 8 a, S-unsa turated acids; 9 9 and 

norbornyl derivatives. 100
-

102 

Lippmaa et aZ. 101 have rra.de an extensive study of the norbomyl 

system using 51 simple derivatives. The shift pararreters that were 

76 

derived from that study are listed in Table II-5. With these parameters 

it should be pOssible to predict the chemical shift of every carbon 

atom in the {2.2.l.]:systern, provided that a shift pararreter exist for 

the substituent. 

As stated earlier, in the ketones presently under study, it is 

possible that the strain introduced in the molecule by the presence of 

a second sp2 center (diones and enones) , causes a ·change in hybridiza-

tion at C(l), C(4), C(3) and C(6). 

7 

3tb:5 
1 6 

2 

Such a change at C(6) might affect 

7 

3kH2 
¥N6 

the rate of enolization in these ketones. In order to investigate this 

possibility, a study of the 13C-shifts in the compounds under study 

was undertaken. The results are shown in Table II-6. Unless there is 

sorre special effect in these ComPounds, particular 1 y the diones and 

enones, (such as a change in hybridization of the carbon atoms due to 



Table II-5 

Substituent Parameters for the Calculation of Approximate 1 3C-Chemical Shifts of Norbomane and 

Norbomene Derivatives 101 

Changes of chemical shifts of the carbon atom in the bicyclic ring system * 

Substituent 
groups 

1-Cfb 
2-exo-CH 3 ** 
2-exo-OH ** 
2-endo-CH3** 
2-endo-OH** 
7-CH3*** 
2=0! 
2=0 
C5==C6**** 

c 
1 

sp3 

-6.1 
-5.5 
-6.5 
-6.3 
-7.2 
-3.6 
-8.0 

-12.0 
-5.5 

C. 
2 

sp3 

-6.5 
-8.3 

-44.9 
-6.9 

-45.7 
-2.5 

-121.0 
-176.0 

-3.5 

c 
3 

sp3 

-1.5 
-10.4 
-10.8 
-8.5 

-11.3 
-2.5 
-8.6 

-11.7 
-3.5 

c 
4 

sp3 

0 
0 

-0.5 
-0.5 

0 
-3.6 
-1.0 
-1.3 
-5.5 

c 
5 

sp3 

-1.5 
-0.3 
-1.5 

0 
-0.2 
-0.5 
-1.0 
-2.2 

* Shift differentials are added to the shift in norbomane. 

c 
5 

sp2 

0 
-0.3 
-3.6 
-1.2 
-2.8 

0 

-109.0 

c 
6 

sp3 

-6.5 
-1.0 
-2.3 
-7.0 
-8.1 
-0.5 
-0.5 
-5.2 

c 
6 

sp2 

-5.3 
-1.6 
-0.4 
-3.1 
-2.0 
-6.3 
-1.7 

-109.0 

c 
7 

sp3 

-6.2 
-3.0 
-3.0 
-2.0 
-1.5 
-5.5 
-0.5 
-0.7 

-11.0 

**IntrcXJ.uction of rrethyl or hydroxyl groups into the 3-, 5- or 6- positions leads to symretrical 
effects. 
***Syn- to the 2- and 3- positions. 
****IntrcXl.uction of one double bond bet~en C5 and C6 • -...J 

-...J 



Table II-6 

13c Chemical Shifts* 

Compound*** C(l) C(2) C(3) c (4) C(5) 

ll 50.3 217.7 45.6 36.2 27.8 
21 47.4 213.7 36.4 47.4 213.7 
~ 49.8 221.8 46.5 46.2 22.8 
~ 35.9 440 @ 35.6 61.7 216.0 
2.6. 48.5 217.9 44.8 60.2 213.6 
13. 47.8 166.0 41.5 48.4 25.3 
29 43.4 162.0 39.1 62.0 215.1 
M 53.7 222.4 46.9 45.4 24.9 
25. 52.8 220.0 45.6 60.0 213.3 
.as 49.1 160** 42.7 47.6 25.4 
2..6 48.6 160** 42.4 62.1 212.0 
8.6. 49.3 85.3 39.6 48.3 25.8 
5.Q 47.7 83.1 40.6 63.1 219.4 
.81 50.1 160** 43.4 52.6 75.4 

*In p.p.m. (±0.1) downfield from tetramethylsilane. 

**Not determined,estimated from 43 and 29. 

***Structures for these compounds are given in Fig. II-11. 

@Assignments rray be interchanged. 

C(6) C(7) C(8) 

24.9 38.1 
36.4 33.8 
24.3 34.6 22.8 
43.8@ 36.7 29.4 
38.6 32.6 21.6 
28.9 37.1 28.5 
42.3 33.8 24.8 
31.8 41.6 23.1 
45.1 39.1 21.6 
35.6 44.3 29.4 
50.1 42.4 28.9 
24.9 41.0 30.6 
38.7 42.6 20.7 
44.5 43.1 31.8 

c (9) C(lO) 

21.9 
27.7 
21.6 
23.9 100.0 
23.7 100.0 
21.4 14.1 
21.6 14.4 
25.9 18.1 
27.1 18.2 
20.6 19.1 
21.1 18.1 
27.5 18.7 

C(ll) 

97.3 
101.9 

-..J 
CXl 



Fig. II-11 

Structures for the Canpounds Listed in Table II-6 
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strain) it should be possible to predict quantitatively (within ± 4 

p.p.m.) the chemical shift of the carbons in all of these compounds, 

using Lippmaa's shift parameters listed in Table II-5. The results of 

such predicted shifts for C ( l) , C ( 4) , C ( 6) and C ( 7) are listed in 

80 

Table II -7. The good agreerrent between the observed values and the 

predicted values tend to show that there is no unusual effect in these 

ccmpounds.* In order ~rds, Lippmaa's parameters account sufficiently 

for changes in hybridization which arise from distortion of the {2.2.1 .• } 

system, through incorporation of substituents; i.e. incorporation of a 

large number of substituents, especially a carbonyl group, only gives 

rise to the addition of effects of each single substituent, and not to 

an additional special effect. This conclusion is also consistent with 

the 13C-H coupling constants in these compounds. 

Bond hybridization is known to play an important role in direc­

tly l::x:mded 1 3C-H coupling constants. 1 0 3
-

1 1 0 Pople e t a Z. 1 1 0 have nade 

~For canpounds 26, 25, 29, and 28, C(4) and C(6) are consistently 

2.0-2.6 and 1.6-2.7 p.p.m. downfield and C(7), 1.3-3.7 p.p.m. upfield, 

respectively, from the predicted positions. C (l) appears 1.0-1.6 p.p.m. 

upfield from the expected position in 27, 26, and 29 and at the exact 

position, within experirrental error, in 25 and 28. Since no consistent 

upfield-downfield differentials are evident in the other canpounds, 

with special attention drawn to the 2 ,5-systems 50 and [Z_, the shift 

differentials for 26, 25, 29, and 28 do perhaps indicate the operation 

of sorre effect not completely accounted for by the shift parameters. 

Ho"IM2ver, the trend, although consistent, is less in ma.gni tude than the 

accuracy of the calculation (± 4 p.p.m.). 



Table II-7 

Predicted and Observed Shifts Differences 

Compounds* Substrate* use 
for prediction 

21 .1.3 
..42.. ll 
.26. 42 
2.2 .4J 
44 42 

2.5. ll 
25 44 
8.5 .4l 
2.8 .a5 
.5.Q .8.6. 
.81 MN'*** 
J[J 85 

c (1) 

49.0 
50.8 
49.5 
45.7 
56.9 
55.6 
52.4 
53.1 
48.6 
48.0 
52.2 
49.9 

Predicted shifts 

c (4) c (6) c (7) 

48.2 36.6 37.9 
46.2 25.8 37.6 
58.2 37.5 36.9 
60.3 40.6 36.4 
46.2 32.3 43.8 
60.0 42.8 36.4 
57.4 43.5 40.9 
48.3 35.4 43.0 
59.6 47.4 43.6 
60.3 36.6 40.3 
56.0 47.2 45.9 
54.8 46.9 45.8 

c (1) 

-1.6 
-1.0 
-1.0 
-2.3 
-3.2 
-2.8 
-0.4 
-3.2 
o.o 

-0.3 
-2.1 
-0.2 

*Structures corresponding to these compounds will be found in Fig. II-11. 

Differences from 
observed shifts** 

I c (4) c (6) 

-0.8 -0.2 
o.o -1.5 

-2.0 -1.1 
-1.7 -1.7 
-0.8 -0.5 
o.o -2.3 

-2.3 -1.6 
-0.7 -0.2 
-2.5 -2.7 
-2.8 -2.1 
-3.4 -2.7 
-2.2 -2.4 

**Plus and minus indicate upfield and dawnfield shifts relative to the expected position. 

***2-Methylenenorbornane used as substrate. 

C(7) 

-
-4.1 
-3.0 
-4.3 
-2.6 
-2.2 
-2.7 
-1.8 
-1.0 
-1.2 
-2.3 
-2.8 
-2.7 

(X) 

1-' 



considerable progress in the understanding of the coupling rrechanisrn. 

The basis of this understanding lies in the following equation: 1 11 

In this equation, K is a constant and is equal to 

K (4/3) 
2 

h Yc YH S eq. 5 

82 

where S is the Bohr rragneton; h, Plank's constant; and the y 's are the 

gyrorragnetic ratios for carbon and hydrogen. S~ is the carbon 2s 

orbital density at the carbon nucleus; S~ is the hydrogen ls orbital 

density at the hydrogen nucleus. is the bond order between car-

bon and hydrogen. It is this tenn that caries infonnation about the 

"carbon s-character". 1 1 0 
, 

1 1 2 !ill is the sUITm3.tion over all the elec-

tronic excited states. The coupling constants for a large nwnber of 

corrpounds (113) -were calculated11 0 and the results corrpared with 

experirrents. The calculations -were rrade holding the tenns 

and & constants. 

The net result of this study was that prediction of JC-H in 

this way had varying success, depending on the type of corrpounds. 

Reasonably accurate predictions were obtained for hydrocarbons, and 

hydrocarbons substituted with, in Pople and Gordon's tenninology, a 

-I+ group. 110
· 

113 * For those compounds substituted with a -I- group* 

hov.ever, the calculated J was not nearly as accurate. It was 
C-H 
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suggested that in the fonrer class of compounds (-I+ group), the bond 

order, or the "carbon s-character" accounted sufficiently for variations 

in Je-w For the other class of corrpounds (-I- group) however, it was 

suggested that inaccuracies arose from variation in the s-orbital 

density, i.e. the S~ and S~ terms in ~. 4. It was suggested fur-

ther that the variation in the orbital density on hydrogen was dc:mi-

nant. ** Such variation in these terms have also been used by Licht.mm 

and Grant 1 1 5 in rrethanes substituted with halogens, and oxygens (acetals 

and orthoesters) • 

With those results in mind, the 1 3C-H coupling constant in a 

number of compounds have been determined. 'Ihe results are shown in 

Table II-8. In norbornane, JC(l)-H = JC( 4)-H = 142 Hz. Introduction 

of a keto-group at C(2) (norcamphor) gives rise to an increase of ca. 

10 Hz in JC(l) -H' while JC( 4) -H rerrains constant. Introduction of a 

*Using a CNDO MJ theory. Pople and Gordon 1 1 3 have calculated charge 

distributions in corrpounds substituted with polar groups. 'IWo types of 

electron withdrawing groups were recognized: 

1) -I+ 

2) -I 0 . 

o­
-X 

oo+ oo- o+ o-

X 

- CH -CH - X -Y Xi 
2 I 

Hoc+ 

**Cf. also Ref. 114. 

F, OR, NR2 

CF 3 , C=O, C:N, N02 1 C02 R 
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Table II-8 

13C-H Coupling Constants in Bicyclo{2.2.l.}heptane Derivatives 

. Corrpounds* C(l) C(3) c (4) 

8] 142 ± 1 130± 2 142 ± 1 
13 152 ± 1 134 ± 1 142 ± 2 
21 157 ± 2 156 ± 1 
.8.9 142 ± 2 142 ± 1 
14 153 ± 1 138± 1 155 ± 1 
ll 155 ± 1 130± 2 144 ± 2 
ll 145 ± 2 140 ± 1 
~ 152 ± 1 142 ± 2 
2..4 150 ± 2 
2.2 159 ± 1 159 ± 1 
ll** 155 ± 1 143 ± 2 
92 134± 2 140 ± 2 
5.1 159 ± 1 
~** 143 ± 1 135± 1 
.9.1** 139 ± 2 
!lQ*** 146 ±. 0.5 146 ± 0.5 

* Structures for these compounds will l:e found in Fig. II -12. 

** Ref. 117. 

*** Ref. 116. 
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FiS• II-12 

Structures for the Cc::rnpounds Listed in Table II-8 

88 13 27 89 

14 31 43 42 

24 26 91 92 

53 93 94 90 



86 

gem-dirrethyl group at C ( 3) in carrphenilone does not change the coupling 

any further. These results are in·accord with the above discussion: 

a carbonyl group is a -I- group, and as such, J is well accounted 
C-H 

2 2 
for in the tenns P S c S 

14 
, S 1-1 d S

2 f 4 an c o eq. . en going to the dio-

nes however, JC-H rises to 156-158 Hz, which is ca. 5Hz rrore than the 

ext:ected 10 Hz as seen in norcamphor (13) and camphenilone (42). 

It is hot known, at this stage, whether or not this non-additive 

5 Hz is significant; 5 Hz is only ca. 3% of the total coupling constant. 

Generally, JC-H correlations have not this arrount of accuracy. Never­

theless, the non-additive 5 Hz may be rationalized on a basis other 

than a hybridization change in the diane system. We suggest that the 

higher than expected value of J in the diane system is due to a 
C-H 

decrease in the tenn M: in eq. 4. This decrease in ~E would arise via 

a small 1,4-transanular interaction between the two carbonyl groups. 

That such an interaction is present is suggested by the u.v. spectra 

of these compounds. 

Ferguson and Nnadi 118 have proposed as criteria for transanular 

interaction and horroconjugation,anenhanced E value and a shift of 

/..max to higher wavelength.* Data from the U. V. spectrum of some of the 

ketones are listed in Table II-9. The la.ver /.. in norbornane-2 ,5-
max 

diones (27) , as compared to 3 ,3-dimethylnorbomane-2 ,5-dione (24) and 

fenchane-2,5-dione (25), may be a result of the difference in confor­

mation of these corrpounds. (Cf. Section II-B). The difference of ca. 

*Cf. also Ref. 119 and 120 for a discussion on the corresponding 

O.R.D. curves (hornoconjugated ketones) • 



Table II-9 

u.v. Spectra of Same Bicyclic Ketones 

Compounds * 

(13) 

(42) 

(44) 

(27) 

(24) 

(25) 

(31) 

(89) 

(90) 

A max 

285 

284 

284 

286 

292 

295 

297 

195 

211 

£ 

35 

20 

(s) 110 

48 

48 

52 

400 

u.v. # 

5 

3 

Ref. 121 

4 

2 

Ref. 121 

1 

Ref. 122 

Ref. 122 

* Structures for these carrq;x::>unds will te found in Fig. II-13. 

S7 
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Fig. II-13 

Structures for Compounds Listed in Table II-9 

13 42 44 

27 24 25 

31 89 90 



2 Hz in JC-H of these corrp:mnds is also consistent with this. Since 

TI ~ TI transitions are lower in energy than a ~ rr transitions, 

then excitation energies will be more important for the latter transi-

tions than the fonner. 1 2 3 Therefore the till effect should be more 

important in the diones. The relative values of JC-H for norbornene 

(89) and norbornadiene (90) also suggest this. (Cf. Table II-8) 

89 

Alterrl.atively 1 the two carbonyl groups could interact via a 

three a bonds oonjugation, a phenanenon observed by Cookson 12 4 and des­

cribed theoretically by Hoffm:mn. 125
· 

126
· 

1
27 

It should perharps be pointed out that the tenn till of the JC-H 

equation has been used in the interpretation of JC-H in rrethanes subs­

tituted with halogens, CN, NO OH and NH • 12 8 
· 
12 9 

2
1 

2 

This interpretation is also consistent with 13C-chemical 

shifts of these comJ?Ounds. * The dominant contributing tenn for this 

type of compound in the theory of chemical shifts, has been shCMm1 3 0 
· 

1 3 1 

to be the pararragnetic shielding constant a of the carbon nucleus 1 p 

and a is related to the paramagnetic susceptibility X : 12 7 

p p 

cc eq. 6 

Also, the paramagnetic susceptibility in the z-direction of nucleus A 

is given by: 131 

*The discussion that follows is not meant to be evidence for the ideas 

presented above, but rrerely to point out that all the results are 

consistent with the interpretation given. 
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eq. 7 

where e 21,}/4m2 c 2 are constants; M: is the energy sum over all elec-

tronic excited states, as before; and QA is a description of the 

bonding orbitals of A. Since the chemical shift o can be written as: 

ex: a 
r a 

s 
eq. 8 

where a and a are the total shielding constants of the reference · 
r s 

and sarrple respectively, then a decrease in L'lE (as postulated here) 

will cause an increase in as and hence a decrease in o. A close look 

at Table II-6 reveals that the carbonyl shifts in the diones are 

consistently at higher field (i.e. smaller o values) than the corres-

pending monoketones. 

An altogether different interpretation can be given to the 

observed coupling constant Jc-H· The interpretation given to Jc (l) -H 

in ketones 13, 14,42 and 24 and in thione 91, (as corrpared to 88) in 

tenn of variation in the tenns P~cSH , S~ and 8 1~ of eq.4 (vide. 

supra) is not entirely satisfactory because of the following reasons: 

1) The coupling constants for ethane, acetone and acetophenone are 126, 

127 and 127Hz, respectively. 110
· 

132
-

135 

2) The coupling constants for cyclopropane, cyclobutane, and cyclopen-

tane (161, 134.6, and 128.5 Hz, respectively) are, within experimental 

error, identical to the coupling constants for the C-H tond a to the 

carbony 1 in 2, 2-dirrethy lcyclopropanone, cyclol:::utanone, and cyclopenta-



none (160, 134.8, and 129.5 Hz respectively) . 136 

3) Jc(4)-H. for compormds 88, 89 and 92 are identical, within expe­

rimental error, yet, the strain energies are 18.4, 22.8 and 42.9 

kcal/mole respectively. 137 

These facts however can be rationalized by the following 

interpretation. Here, we propose that the introduction of a carbonyl 

or a thiocarbonyl group into an appropriate system results in a hyper-

91 

conjugative interaction between a c-c-single l:ond and the 'IT system of the 

0=0 or C=S. Both the hybridization and alignment of the l:ond with the 

1T system would l:e important. 

In norcamphor, contributing structures of the type 95 may be 

written resulting in a change in hybridization and electron density at 

C (1) • Interestingly, Olah 13 8 has reported a JC {l) -H value of 

152 ± 5 Hz for the 2-phenylnorbornyl cation (96). This suggests 

95 96 

~o­~:}~ 
0_ 

97 

norcamphor is delocalized in the ground state to the sarre degree as· 

the 2-phenylnorbornyl cation (96), contrary to earlier considera­

tions. 13 9 That 95 is a viable species is supported by the unusual 

reactivity of l-hydroxy-2-norbornanones, 140
-

142 the chemistry of \~ich 



nrust involve interrrediates of the type 97. * Further 1 as expected, the --
JC(l)-H and JC( 4)-H differential in the bicyclo{2.2.2,}octyl system 

(93 and 94) is smaller than norbor.nyl.** 

The fact that there is a hybridizational change at C(l) in 

these ketones does not imply a similar change at C(6). Indeed, 

Olah13 8 has estima.ted the 13C (6) -H coupling constant in the norbornyl 

cation (100) to be 125 Hz, which is that expected for a sp3 hybridized 

carbon. (Cf. the coupling constant in ethane) • 

100 

*A striking example· of the unusual reactivity of 1-hydroxy-2-norl:or-

92 

nanones is the following facile rearrangement of 1-hydroxy-carnphenilone 

(98) into 7,7-dimethyl-1-hydroxy-2-norbornanone (99) : 1 ~ 3 

98 99 

**Further tests for these ideas are presently under investigation by 

Dr N.H. Werstiuk. 



The higher than expected J~(l)-H in diones 26 and 27 could 

then be a result of improved hyperconjugative alignment of the C(l), 

C(6) and C(4), C(S) bonds, as a result of a synahro-twist. (Cf. Sec­

tion II-B). Alternatively, as before, it could be due to a 1,4-trans­

anular interaction or a three a bond conjugation of the two carbonyl 

groups (vide supra) • 

93 

The data for norbornenone (14)are of special interest. While the 

effect on JC(l)-H of the introduction of the double band into norcarnr 

phor is minimal as expected, J C ( 3) -H and J C ( 4) -H shaw dramatic in­

creases. Certainly, sane special effect, perhaps conjugative, operates 

in this case. The extra ground state stability in 14 gained as a con­

sequence of the cyclic conjugation could contribute to its decreased 

reactivity in -OD catalyzed deuterium-protium exchange a to the carbonyl 

group. (Cf. IN'IroDOCTION) 

Although the JC-H studies indicate that sane visible effects 

are operating in the ground state of the diones, we present the shift 

data as evidence that there is no gross hybridization effect operating 

in the diones. 'Ihis effect will be discussed further in the discussion 

on strain. More work must be carried out to evaluate the effects which 

give rise to the changes in the observed J C-H as tabulated in Table II -8. 



2) Torsional Effects 

These effects were first fonnulated for the norrornane system 

in 1967 by Schleyer, 2 3 and since then they have been used in the 

interpretation of a variety of data. 144
-

150 They were intended to be 

one contributing factor to the high exa-stereoselectivity151 observed 

in very many different reactions of the norrornyl system. Since the 

stereochemistrY of. enolization in bicyclic ketones was to a large 

extent the basis for the fonnulation of these effects, it is therefore 

important that they be looked at very closely. Consider the enol or 

enolate of norcamphor (IV): 

7 

5 6 

IV 

The dihedral angle between C(3)-H and C(4)-H is about 20° (obtained by 

94 

consideration of models; cf, also Ref. 23), Endo-attack of D 0 on the 
2 

rrolecule (IV) can be represented by structure V: 



I 

' DO---D 

0'. < 20° 

v 

where the eclipsing interaction between H(3) and H(4) is increasing. 

On the other hand, exa-attack by D 0 gives structure VI: 
2 

00---D, 

H 
' ·' ' 0'. > 20° 

VI 

Here, the eclipsing interaction between the tv.o hydrogens should 

decrease, thus accounting for the faster rate of exchange of the exo-

protons. 

In structure V, the max.imum eclipsing energy should be 

approximately 1/3 of the rotational barrier in ethane· (only one inter-

action is involvEd here while there are 3 in ethane), i.e. 0.96-0.98 

kcal. 152 153 * If however the C (4) hydrogen is replaced by a methyl 

*This argument is used in Ref. 37. 

.95 



group, then the interaction becomes the hydrogen-methyl eclipsing 

barrier, 1.43 kcal. 37
·

154* The difference of 0.45 kcal represents a 

difference in rate of a factor of aa. 2. In other words, upon methyl 

substitution at C(4), the rate for endo-exchange should decrease (by 

96 

a factor of aa. 2), and for exo-exchange, the rate should increase. 

Further the exo-endo rate ratio should increase upon methyl substitu­

tion. The rate data for several pairs of carrpounds are presented ·in 

Fig. II-14. In all cases shown, the expected rates are not seen. For 

exo-exchange, in all cases, the rate decreases (prediction: rate in­

crease). For endo-exchange, the rate either rerrains constant or increa­

ses {prediction: rate decrease). And in all cases the exo/endo ratio 

decreases (prediction: increase). It therefore appears that torsio­

nal effects in enolization reactions of these systems are small or 

non-existant and not irrportant. 

*Obtained by consideration of neopentane. 
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Fig. II-14 

Investigation of TOrsional Effects 

A) Monoketones 

~H+-1.0 ~H<E-0.60 
H ~1.0 H ~0.98 

exo 626 exo 390 
endo endo 

B) Emnes 

~H<-1.0 «HH.52 

CH2 H <E---1.0 CH2 H <E-- 0.97 

exo 1800 exo 930 
endo en do 

C) Diones 

~H<-1.0 ~H<-0.3 
0 H~l.O 0 H~1.2 

exo 170 exo 44 
endo en do 



Fig. II-14 (continuerl) 

Investigation of 'Ibrsional Effe:::ts 

D) Tidwell's study, cf. Ref. 37 and Table I-1 

~H"-LO 
H ---1.0 

exo 
endo 

21 

~H~0.92 
exo 
en do 

H~1.0 

19 

98 



3) Conforrrational Effect 

It has been suggested21 
· 

22 that in enolization reactions, the 

a-proton is rrost readily rerroved when the carl:x:m-hydrogen bond is 

perpendicular to the plane of the carbony 1 group, i. e. :r:e.rallel to the 

n-orbital of the carbonyl. Variation in the conformation of the 

a-hydrogens, through twisting of the norbomane skeleton, could then 

be of sare importance in the rate of exchange of these ketones.. Altona 

and Sundaralingam7 6 have studied the effect of substitution on the 

conformation of the norbomane skeleton. Most instructive in this 

respect is the.following angleS: 

H 

VII 

Structure VII represents a view of the {2.2.l.}skeleton along the 

C{3)-c (2) axis. A gem-dirrethyl substituent at C(6) \<F.ts calculated7 6 

to cause an increase in the torsional angle S of 7°. This implies 

that the position of the hydrogens, a- to the ketone function {C(3) 

hydrogens}, relative to the plane of the carbonyl group, varies 

appreciably fran norcamphor to 6,6-d.imethyl-2-norbomanone. Table II-

10 gives the relevant data. The conformation varies appreciably, 

99 



Table II-10 

Conformational Effect 

Compound B'* Relative Rate 

exo endo 

1.0 1.0 

13 

0.4 0.4 

24 

* B' is defined here as the increase in the torsional angle B men 

substituents are added; cf, text. 

100 



while the rate of exchange only changes by a factor of 2.5, thus 

suggesting the uninportance of this effect. 

101 

This is further supported by the rate of exchange in the diones. 

As was suggested earlier (Section II-B), norbornane-2,5-dione and 

3,3-dirnethylnorbornane-2,5-dione may exist in two different synchro 

twist fonns. These are again represented in Fig. II -15 , where a view 

of the skeleton is projected fran the C(l)-c(4) axis. Here the confor­

mation of the a-endo-hydrogen, relative to the plane of the n-electrons 

of the carbonyl, varies drastically, and yet, the rate of exchange 

remains essentially the same. The sarre is true for the exa-protons. 

It is therefore concluded that this effect is of minor importance in 

these exchange reactions. 
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Fig. II-15 

Conformation of Dienes 

Rel. rate of exchange Canpounds 

e::co endo 

H H 

H ,H 

H 

H H 

Norbornane-2,5-dione 27 
1.0 

1.0 

' ' ' ' ' 

H 
f:j 

H 

H H 

6,6-Dimethylnorbornane-
2,5-dione 26 

1.4 

1.1 CH3 
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4) Strain Effects 

The strain introduced by the second carbony 1 group could 

contribute to the enhanced reactivity of the diones over the monoketones. 

As :rrodels for strain, a number of enones were included in this study. 

That an exocyclicmethylene group is a good :rrodel for bond angle strain 

of ketones is supported by the following evidence: 

a) Both carbonyl infra-red frequencies and olefin frequencies in 

(CH ) n c=x (where X = CH or 0) have been correlated with bond angle 
2 2 

strain. 1 55 Further, infra-red frequencies of ketones and exocyclic-

rrethylene corrpounds have been correlated 1 56 with each other. This 

correlation included compounds in the bicyclo{2.2.l.}heptane system. 

Carbonyl frequencies for ketones in this study are listed in Table II-

11. 

b) The structure of 1,4-dimethylenecyclohexane was found to be similar 

to that of cyclohexane-1,4-dione. 82 

The rate data for 3 enones, compared to the corresponding 

monoketones are listed in Table II-12. As can be seen, there is no 

large apparent effect (maximum: 9). Before drawing any conclusion, 

the role of the double bond 1, 3 to the enolizable center needs to be 

established. Fig. II-16 lists several examples of reactions involving 

a double bond 1, 3 to a carbanion center. In all cases listed, the effect 

is not dramatic* (maximum effect: 10) • However, in those cases as 

*The conpound anti-7-cyano-2-norbornene (case C in Fig. II-16) may not 

be a good exarrple, as it has been suggested 1 59 that the corresponding 



v.ell 1 a combination of effects may be operating; thus might be: 

a) An accelerating effect: 

- Inductive and/or homoconjugative effect of double bond. 

- Hybridization effect. 

b) A decelerating effect: 

-Strain. 

These effects might be counterbalancing each other. In this respect, 

the rates of deprotonation of nitro-compounds are most instructive 

(case B of Fig. II-16). Indeed, that such counterbalancing effects be 

exactly the same in the cyclohexyl, bicyclo{2.2.l.}heptyl, and bicy­

cle{ 2. 2. 2. }octy l systems, is not reasonably likely. Strain effects 

therefore are srrall and not important. 

104 

The corrpound 6-rrethylene-2-norbornanone (31) further supports 

this conclusion. The data is listed in Table II-13, together with the 

relevant comparisons. The strain in compound 30 should be the same as 

that in corrpound 31. Yet in 31, the inductive and/or homoconjugative 

effect 1,3 to the enolizable center is not present. The data show then 

that the effect of the double bond is almost entirely inductive, and 

does not give rise to a strain effect. If we assume that the effect 

of the double bond in 31 is entirely a strain effect, then strain 

causes an acceleration (!) of 1.8 for exo-exchange, and a deceleration 

of 5 for endo-exchange. Consequently the inductive/hamoconjugative 

effect of the double bond in 30 would be an acceleration by a factor 

of 5 for exo-exchange and 10 for endo-exchange. In this line of 

anion be the destabilized bishomoantiaromatic delocalized anion. 



Table II-11 

Carbonyl Infrared Frequencies in sarre Ketones 

Canpounds* 

(25) 

(30) 

(27) 

(31) 

(26) 

(24) 

(29) 

<]-1) 

( 7) 

v ** c-o 

1757 

1754 

1766 (1731 s) 

1750 

1755 

1748 

:U56 

1751 

1746 

* Structures for these canpounds will l:e found in Fig. II-1 and I-l. 

** ( ± 2 em -l ) • 
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Table II-12 

Effect of Strain in Enones; Relative Rate of Exchange of Enones as 

Caupared to Ketones 

Compound Rate Acceleration over the Cor-

30 

29 

28 

responding Hydrogen in the Cor­

responding Ketone. 

exo 9.0 

endo 2,1 

exo a.o 

endo 3.0 

exo 7.0 

endo 3.0 
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Fi$J• II-16 

Effect on the Reaction Rate, of a Double Bond, Placed 1,3- to an Inci-

pient Anionic Reaction Center 

A. Ielative rates of isarerization of olefins with t-BuOK in DMSO at 

550: 1 57 

i) 

rel. rate: 
ii) 

rel. rate: 

1 2 

X 
1 1.4 

B. Base-Catalyzed deprotonations of nitrocompounds at 28° in 50:50 

dioxane-water: 158 

i) 0No2 ONO, 
rel. rate: 1 0.4 

ii) 

~H ~H 
N02 N02 

rel. rate: 1.0 1.7 
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Fig. II-16 (Continued) 

B. 
iii) 

c4No2 ~N~ 
H H 

rel. rate: .o 

~ iv) 

N02 N02 
H H 

rel. rate: 1.0 o.so 

v) ~H ~H 
N02 N02 

rel. rate 1.0 o.so 

c. Relative rates of deprotonatian of cyanocampounds with t-BuOK in 

t-BuOH at 650: 1 59 

i) 

ch ~ 
rel. rate: 1.0 1.4 

ii) dN 6N 
rel. rate: 1.0 10 
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Table II-13 

Effect of an Exocyclic methylene Group on the Exchange of Bicyclo{2.2.1.} 

Heptanones 

Cor'tpound Rel. Rate of Exchange 

exo endo 

0 1.0 
1.0 

D 

~H, 9.0 
2.1 

30 

1.8 
0.2 

31 



llO 

thinking, the difference in the effect experienced by the exo and 

endo-hydrogens 'WOUld probably be due to the sarre phenc:m:mon as present 

in the diones where the sarre acceleration is not felt by the exo and 

endo-hydrogens. This will be discussed later on in connection with 

the discussion of the effect of the carbonyl. 

It should be pointed out however that the above assumption, 

viz. that the effect of the double bond in 31 is entirely a strain 

effect, may not be a valid one. The u.v. data (af. Table II-9) 

indicate that the enone system in 31 is horrocxmjugated. This might 

nean that the IIDre delocalized structure (VIII), 

sh'CH 0 2 

VIII 

in the enol or enolate-like transition state or intennediate, might be 

of sorre significance. The net effect of structure VIII 'WOUld be to 

decrease the effect of strain and increase the inductive effect in 30. 

At any rate, the data presented above indicates that strain effects 

are not irrportant. * 

*The fact that strain effects are not trnportant further supports the 

unirrportance of the confonna.tional effect. Indeed, the orientation of 

the a-hydrogens with regards to the rr-systern of the carbonyl group, 



5) Effect .of the Carbon:tl grou~ 

Inductive and Hanoconjugative Effect 

111 

All the effects discussed so far have turned out to be small 

(maximum effect is 10). Then the large part of the rate accel€ration 

in the exchange reaction of the diones must be due to the second carbo­

nyl group itself. The rate data are listed in Table II-14. The acce­

leration then 'is due to either an inductive effect and/or a hamoconju­

gative effect of the second carbonyl group. 

Carbonyl canpounds have a \\ell known ability to activate 

a-hydrogens to produce keto-enol tautomerism. Activation of a S-hydro­

gen160 ' 161 or further removed hydrogens 162- 164 have also been observed. 

The process of activation of a B-hydrogen sufficiently to be able to 

convert the compound to an anion and to stabilize it by cori.juga.tion 

with the carbonyl, has been terrred horroenolization. This is rep­

resented in Fig. II-17. Ev.i,dence for homoenolization has been 

provided by NickPn and co-workers. 160 · 161 Camphenilone (42) was 

treated with base and was racemized. The rrechanism for the racemiza­

tion is depicted in Scherre II-12. When treated in deuterated rredium, 

camphenilone could incorporate up to 9 deuteriums. 165 These \\ere at 

positions 1, 6, 8 and 9. HC'JW8ver position 6 was by tar the easiest 

position for hydrogen abstraction. 160 · 161 · 165 

varies considerably in going from norcamphor to methyl-substituted 

norcamphors, to 1,4-enones, to methyl-substituted-1,4-enones, to 

1,5-enones; yet, no appreciable effect is observed. 
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Table II-14 

Effect of Carbonyl Group in Diones; Relative Rate of Exchange of Diones 

as Compared to Monoketones 

Carpound 

9=f 
27 

~1+ 
26 

25 

Rate Acceleration over the Cor­

responding Hydrogen in the Cor­

responding Monoketone. 

exo : DO 

endo: 600 

exo : 210 

endo: 1800 

exo : 400 

endo: 1500 



Fi5l• II-17 

Activation of Hydrogens by Carbonyl Groups 160 · 161 

A) Enolization: 

H 0 
"'-I II c-c 
/' ' 

B) Hamoenolization: 

0 ,_ /j 
c-c 

/ " 

enolate 

hcmoenolate 
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\ PH 
C=C 

/ \ 

enol 

hamoenol 
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Scherre II-]2 

. . f he '1 . . 160 Racem1zat~on o Camp n~ one w~thKQ-t-Bu ~n HO-t-Bu 

7 5 

74\ 6 6 2 
1 

t-~- Jr Jl t-~ 

< > < > 

Ill 

5 
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42 

The stereochemistry of homoenolization at C (6) was also investigated 16 6 

by a sbldy of the reverse process, hanoketonisation: 

r'~H.fOH H-0 

I-t was found that in acid medium, the preferred stereochEmistry for deu-

terium incorporation at C(6) was endo. In basic me:hum, the preferred 

stereochemistry at C (6) was exo. 

Thus in the present exchange reactions in the dione systems, 

the first expe:::tation is that if the se:::ond carbonyl group participates 

by hcmoconjugation, then the exo-proton should experience a larger 

acceleration than the endo-proton. This is mt observed (cf. Table II-14) • 

In fact the situation seems a great deal more complicated (vide infra). 

First we can attetpt to separate the inductive and hanoconjugative 
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contributions. To do this a rrodel for the inductive effect is required. 

Such a model could be 5-ethoxy-2-norbornanone (101) , 

JiOEt 
0 

101 

whose rate of exchange was recently rreasured by Tid~ll, 16 7 and was 

found to re (67 % dioxane: D O, 25°): 
2 

k = 1.3 x 10-1 z. rrole-1sec.-1 

exo 

= 1.8 (rate of norcamphor) 

The effect of the ethoxy substituent should re a pure inductive effect 

since 

1) no hamoconjugation is possible, 

2) no steric effect should re involved recause the ethoxy substituent 

is exo and on the other side of the rrolecule. 

A rreasure of the inductive effect will re given by Taft's polar substi-

tuent constant cr*. 16 8
-

1 7 0 Nhat is required, is a cr* value for the 

group Et-0-CHR-cHR-. A close approximation to this is the group 

CH -0-CH -CH - which can re obtained as folla.vs: 1 6 8
-

1 7 0 

3 2 2 

Given thae 6 8
-

1 7 0 * * 

a* 
X 2.5 cr~CH 

2 eq. 9 



and 

cr* 0.64 168 CH3-<rCH2 .... 

then 

cr* CH 3-<rCH2 -CH2 0.64/2.5 

= 0.26 

Now 

log k 1 - p* cr* eq. 10 
re • 

then for 5-ethoxy-2-norbomanone (101) 

log 1.8 P* 0.26 exo 

and 0.96 

we can now predict the rate acceleration of the carbonyl group due to 

its inductive effect only: 

Given that16 8 

cr* 0.60 
CH3-c<rCH2 

then 

log (krel )~xdo 
• ill • 

p* cr* 
exo 

= 0.96 X 0.60 0.58 

**Slightly different "relay factors" (2.5 above) are obtained for dif-

ferent reaction series so that this equation may not hold exactly. 

This might particularly re true in the present situation since the 

insulating group is not a "CH " but a "-CHR". Hov.ever, since norcarn-
2 

phor, the standard compound, has the sane R group, the relation should 

be fairly good. 

Cf. Ref. 170 for a discussion on this problem. 
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hence 

(k )~xo , = 3.8 
rel. md. 

The observed acceleration for exo-exchange in norbornane-2 15-dione (27) 

is 130. Since the inductive effect of the second carbonyl is 3.8, then 

the non-inductive effect of the second carbonyl is 130/3.8 = 34. 

This v~lue of 34 for the non-inductive effect is a minimum, 

because there probably is a small strain effect in the dione without 

which the exo-acceleration in the dione would be larger than 130. 

Unfortunately the sarre treatrrent for endo-exchange cannot be 

made as the rate data for endo-exchange in 5-ethoxy-2-norbornanone (101) 

is not available. Since the exo-endo rate ratios are to a large extent 

governed by steric factors, the p* value for endo-exchange will certainly 

not be the sarre as the p* value for exo-exchange. But it is still possible 

to obtain an approximate p* value for endo-exchange, if the ccmpound 

5-:rrethylene-2-norbornanone (30) is used as the standard: 

then 

and hence 

log k 1 re • 

log 2.1 

0.36 168 

0.36/2.5 ~ 0.14 

p* o* 

p* d 0.14 en o 

P* - 2 3 endo - • 

eq. 10 

The rate acceleration of the second carbonyl group due to its inductive 

effect is then, 
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log (k )endo 
rel. ind. 

2.3 X 0.60 

- 1.4 

hence 

(k )endo 
rel. ind. 

24 

Now the observed k 
1 

for endo-exchange in norbomane-2, 5-dione ( 27) 
re • 

is 600; then t?e non-inductive effect of the second carbonyl group is 

600/24 = 25. 

This calculation is considerably less reliable than the prece-

ding one, because the standard canpound, 5-rrethylene-2-norbomanone (30) 

is not as devoid of effects as 5-ethoxy-2-norbomanone (101), even 

though these effects are small.* These effects are: 

1) A strain effect of the double bond. 

2) A steric effect: there is no endo-5-hydrogen in 30, such that steric 

approach of base will be less hindered. 

3) A hamoconjugative effect of the double bond (?). 

Now here, the observed k (= 2.1) for 30 may be less than 
rel. 

what would be expected for an inductive effect of a double bond, because 

of strain effects. HC>TM9ver, these strain effects are partly cancelled 

by the other factors (steric and homoconjugative). Thus 

p* 
endo actual 

*In fact, if v.B calculate a p* value for exa-exchange using 30 as the re-

fere:nce,. we obtain p* = 6.8, compared to 0.96 using 101 as the 
ex a 

standard compound. 



then 

(k )endo ~ 24 
rel. ind. 

and 

(k ) endo ~ 25 
rel. hamoconj. 

i.e. the hamoconjugative acceleration in the endo case is less than 

the hamoconjugative acceleration in the exo case, in accord with what 

is known about hamoconjugation (vide supra) • 

Thus it is evident that there is very little hamoconjugative 

participation of the second carbonyl group. The rate acceleration is 

minor when ccmpared to Miller's case 1 7 (10 6
; cf, lliTRODUCTICN). 

The observed acceleration in 3,3-dimethylnorbornane-2,5-dione 
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(26) and fenchane-2,5-dione (25) (cf. Table II-14) , is somewhat larger 

(factor of 2 to 3), yet, presumably, the inductive effect is the sane as 

in norbornane-2,5-dione. This difference could arise via the confonna-

tional difference observed for these compounds (cf.Section II-B); in 

norbornane-2,5-dione, the orbitals would l:;e less favourably aligned for 

participation. 

In summary then, ~ have seen that the effect of the second 

carbonyl group in the exchange reactions of the diones, is largely in-

ductive, with a small hamoconjugative participation. 
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6) Discussion 

It has been shown that hybridization effects, torsional effects, 

confonnational effe:::::ts and strain effects play a minor role in the ex-

change reactions of the bicyclo{ 2. 2 .1. } heptanone systen. This might be 

considered as surprising, particularly the strain effects; this is illus-

trated by the relatively high heat of isanerization of methylenenorbor­

nane (102) to rrethylnorbornen= (103): 171 

102 lili. = 4. 75 kcal mole..a 103 
l.SOm. 

Further, in the diones, the observed acceleration due to the second 

carbonyl is largely inductive, with little hanoconjugative participation. 

Thus, the exchange reactions of these ketones are quite insensitive to 

structural and electronic effects. This se:::::tion then, will deal about 

the reasons why this might be so, and about what information it gives 

about the mechanism of enolization of these ketones. 

The reason why there are no hybridization effects, is perhaps 

related to th= structure of the diones. i\s we have seen, there is 

considerable arrount of twisting in the skeleton of the diones. This 

presumably arises in order that there is no energetically costly20 

hybridization change in the molecule. 
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That torsional and conformational effects play a minor role in 

the exchange reactions, ma.y re due to the position of the transition 

state, relative to ground state and enol or enolate intermediate. 

Torsional effects for a C ( 1) hydrogen were estimated to re of the order 

of 1 kcal/rnole. And this represented a maximum effect. Obviously, the 

earlier the transition state along the reaction coordinate, the less 

important these effects will become. 37
· 

149
· 

150
' 

172 Thus, the lack of 

sensitivity to these effects, tend to shaw a reactant-like transition 

state. 

s. Bank et aZ 173 have studied the rate of isomerization of cyclic 

and bicyclic olefins {including the isorrerization of methylenenorborna-

ne (102) to 2-methyl-2-norbornene (104)}. They recognized two types 

of strain that were important in those isomerization reactions: 

1) Bond angle strain, which is the strain introduced by the fact that a 

sp2 carbon strives for an angle of 120°, while the rigid bicyclic struc-

ture does not allow it. 

2) Torsional strain of the type discussed above. The energies of these 

two types of strain were estimated and correlated with the rates of iso-

merization fran an exocyclic double bond to an endocyclic one. It was 

found that a plot of log k 
1

. d 
1

. vs bond angle strain 
exocyc 1c ~ en ocyc 1c 

energies had a least-square correlation coefficient of 0.03 (a random 

array of points would give 0.0, and a perfect correlation would give· 1.0). 

On the other hand, a plot of log k exocyclic ~ endocyclic vs torsional 

strain energies, gave a least-square correlation coefficient of 0.82. 

These data are for an isomerization of the type, for example, 



123 

102 104 

The intermediate in this reaction i~of course, a resonance stabilized 

allyl anion (IX) : 

< 

IX 

The data cited above indicate that the main factor governing 

the rate of isorrerization is a torsional strain effect. Further, the 

rate-determining step jn the reaction is the formation of the anion. 174 

Now for ketones, the rate-detennining step in hydrogen-deuterium 

exchanges, halogenations and racemization reactions is the formation 

of enols or enolates. 175
' 

176 Thus isomerization of exocyclic olefins 

and enolization of ketones are quite similar reactions. Indeed, the 

rate of isomerization of exocyclic olefins has been correlated to the 

rate of bromination of the corresporiding ketone by a linear free-energy 

relationship. 177 So that factors ·influencing the isomerization of 



olefins should also influence the enolization of the corresponding 

ketone. 
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In the work on the isomerization of olefins, 173 it was concluded 

that the strained allylic anion fonred was not planar, but resembled 

structure X: 

X 

This also implies that the transition state is even more reactant-like. 

NCJ.V the strain effect ~ are talking a.]::x:)ut in the present work is a 

secondary effect. We are considering a strain effect intrcrluced by a 

sp2 center in a "remote" part of the molecule, such that these effects 

should be attenuated. Thus, it now becomes reasonable that the strain 

effect arising fran the second sp2 center is not important. Also, 

torsional strain effects, 'Which ~re the main effect governing the iso­

merization of olefins (vide supra), have been examined here separately, 

and have been found to be of minor importance. This further suggests 

a very early transition state. 

That the additional strain arising fran a second sp2 center in 

the diones and enones is small is also suggested by the calculated 80 

strain energy difference of 0.64 kca~rnole between 2-norbornanone and 
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noroornane (canpa.red to 1. 04 for cyclohexanone-cyclohexane) • 

Thus, the lack of sensitivity to hybridization, conformational 

torsional and strain effects, of the exchange reactions of bicyclic 

ketones is not only reasonable, but also indicates the transition 

state leading to enol or enolate intermediates is reached relatively 

early along the reaction coordinate. 

It now remains to discuss what information will the effect of 

the second caroonyl group give, alx>ut the rrechanisrn of enolization. 

The fact that there is very little homoconjugative participa­

tion of the second carbonyl group, compared to Miller's case 17 (10 6
) 

implies that there is very little negative charge developed at C(3) 

in the transition state leading to enol or enolate intermediate. 

This would l:e l:est accounted for by an enol intermediate, where as a 

proton is being renove at C (3) the oxygen atom is being protonated. 

The calculated p* value should give more information on this problem. 

A review of the literature reveals that there are few examples 

of p* correlations for enolization-type reactions. Hine et aZ. 
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have re};X)rted a p* value of 1. 78 for the rrethoxide-catalyzed hydrogen­

deuterium exchange of a-hydrogens in rrethyl esters: 17 6 

> 
XI 

The intermediate here (XI) is the following resonance stabilized anion: 

XI 

Also, a p* value of 1.59 has been reported179 for acetate-catalyzed 

bromination of aryl ketones in water~* 

Perhaps a better standard p* value will be found by looking 

at Bordwell's data161 on the enolization of 4,4 -disubstituted-cyclo-

hexanones: 

** The p* value was calculated 1 3 9 fran data reported in Ref. 180 

(Evans and Gordon, 1938) where no definite conclusions are reached 

about the problem at hand. 



Q 
R R' 

> 
~OD 

The data are listed in Fig. II-18 together with the p* correlation. 

Here, the strongly basic conditions most certainly give rise to an 

enolate anion as the intermediate. 25
-

27
· 

181 The large p* value found 
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here (2.4), compared to the value found for exo-exchange in the present 

work (0.96) suggests that very little negative charge is developed in 

the transition state, and hence an eno "l intermediate.** 

In support of these conclusions, are Crain's results on the 

hydrolysis of enol-trifluoroacetates of same bicyclo{2.2.l.}heptane-2-

one (cf. Table I-3). 4 3 
· 

44 The difference retv.een these results and 

those found by the direct exchange method would indicate a different 

intermediate. The enol ester, upon hydrolysis, gives rise in the rate 

determining step, an eno"late anion. 43
· 

45
'

46 An early transition state 

and an enol intermediate in the direct exchange reaction, would explain 

the different exo-endo ratios obtained by the two methods. 

** For reasons given in Section II-D-5, the calculated p* value for 

endo-exchange is not reliable enough to permit comparison with p* values 

listed here. 
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Fig. II-18 

Inducti \e Effect 1 81 

.5 L e/ 
,4 

0 0 
,3 

~ 
MeO- ~d ) 
.MeOD 

.2 1--

R R' R R' 
0 ,1 

v 
~ 
..'>:: 

tJl 0 

s 
-,I 

p* = 2.4 
-.2 

-.3 

-.4 
-.3 -.2 -,1 0 ,1 .2 .3 

~a-* 

R R' E a*1GB log kjk 0 

H H L05 x 1u' 
Q ¢ 0.16 3.4 X 1u1 0.50 
cb He -0.04 0,89 X 10-1 -0.07 
Me Me -0.19 0.57 X 10-l -0.27 



Further, in the discussion on the strain effect (vide supra), 

the similarity between the exchange reaction and the isomerization 

reaction of an exocyclic double bond to an endocyclic one was pointed 

out. In the latter reaction a strained allylic anion was claimed as 
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the intenrediate (structure X) • If we consider an enol as a protonated­

eno late , then we could have, as the intenrediate in the enolization 

reaction of bicyclic ketones a strained enol (structure XII) : 

H 

XII 

Protonation of such an intenrediate would be by far easier from the 

exo-side. Thus the surprisingly large exo-endo ratios 36 observed in 

these reactions (cf. Table II-4 and Table I-1) would be explained. 

Finally, one more cament should be made concerning the non­

inductive participation of the second carbonyl group in the exchange 

of the dione systems. Base-catalyzed hydration of ketones is known to 

be rapid. 1 82 Then, the following rrechanism, conceivably, could con­

tribute to the overall exchange acceleration in the dione systems: 
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Hovvever the fact that the rate of exchange in diones 27, 26 and 25 

do not differ appreciably (cf. Table II-1), while the rate of 

~ ~ 
27 26 25 

nucleophilic attack an the carbonyl should decrease drastically 
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because of increasing methyl substitution, indicates that the above 

mechanism is not important. Also, proton transfer frcm solvent to 

-o- should be alrrost instantaneous 1 8 2 (diffusion controlled) and should 

canpete favourably with the transfer from the other carbon. 



E. CONCIDSION 

In summary then base-catalyzed enolization reactions of bicy­

clo{2.2.l.}heptanones have the following general characteristics: 

1) They generally lack sensitivity to steric-strain and electronic 

effects. 

2) A carbonyl group, placed 1,3- to an enolizable center, gives rise 

to little hamoconjugative participation (factor of 25-30). 

3) The reaction gives a small p* value. 
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These evidences lead to a rrechanism of enolization that involves a 

transition state that occurs relatively early along the reaction coor­

dinate, and a transition state that leads to an enol intermediate. 

Further, the high exo-endo ratios observed in these reactions are 

consistent with a strained enol intermediate. 



III • EXPERIMENTAL 
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A. GENERAL 

All melting points were taken on a Kofler Ibt Stage melting 

point apparatus with calilirated thennometers. They are uncorre:::ted.. 

Boiling points are uncorre:::ted. and refer to the pressure indicated 

in parentheses after the letters "b.p." For exarrple, b.p., 98-100° 

(12 rrm), derYJtes the boiling point range to be 98-100°C, at a pressure 

of 12 rrm of mercury. 

Deuterium oxide was obtained. f.rom Columbia Organic Chanicals 

Ltd, or Merk Sharp & Ibhme of Canada Ltd. Deuterochloroform was 

obtained. from Stohler Isotope Chenical Co. Nitrogen and helium 

gases were obtained. fran Canadian Liquid Air Ltd. 

Infrared spectra were recorded. on t:v.o instruments: a Perkin­

Elmer 337 Grating Spe:::trometer, and a Be:::krnan I .R. 5 instrumen-1:., 

equipted with sodium chloride optics. All absorptions are in re:::ipro­

cal centimeters, and calilirated with a polystyrene film. The infrared. 

spe:::trum will be denoted as follONs: I. R. ( # 10, 0:1. ) . This repre­

sents spe:::trum # 10, using CCL. as solvent. The main absorption bands 

will follow this notation. Carbonyl frequencies (Table II-11) were 

obtained. using a Perkin-Elmer :rrodel 521 instrl.lii¥2nt. 

Nu~lear magnetic resonance spe:::tra were re:::orded on Varian 

Associates Inc. model HA-60, model T-60 and model HA-100 n.m.r. 

spe:::trometers. The S;?ectra from the model P...A-100 were re:::orded by 
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B. G. Sayer. The spectra will be denoted as follo;.vs: n .m. r. ( # 82, 

eel /'IMS, T-60) ; this represents 'spectrum # 82, recorded. on the T-60 
It 

using CCl as solvent arrl tetramethylsilane as an internal standard. 
It 

This will be followed by the rrain chemical shifts which will be 

reported as "8" values (p.p.m. downfield from 'IMS). 

1 3C nuclear rragnetic resonance spectra were recorded by 

B.G, Sayer with a Varian Associates HA-100 spectrometer at 23.5 kG 

and 25.1 MHz. 'Ihe operating probe temperature was 55°C. Field 

frequency stabilization was achieved. by use of an external (1.5 nm 

capillary) 1 3CS lock arrl chEmical shift measurements were oo.de 
2 
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initially relative to internal dioxane, benzene, and then to internal 

tetramethy lsi lane. A sarrple volume of 0 .1-0 • 3 ml was used. in a 5 mn 

o.d. sample blbe, with dioxane as solvent where necessary. Nonnally 

a signal accumulation of 4 to 16 scans with a Varian Associates 

C-1024 time averaging computer was sufficient to give an adequate 

signal to noise enhancement. Proton decoupling was carriErl out using 

a Varian Associates V-3512-1 noise decoupler. Carbon atom assignments 

were accompli shEri by examination of off -resonance decoupled spectra 

which were obtainErl by accumulation of 100-300 scans. For 1 3 C-H 

coupling constants, a signal accumulation of 300-500 scans was 

necessary • J was obtained from the doublets and triplets by 
C-H 

drawing an envelope for each absorption (broadened. by long range cou-

pling) arrl using the center (at half the peak widt.h at half height) 

of the Gaussian curves. Each value quoted is the mean of 3-4 deter-

mina tions. The technique vvas calibrated in two ways. OUr value of 



142 ± 1 for Jc
1
-H in norbornane is identical to that obtained from 

satellite studies! 17 Furthenrore, our value of JC
1
-H for 31 was 

ide.."ltical to that obtained on an XL-100 FT system. 2 0 4 

Mass spectra were reco:rded on a Perkin-Elmer Hitachi ma.ss 

spectrometer, rrodel RMU 6 A. Deuterium assay measurements were done 
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at 14 eV. De~terium percentages were obtained as described in Ref. 205. 

Ultra-violet Sp:!ctra were reoorded by H. HcClory using a 

carry-14 spectraneter. 'Ihe solvent used was distilled 95% ethanol. 

Analytical gas-liquid chromatograms were recorded using a 

Varian Associates "Aerograph" instrument, model 204. Preparative 

scale gas-liquid chromatography was performed with a Varian Associates 

"Aerograph" instrument, m::xiel A-90-P-3; with ma.nual sample oollection. 

Analytical columns usErl w~e 1 I 8 inch in diameter and the carrier gas 

(helium) flow rate was nonrally 20-30 mllmin. Preparative columns were 

3 I 8 or 1 I inch in diameter and the carrier gas (helium) flow rate was 
4 

nonrally 60 mllmin. Olrorrosorb W (Chroma.tographic Specialties Ltd) 

of mesh size 60180 was used in all cases as the solid phase. Liquid 

phases were various and will be denoted as follows: V.p.c. ( # 160, 

5% SE-30, 10', 225°). This denotes chromatogram# 160; 5% SE-30 on 

chroiTDsorb W liquid phase; the colurm was 10 feet long; and the analy­

sis was carried out at 225°. 

Micro analyses were performed by A.B. Gygli of 329 St George 

Street in 'Ibronto, Ontario. 
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B. KINEI'ICS 

Purification of dioxane 2 o 1 

Dioxane (1 litre, reagent grade) was refluxe::l for ca, 20 hours 

with hydrochloric acid (oonc., 14 ml) and water (100 ml). A slow 

stream of nitrogen was passe::l throughout to entrain the acetaldehyde 

forme::l. After cooling, p:>tassium hydroxide pellets were adde::l until 

they no longer dissolve::l, and until a second layer separate::l. 'Ihe 

dioxane was decante::l into fresh p:>tassium hydroxide pellets to dry 

further. It was then decante::l into a clean flask and refluxe::l for 

ca. 15 hours with sodium. It was then distille::l and store::l under 

nitrogen. 

Pre~ration of the buffer solution (pH 7) 

A Na.OD solution was prepared by adding sodium metal (186 mg) 

in D 0 (25 ml) • 
2 

Disodium hydrogen phosphate (725 mg) was dissolve::l in D 0 and 
2 

9.5 ml of the Na.OD solution was adde::l. 'Ihe solution was dilute::l to 

ca. 90 ml with D 0. The pD was then adjuste::l to 7 using a pH-meter, 
2 

and acetic acid-0-d. 

Test of Buffer solution 

A buffer solution was require::l to quench sample for analysis 

from the kinetic runs (Cf. below). This buffer solution-quenching 

method was checke::l to determine whether or not exchange occure::l. 

Fenchane-2, 5-dione (74 .6 mg) was dissolve::l in dioxane (1.2 ml), 



and tre solution was diluted to 2.00 ml with D20. The buffer solu­

tion (2.0 ml) was added to the solution, and the solution was left 

standing for 45 minutes. The solution was then extracted twice with 

etrer, tren saturated with sodium chloride, and extracted again with 

ether. Tre combined extracts w=re dried (MgS04 ) and evaporated. The 

mixture, still containing sane dioxane, was reduced with lithium 

aluminium hydr~de (2 ! hours). (Cf. below for check that there is no 

deuterium loss during reduction stage). Recrystallization of the 

solids fran pentane-ether mixtures gave fenchane-2, 5-diols ( 43 .4 ffij, 

58% yield) melting at 110-120°. 

Mass spectral results are shown in Table III-1. The "Natural 

abundance" sanple refers to a sanple of fenchane-2,5-dione reduced 

with lithium aluminium hydride. The "Treated sarrple" refers to the 

above sanple. The invariance in the intensities of the molecular 
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ions shows that there is no deuterium incorporation during the quenching 

stage. 

General procedure for kinetic runs 

A stock solution of sodium hydroxide-a-d in D 20 of convenient 

norrrality was prepared by adding an appropriate arrount of sodium metal 

to D20 (usually ca. 10 ml). This solution was standardized just be­

fore use with standard hydrochloric acid (BDH Canada Ltd volumetric 

solution of appropriate nonnali ty) using phenolphthalein as an indica-

tor. 

Tre ketone solution was prepared in a volurretric flask by 



M/e 

170 

171 

172 

'JABLE III-1 

Test of Buffer Solution 

Hass Spectral Intensities 

Natural Abundance 
(M.S. # 14) 

100.% 

13.1 

1.2 

Treated Sample 
(M.S. # 15 A) 

100.% 

12.8 

1.4 

138 
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dissolving the ketone {enough to make the final solution 0.11 to 0.36M 

(typically 0.2M) in the ketone} in dioxane (60% of the total volume). 

For example, if the total volume of the reaction mixture at t = 0, 

was 2. 00 ml, then the ketone was dissolve:i in 1.20 ml of dioxane. 

The NaOD stock solution, the ketone solution, and D 0 were 
2 

place:i in a oonstant tatperature bath at 25.0°for at least one :tour 

for thennal equilibration. At time t = 0, the appropriate arrount of 

NaOD was adde:i (usually 0.30 to 0.50 ml) a:rrl the solution was quickly 

dilute:i to volume. The solution was then flushe:i for a few sa:::onds 

with dry nitrogen. The volumetric flask was stoppered with a rubber 

septum. Sarrples (usually 0.2-0.3 ml) were ranoved for analysis with 

a syringe. The final nonnality of the Na.OD ranged from 0 .006N to 

O.l7N. Sarrples reroved at oonvenient times for analysis were worked up 

as follows: 

'Ihe sample was quenched in 1.5-2 ml of buffer solution. The 

aqueous solution was irrrnediatly extracted with anhydrous ether 

( 2 x 5-10 ml ) • The aqueous phase was then saturated with solid 

sodium chloride, and extracted again with ether (5-10 ml). The 

oombine:i ether extracts were dried (MgSO or Na SO ) • After filtration, 
4 2 4 

the solution was ooncentrated and the sarrple isolated by preparative 

v .p.c., using a 20% SE-30 column, 5 1 x i 1 1
• 'Ihe sample was colla:::te:i 

in 1/16 1 1 o .d. glass tubing, and the ma.ss-spa:::trum reoorde:i. 

Kinetic procedure for norbornane-2,5-dione (27) and fenchane-2,5-

dione (25) 



Exchange of the exo-proton in norbornane-2, 5-dione ( 2 7) and 

fenchane-2,5-dione (25) occured w,ithin the mass spectrometer. 'lhe 

diones were thus converte:i to the corresponding diacetates via a li-

thium aluminium hydride re:iuction, followerl by acetylation of the 

diols with acetic anhydride in pyridine. 'Ihe mass spectra of the 

diols gave a wook parent pook such that it was not entirely satisfac-

to:ry for druterium assay. 

After the concentration of the ether extracts of the diones 

(vide supra), the solution was added to a slurry of lithium aluminium 

hydride in ether. The mixture was refluxed for 2-3 hours. 'lhe 

excess lithium aluminium hydride was then destroyed with sodium 

hydroxide (10%) and water. After filtration of the inorganic salts 

and drying (MgSO ) , the ether solution was evaporated to dryness. 
4 

The crystalline diol was recrystallized from pentane-ether mixtures. 

'lhe diol was then dissolved in acetic anhydride (1.5 ml) and 

pyridine (2.5 rnl). After standing at room temperature for ca. 
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24 hours, the solution was poured onto ice. After the ice melterl, the 

solution was diluterl to ca. 80 ml and extracterl with ether ( 3 x ca. 

25 ml). 'Ihe ether extracts were then washerl with water (ca. 25 ml), 

hydrochloric acid (dil., ca. 25 ml), bicarbonate (sat., ca. 25 ml), 

water (ca. 25 rnl), and finally, sodium chloride (sat., ca. 25 ml) • 

After drying (MgSO or Na SO ) , the solution was concentrated and the 
4 2 4 

diacetate wa.s isolated by preparative v.p.c. 



Lithium aluminium hydride reduction of diones 

To check if there was any deuterium loss during the lithium 

aluminium hydrid= reduction of noroornane-2,5-dione (27) and fenchare-

2 ,5-dione (25) , tl:e latter was reduced with lithium aluminium d=ute­

ride, and the mass spectrum (M.S. # 12) of tre recrystallized product 

was recorded. D:mterium content was found to be as follows: 

M/e % I:euterium 

170 (do) o.o 

171 (dd 7.9 

172 (dz) 92.1 

173 (d3) o.o 

174 (d4) o.o 

'1.1-E absence of any d3 species shar.rs that exchange does not 

occur during the reduction. 

Control exper.im:mts on deuterium analysis 

As stated above, sane deuterium was lost during the handling 

of noroornane-2,5-dione (27) and fenchane-2,5-dione (25). And this 
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was corrected for by a m:xlification in too procedure, as described 

above. It then n...~d=d to be established that no such losses occured 

during the handling of the other ketones-rronoketones, enones and parti­

cularly, 3 ,3-d.imethylnoroornane-2, 5-dione (26). Since the above ex­

perirrent shows that lithium aluminium hydride reduction does not 

entrain any deuterium losses, then deuterium assay on the corresponding 

acetate should provide a check on the deuterium analysis. Tl:E experi-
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rrents described relow establish that: 

1) No deuterium losses occur while the sanple is standing awaiting 

analysis (analysis is randcm with tirre-experiment A relow) • 

2) No deuterium losses occur during the purification step by prepara-

tive v.p.c. 

Reduction and acetylation of the samples were done immediately after 

exchange. 

A) !?l?iisofenchone ( 23) 

A solution was prepared by dissolving epiisofenchone (43.1 mg) 

in dioxane (0.6 rnl). A NaOO solution (0.4 rnl, prepared by adding 31 mg 

of sodium in 10 rnl of D 0) was added, and the solution was reacted 
2 

for 1 ~ hour at roc:m temperature. After the usual work up, the ether 

solution was divided into two parts. 

The first part was concentrated and the ketone was isolated by 

preparative v.p.c. (# 180, 20% SE-30, 5', 120°). Three different 

sanples (3 different injections) were isolated in this way at different 

tirres and the mass spectra were recorded. The results are sha,.m in 

Table III-2. 

The second part was concentrated and reduced with lithium alu-

rniniurn hydride to the corresponding alcohol. This alcohol was acety la-

ted in acetic anhydride and pyridine. Isolation and purification by 

preparative v.p.c. (#180, 20% SE-30, 5', 120°) gave a sample for mass 

spectral analysis. The results are shown in Table III-2. 
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':!;'able III-2 

Control Experiment in Deuterium Analysis of Epiisofenchone (~) 

Species 

d 
0 

d 
1 

d 
2 

immediately after 
exchange 

(M.s. # 72) 

9.1 

91.0 

o.o 

% Deuterium 

3 days after exchange 

(M.S. # 74) (M.S. # 75) 

9.5 

90.5 

o.o 

9.6 

90.5 

o.o 

ACEI'ATE 

(M.S. # 80) 

13.5 

86.5 

o.o 



B) 1-Methyl-oxocamphene (28) 

A similar experiment as above was performed using 40.6 rrg of 

1-methyl-5-oxocarnphene, 0.9 ml dioxane, 0.4 ml of O.l4N NaOD and 0.2 ml 

D20. The results are shown in Table III-3. 

C) 3,3-Dimeth~lrorbornane-2 ,5-dione (26) 

A similar experiment as above was perfonned using 39.0 rrg of 

3,3-dimethylnorbornane-2,5-dione, dissolved in 0.6 ml dioxane. NaOD 

(0.3 ml, 0 .103N) was added and the solution was diluted with D20 to 

1.00 ml. The results are shown in Table III-4. 

The above experiments show that the deuterium analysis done 

on the ketones themselves does rot entrain any deuterium losses. 

Rate fall-off in kinetics of diones 

It was found that in the kinetics of the diones (norbornane-2, 

5-dione, 3 ,3-dirrethylnorbornane-2, 5-dione and fenchane-2, 5-dione) there 

was a rate decrease with time. This rate decrease could be correlated 

with a decrease in the base concentration. To obtain the rate constant 

for these conpounds, the following correction to the cbuterium analysis 

was awlied: 

Under similar conditions (ketone concentration, NaOD concentra­

tion) as those used in tre kinetic runs, the change in base concentra­

tion was followed with time, and plotted as per Fig. III-1 (fenchane-

2 ,5-dione) • Since at time t = t the base concentration has been 

lowered by x %, then because of the linear equation, 

144 
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Table III-3 

Control Exper:inent in Deuterium Analysis of 1-M=thyl-5-0xocas:>hene (28) 

Species 

d 
0 

d 
1 

d 
2 

% Deuterium 

KETeNE 
(M.S. # 95} 

5.7 

94.3 

o.o 

ACETATE 
(M.S. # 97) 

9.0 

9). 9 

o.o 



Table III-4 

Control Experirrent in Deuterium Analysis of 3,3-Dirrethxlnorbornane-

2 ,5-dione ( 26) 

Species 

d 
0 

d 
1 

d 
2 

DICNE 
(M.S. # 161) 

4.1 % 

91.3 % 

4.6 % 

% Deuterium 

5 

89 

5 

DIACEI'ATE 
(M.s. # 162) 

M-t-Ac peak 

4.5 

88.7 

5.3 
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rate - k [ketone] lfJaoqj 
2 

eq. 11 
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A correction can be made by augmenting the ketone concentration by x %. 

For example 1 for 3 1 3-dirrethy lnorbornane-2 1 5-dione 1 the change in base 

concentration at tine t = 30 min. is 5.7% (from Fig. III-1). The 

measured % d is 51.4 % (cf. Section IV). Then a corrected % d is found 
2 2 

as follows: 

corrected % d 
2 

= % d2 (100 + % change in base cone.) 
100 

= 51.4 (100 + 5.7) 
100 

= 54.3 

eq. 12 

The experirrental details are given in Section IV, with the kinetic re-

sults. An example of the rate fall-off together with the correction is 

shown in Fig. III-2. 
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Fi~. III-1 

Corrc·ction to the Base Concentration in the Kinetics of the Diones 
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Fig. III-2 

Kinetics for Endo Exchange on 3,3-Dimethy1-norbornane-2,5-Dione, Run 1 
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C. SYNTHESIES 

1) Preparation of 5-Qxofenchol (50) (Scheme II-4) 

Reduction of Fenchone ( 44) 

All glassware was oven dried before use, and the ether was 

distilled from lithium aluminium hydride. 
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In a 2 Z. 3-recked flask, fitted with condenser (with a CaC1 2 

drying tube) and adding funnel, was placed a slurry of lithium alumi­

nium hydride (25 g) in etrer (500 rnl) • Fenchone (Eastman Chemicals Co., 

technical, 100 g, 0.66 :rrole) dissolved in etrer (300 rnl) was slowly 

added over a period of one hour. Tre mixture was then refluxed for 

tiD hours. 

The reaction was then cooled in an ice-water bath and 

stirred magretically. Sodium hydroxide (10 %, 50 rnl) was slowly added, 

follow=d by water (35 rnl). The resulting white precipitate was fil­

tered and wasred several tirres with ether. The filtrate was dried 

(MgS04) and evap:>rated to yield fenchol (90.1 g, 90 % yield): m.p., 26-

300 (exa-fenchol, m.p., 6.3°; endo-fenchol m.p., 38-39°). 183 Less than 

5 % of exa-fenchol was c:Etectable by n.m.r. N.m.r. (# 91, CC1 4/'ll>18, 

A-60h o = 0.80, 0.92, 1.01 (3s., 3H each, methyl groups); o = 3.15 

(d., lH, exo-C 2-H); o = 1.50 (s., lH, OH). I.R. (# 84, neat): 3400 cm1 

(OH). v.p.c. (# 175, 5% SE-30, 10', 150°): fenchol (r.t. 1.3 min., 

ca. 94 %) and a minor component (r.t. 2.0 min., ca. 6 %) • 
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Acetylation of fenchol 

The above fenchol (95 g, 0.58 rrole) was dissolved in pyridine 

( 400 ml) and acetic anhydride (250 ml) • The solution was left stan-

ding at room te~rature for 24 hours, after which it was p::>ured into 

1500 ml of crushed-ice. After the ice rrelted, the solution was diluted 

to 1.6 ·z. with water. It was then extracted with ether (3 x 200 ml). 

The combined ether extracts were washed with water (100 ml) , hydrochlo-

ric acid (10 %, 100 ml) until free of pyridine, water (2 x 100 ml), a 

bicarbonate solution (sat., 100 ml) and finally, a sodium chloride solu-

tion (sat., 100 ml). After drying (MgSO ) , solvent evap::>ration yielded 
4 

fenchyl acetate (46) (105 g, 96% yield). N.m.r. (# 92, OCl )TMS, A-60): 
4 

6 = 0. 70, 0.98, 1.03 (3s., 3H each, rrethyl groups); 6 = 1.92 (s., 3H, 

acetate rrethyl); 6 == 4. 25 (d., lH, txa-C2H). I.R.· (# 85, neat): 1740 

an1 (c=o); 1250 an-i (acetate). v p. c. (# 176, 5 % s E -30, 10 I, 150°) : 

fenchyl acetate (r. t. 1. 9 min. 1 ca. 97 %) and a minor component (r. t. 

2 • 4 min. , a 'a • 3 % ) • 

5-0xofenchyl acetate (48) 63 

Fenchyl acetate, ~' (50 g, 0.25 mole) was dissolved in Ac 0 
2 

(175 ml) and acetic acid (175 ml) 1 and was placed in a 1 Z • 3-necked 

flask, fitted with a condenser and a rrechanical stirrer. The solution 

was brought to reflux and was stirred vigorously. Solid chraniurn triox­

ide (70 g) was then added over a period of 1~ hour, after which the 

mixture was further ref luxed for 2 hours. After cooling, the mixture 

was diluted with water to ca. 1.5 Z. and extracted with ether (3 x 200 

ml). Tre canbined ether extracts were washed with water (100 ml), a 

bicarbonate solution (sat., 100 ml) until free of acetic acid, and a 



sooium chloride solution (sat. , 100 ml) • Drying (MgSO ) and solvent 
If 

evaporation yielded 43.2 g of oil. The unreacted fenchyl acetate 
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(22.8 g) was distilled through a vacuum-jacketed Vigreux column. v.p.c. 

analysis (# 177, 5% SE-30, 5', 140°) on the residue (20.3 g, 35% 

yield): 5-axofenchyl acetate, 48 (r.t. 3.4 min., ca. 90 %), a higher 

boiling canponent (r.t. 6.6 min., ca. 10 %) , traces of fenchyl acetate 

(r. t. 1. 8 min.) and sare other canpounds (r. t. 5.1 min.). N .m.r. 

(# 93, OCl /TMS, A-60): o = 0.70, 1.18, 1.22 (3s., 3H each, methyl 
If 

groups); o = 2!02 (s., 3H, acetate methyl); o = 4.50 (d., lH, exo-e-
2 

H). I.R. (# 86, CCl ): 1750 am1 (e=O); 1240 affi1 (acetate). 
If 

5-0xofenchol (50) 5 6 · 66 

The above ketoacetate 48 (20 g) was transfered using a little 

ethanol to a flask containing potassium carbonate (37 g) dissolved in 

water (300 ml) • The mixture was refluxed overnight. After cooling, the 

solution was extracted with ether (2 x 200 ml) • The aqueous phase 

was then saturated with amronium chloride and extracted again with 

ether (2 x 100 ml). The combined ether extracts -were washed with a so-

diurn chloride solution (sat., 2 x 75 ml). After drying (MgSO ) , evapo­
'+ 

ration of solvent gave 13.9 g of crude 5-ketofenchol, 50 (87 % yield). 

I.R. (# 87, eel): 3640, 3450 am1 (OH); 1745 cm1 (0=0). Purification 
If 

was achieved by recrystallization fran pentane: m.p., 75-76° (repor-

ted, 6 6 76-77 .sc). N.m.r. (# 12, 56, OCl /TMS, T-60, A-60): 
If 

0 = 0.74, 

1.04, 1.15 (3s., 3H each, methyl groups); o = 3.52 (d., lH, exo-C -H). 
1 



2) Preparation of fenchane-2,5-dione (2S) 57 

The oxidizing reagent was prepared by dissolving K2Cr 20 7 

(16.1 g) in concentrated sulfuric acid (12.5 ml), and diluting to 

82 ml with water. 

Crude 5-ketofenchyl alcohol, 50, (27.5 g, 0.16 mole) was 

dissolved in ether (65 ml, previously treated with the oxidizing rea­

gent) , and placed in a 3-ne:::ked flask, fitted with a condenser, an ad­

ding funnel, and a magnetic stirrer. The reagent was added slowly over 

a period of 20 minutes, maintaining the terrperature around 25°. The 

mixture was then stirred for 2 hours. The tv.D layers were then sepa­

rated. The aqueous layer was extracted twice with ether, and the can­

bined ether layers were washed twice with a bicarbonate solution. The 

ccmbined aqueous layers were saturated with sodium chloride and extrac­

ted twice with ether. The combined ether solutions were dried (!·~04) 

and evaporated to give 26.1 g of oil (90 % yield). Crystallization 

in pentane and sublimation gave a solid melting at 43° (reported: 6 6 m. 

p., 41-42°). N.m.r. (# 14, 57, CC14/Th1S, T-60, A-60): o .... 0.90, 1.04, 

1.12 (3s., 3H each, methyl groups); c-1.90 {m. (narrow), 4H}; o= 

2.40 (broads., lH, bridgehead). I.R. (# 17, 0Cl4): 3500 am1 (over­

tone to carbonyl); 1757 c:ril1* (C=O). 

3) Preparation of l-methyl-5-oxoca'Tiphene (28) (Schene II-6) 

5-Ethylenedioxyfenchol 

Crude 5-ketofenchol, 50), (5.3 g, 31 rrm::>les) was dissolved in 

* Perkin-Elmer 521. 
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benzene (530 ml, previously distilled fran lithium aluminium hydride). 

Ethylene glycol (8 ml) and p-toluenesulfonic acid (0.53 g) were added 

and the solution was refluxed for 20 hours, with magnetic stirring and 

a Dean-Stark water separator. After cooling, the benzene solution was 

quenched with a bicarbonate solution (sat., 100 ml). · The benzene so-

lution was then washed with a scdium chloride solution (sat.) and dried 

(MgSO ) • Evaporation of the benzene gave 6.6 g of oil (100 % yield). 
It 

V.p.c. analysis (# 111, 5% SE-30, 10', 175°): 5-ethylenedioxyfenchol 

(r.t. 7.1 min., ca. 90 %) and starting material (r.t. 3.9 min., ca. 

10 %) • Purification by preparative v.p.c. (# 114, 20 % SE-30, 5' X 

17~), foll~d by bulb to bulb distillation gave an analytical sam-

ple: 

Found 
Calculated: 

c 
67-:97 % 
67.89% 

H 
9.62% 
9.50 % 

ln 
4 , 

N.m.r. (#58, CC1 4/~E, T-60): o = 1.06 (s., 6H, methyl groups); o 

1.10 (s., 3H, methyl group); o = 3.24 (d., lH, C2-H); o = 3.85 (m., 4H, 

ketal). I.R. (# 110, OC1 4 ): 3620, 3500 am1 (OH). 

5-Ethylenedio~fenchone (58) 184
· 

185 

The oxidizing reagent was prepared by adding pyridine (7 2 ml) 

to chranium trioxide (7. 2 g, 72 rnnoles) dissolved in water (7. 2 ml) in 

an ice bath. The reagent was added to the alcohol (4.4 g, 25 mmoles) 

and the mixture was left standing at roam temperature for 17 hours. 

The mixture was then diluted with water to 800 ml and was extracted 

with ether ( 4 x 100 ml) • The canbined ether extracts v-Bre washed with 

water (6 x 50 ml) to rerrove as much pyridine as possible, and then 
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with a sodium chloride solution (sat., 50 ml). After drying (MgS04 ), 

the ether was evaporated, and the remaining pyridine was distilled 

under vacumn. There remained 4.1 g of ketone 58 (94 % yield). V.p.c. 

analysis (# 113, 5% SE-30, 10', 175°): ketone 58 (r.t. 6.1 min., 

aa. 85-90 %) , starting material {r.t. 6.9 min., aa. 2 %) and another 

canponent, probably fenchane-2 , 5-dione {r • t • 2 • 4 min. , a a. 10 %) • 

Purification by preparative v.p.c. {# 115, 20 % SE-30, 5' x !", 175°) 

followed by bulb to bulb distillation, gave the following analytical 

sarrple: 

Found 
Calculated: 

c 
68-:-49 % 
68.54 % 

H 
8.88 % 
8.62 % 

N.m.r. {# 60, 44, C:Cl 4/'Il1S, T-60, A-60): 8 = 3.98 (m., 4H, ketal); 8 = 

1.08, 1.01, 0.98 (3s., 3H each, methyl groups). I.R. (# 59, C:Cl 4 ): 

1750 cm1 {C=O) • 

l-~1ethyl-5-ethylenedio~amphene (59) 1 8 6 

A flow of dry nitrogen was passed through the reaction mixture 

during the preparation of the y lide. n-Buty 1 lithium { 2. 54 g, in 

5 ml hexane, 20 rmoles) was added to a mixture of triphenylrrethylphospho-

nium bromide (7. 2 g, 20 mroles) in hexane (70 ml, purified as follows: 

reagent grade rexare was treated with concentrated sulfuric acid, then 

with permanganate. After washing with water, the hexane was filtered 

through a column of altmtina and then distilled) • The mixture was stir-

red magnetically for 4 hours. 5-Ethylenedioxyfenchone 58 {4.1 g, 20 

mnoles) · in rexane (30 ml, purified as above) was then slCMly added, and 

tiE resulting mixture was refluxed for 24 hours. After cooling, the 
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solids were filtered and the hexane solution was washed with water 

until neutral. Drying (MgS04), and evaporation of solvent yielded 

3.3 g (80 %) of 1-rrethyl-5-ethylenedioxyca.rrphene (59). 

V.p.c. analysis (# 117, 5% SE-30, 10', 170°): compound 59 (r.t. 

3.8 min.) was ca. 95% pure. Purification by preparative v.p.c., fol-

l~d by bulb to bulb distillation, gave the following analytical 

sa.rrple: 

Found 
Calculated: 

c 
74:07 % 
74.25 % 

H 
9.91% 
9.59 % 

N.m.r. (# 61, CC14/TMS, T-60): o = 1.02, 1.12, 1.26 (3s., 3H each, 

methyl groups); o = 3.88 (m., 4H, ketal); o = 4.60 (d., 2H, olefin). 

I.R. (# 64b, neat): 3070 cm1 (C-H olefinic); 1650 cm1 (C=C); 880 am1 

(C=C). 

1-M=thyl-5-oxo~hene (28) 

1-Methyl-5-ethylenedioxyca.rrphene (59) (0.3 g, 1.4 mrnole) was 

dissolved in aqueous acetone (90 %, 10 ml) , and one drop of concentra-

ted hydrochloric acid was added. The solution was stirred magnetical-

ly at room temperature for ca. 24 hours. The reaction mixture was 

then diluted with water to 50 ml, and 3-4 drops of sodium hydroxide 

(10 %) were added. The solution was saturated with sodium chloride, 

and then extracted twice with ether. The canbined ether extracts were 

washed once with water and once with a sodium chloride solution (sat.). 

After drying (HgS04), 0.1 g of oil was obtained (45 %) • V.p.c. ana­

lysis (# 105, 5 % SE-30, 10', 160°): 1-methyl-5-oxoca.rrphene ~ (r.t. 

3.1 min., ca. 90 %) and starting material (r.t. 6.5 min., ca. 10 %) • 



Purification by preparative v.p.c. (# 115, 20 % SE-30, 5', 150°} 

gave the following sarrple: M.s. (# 94}. Parent peak M/e = 164 as 

per the :rrolecular weight for this canpound. N.m.r. (# 64, CC1 4/TMS, 

T-60): o = 1.02, 1.10, 1.28 (3s., 3H each, methyl groups); 6 = 4.82 

(d., 2H, olefin). r.R. (# 61, neat) : 3060 cm1 (C-H olefinic); 1750 

em~ (C=O); 1640 am1 (w., C=C); 880 am1 (c=c). 

Confirmation of structure of 1-meth~l-5-oxo~hene (28) 

Oxidation 1 8 7 to fenchane- 2, 5-dione ( 25) 

1-.Methyl-5-oxocarrphene (150 mg, 0.9 mrrole) was dissolved in 

acetone-water (50 %, 10 ml). Potassium periodate (4 g) was added and 

the mixture was cooled in an ice-water bath. Potassium pennanganate 

157 

(0.2 g) in water (ca. 3 ml) was added, with magnetic stirring, drop­

wise over a period of 10 minutes. The reaction mixture was then stir­

red for 4 hours at room temperature. The mixture was then filtered, 

and the filtrate was diluted to 100 ml with water and extracted with 

ether (3 x 25 ml) • The canbined ether extracts were washed with water, 

and a solution of sodium chloride (sat.) • Drying (MgS04 ) and evapora­

tion gave a compound which was identified to be fenchane-2,5-dione by 

comparison with an authentic sample (v.p.c. # 127, I.R. # 69, 70). 

4. Preparation of eEiisofenchone (23) (Scheme II-2) 

DehJ:dration of fenchol (37) 53 

Potassium hydrogen sulfate was fused in a vacuum oven at 200° 

and at aspirator pressure. 

Fenchol (Pfaltz and Bauer Inc., 75 g, 0.49 mole) was carefully 



mixed with fuserl grounderl potassium bisulfate (225 g). 'Jhe mixture 

was trans ferro to a 500 ml 3-ne:kro' flask 1 and the flask was placerl in 
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an oil bath. A stream of nitrogen swept the reaction mixture throughout. 

'Ihe oil bath was very slowly heaterl, allowing the hydrocarbons produced 

to distill. After 5 hours, the oil bath tenperature had reached 230° 

anc1 the reaction was stopperl. 

'Ihe distillate was dissolvErl in pentane (50 ml), and the solu­

tion was washed with a sodium hydroxide solution (dil., 20 ml), water 

(20 ml) , and a sodium chloride solution (sat., 20 ml) , and was drierl 

(MgSO'+). 

After cooling, the potassium bisulfate residue was extracted 

with pentane (500 ml). This pentane solution was filtered with sodium 

hydroxide (dil., 75 ml), water ( 75 ml) and sodium chloride (sat., 75 ml) • 

After drying (MgSO~t) , rrost of the pentane was raroved with the aspirator. 

The two pentane solutions were combinerl and distillErl at atrros­

pheric pressure through a 4" vacuum-jaketro Vigreux column. 'Ihe hydro­

carbon portion (35. 7 g, 54 %yield) boilErl between 147° and 171°. v.p.c. 

analysis (# 133, 10% CarboWax, 10', 80-190°): ca. 95% of 7 law boi­

ling corrponents and ca. 5 % of higher boiling corrponents (alcohols). 

Reaction of the fenchenes with acid 1 8 8 

A mixture of the fenchenes ( 71 g 1 0. 5 rrole) was dissolved in 

acetic acid (glacial, 500 ml). Sulfuric acid (50·%, 40 ml) was adderl 

and the solution was stirred C!-t roan tenperature for 24 hours. The 

solution was then diluted with water .to 1.8 z. 1 and extractErl with 

pentane(3 x 200 ml). The cornbinel pentane extracts were washed with 



bicarbonate (sat., 2 x 100 ml), with water (100 ml), and a solution 

of sodium chloride (sat., 100 ml)". After drying (MgS04), the pentane 

was evaporated, and the mixture of acetates distilled through a 4" 

va~jacketed Vigreux column to yield 81.9 g (82 %) of acetates: 

b.p., 122-D0°(50nm). V.p.c. analysis (# D5, 10 % Car~ax, 10', 

150°): a mixture of ca. 5 canpounds, one of which consisting of ca. 

60 % of the mixture. 

Hydrolysis of the acetates56 
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The mixture of acetates (81 g, 0.4 mole) was dissolved in me­

thanol (80 %, 1. 2 z.) containing potassium carbonate (160 g). After 

refluxing for 12 hours, the solution was diluted to 3.5 z. The solu­

tion was then divided into two and each portion was extracted with 

pentane (3 x 200 ml). The ccmbined pentane extracts ~re washed with 

water (2 x 200 ml) , and with a sodium chloride solution (sat. , 200 ml) • 

After d:rying (MgS04) the pentane was removed over the aspirator to 

yield 74 g of a mixture of compounds. V.p.c. analysis (# 137, 10 % 

Carl::x::1.vax, 10', 150°): one major p=ak (r.t. 10.5 min. 1 ca. 85 %) • 

Oxidation57 of the alcohols 

The oxidizing reagent was prepared by dissolving Na2Cr20 7 •2H20 

(40 g) in sulfuric acid (cone., 40 ml), and diluting the solution with 

water to 200 ml. The ether was treated with the reagent, washed with 

water, dried (MgS04) and distilled before use. 

The above mixture of alcohols (74 g, 0.48 mole) was dissolved 

in ether (160 ml) and placed in a 500 ml 3-necked flask, fitted with 



condenser, rrechanical stirrer and addirig funnel. The OX'idizing 

reagent (200 ml} was added over a periOO. of 30 minutes, maintaining 

the temperature at ca. 20° (tap water te~rature). The reaction 

mixture was stirred for another 3 hours at room temperature. The 

ether layer was then separated, and the aqueous layer was extracted 

with ether (2 x 50 ml). The combined ether solutions v.ere washed 

with bicarbonate (sat. , 2 x 75 ml) , with water (75 ml} , and with a 

sOO.ium chloride solution (sat,, 75 ml). After drying (MgSO ) , the 
4 
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ether was evaporated to yield 70 g (95 %) of a mixture. V.p.c. analy-

sis (# 139, 10 % Carbowax, 10' , 150°) : a mixture of 6 canpounds, one 

of which (r.t. 6.4 min.) accounts for ca. 60% of the mixture. 

Semicarbazone 58 of isofenchone (12) 

A stock solution of semicarbazide hydrochloride was prepared 

by dissolving the canpound (55.5 g) in water (250 ml) and filtering. 

One ml of the solution contains 2 rnmoles of semicarbazide hydrochlori-

de. 

The above mixture of ketones (65 g) was added to the semicar-

bazide hydrochloride solution (215 ml). Enough ethanol was added to 

make the solution clear and harogeneous. Pyridine (35 ml) was added 

and the solution was wanred on the steam bath until sorre crystals 

started to form. The solution was then cooled in ice and 49.5 g of 

crystals v.ere collected (m.p., 211-2lsC). The crystals v.Bre recrystal-

lized 5 tirres fran ethanol-water mixtures. There resulted 18 g of 

crystals rrelting at 225-227°). For the semicarbazone of isofenchone, 

m.p., 217-218°, 189 or m.p., 222°. 190 I.R. (# 76, CHCl ) : 3520, 3400, 
3 
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3375, 2910, 2860, 1675, 1560 and 1080 em~. N.m.r. (# 80, 81, d -DMSO, 
6 

T-60): o = 6.25 (broads., 2H, NH ); o = 1.31, 1.20, 1.06 (3s., 3H 
2 

each, rrethy 1 groups) • 

Isofenchone ( 12) 

The semicarbazone (16. 5 g, 0. 09 mole) was dissolved in benze-

ne (500 ml). Dilute hydrochloric acid (2.4 N. 1 lOO ml) was added and 

the mixture was refluxed with stirring for 24 hours. After cooling, 

the layers were separated. The benzene layer was washed with bicar-

bonate (sat., 2 x 75 ml), with water (75 ml) and with a scxiium chlo-

ride solution (sat., 75 ml). After drying (MgSO ) , evaporation of 
4 

solvent and distillation gave 10.0 g (73 %) of isofenchone. V.p.c. 

analysis (# 155, 10 % Carbawax, 10', 155°) indicated the purity to 

be ca. 95 %. N.m.r. (#79, benzene/TMS, A-60): o = 0.95, 1.01, 1.10 

(3s., 3H each, rrethyl groups). I.R. (# 79, CCl ) : 
4 

1750 an4 (C=O) • 

All spectra canpared with those of an authentic sanple191 (v .p.c. # 

155, n.m.r. # 63, I.R. # 80). 

Isofench~inone (39) 59 

Isofenchone (10. 0 g, 66 mnoles) was dissolved in glacial ace-

tic acid (200 ml) • Selenium dioxide (8 g) was added and the mixture 

was refluxed for 48 hours. The solution was then cooled, filtered, 

and diluted to 1.5 z. with water. It was extracted with ether (3 x 

200 ml). The combined ether extracts were washed with bicarbonate 

(sat.) until the ether layer was free of acetic acid, with water 

(100 ml) and with a solution of sodium chloride (sat., 100 ml). 

After drying (MgSO ) , evaporation of solvent gave 11.4 g of a semi-
4 
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solid. V.p.c. analysis (# 158, 5% SE-30, 10', 190°): quinone 39 

(r.t. 2.9 min., ca. 90 %} , starting material (r.t, 2.1 min., ca, 5 %) 1 

and sorre other irrpurity (r.t. 3,4 min. 1 ca, 5 %) • N.m.r. (# 82, CCl I 

TMS, T-60): o = 1,0, 1.1, 1.2 (3s., methyl groups). I.R. (# 78, 

neat): 1745 c:rn1 (0=0). 

Dithioketal 40 59 

4 

The above mixture (11,4 g) was dissolved in ethane-dithiol 

(1.2 ml). Boron trifluoride etherate (72 ml) was added, and the solu-

tion was left standing for 10 hours. Water (100 ml) was then added, 

and the resulting mixture was decanted. The aqueous solution was 

extracted with ether (2 x 100 ml) • The ccrnbined ether extracts "~Aere 

washed with scx:liurn hydroxide (1 N., 50 ml) until alkaline, with water 

(50 ml), and finally with a sodium chloride solution (sat., 50 ml). 

After drying (MgSO ) , the ether was removed. to yield 9. 6 g of oil. 
4 

V.p.c. analysis (# 159, 5 % SE-30, 10', 227°) showed 3 prcx:lucts in 

the following ratio: 4% (r.t. 1.3 min.); 49% (r.t. 5.1 min.); 

and 48% (r.t. 7.1 min.). Filtration on alumina (Fisher Scientific 

Co., Brockman activity 1, 80-200 mesh, 200 g) and eluting with petro-

leurn ether, then ether, gave as a second fraction, 4. 3 g of a white 

solid, m.p., 74-75° (reported, 59 m.p. 1 96°). V.p.c. analysis (# 160 1 

5 % SE-30, 10', 225°): dithioketal 40 (r.t. 4.0 min.), ca. 98 % 

pure. N.m.r. (# 83, eel /TMS, A-60): 
4 

o = 1,05, 1.10 1 1.30 (3s., 3H 

each, methyl groups); o = 3.3~ (m., 4H, dithioketal). I,R. (# 81, 

CCl ) : 1745 cn11 (C...O) • 
4 
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Preparation of Raney-Nickel (W-4) 192
· 

19
3 

Sodium hydroxide (64 g) was dissolved in w-ater (250 ml) and 

placed in an erlemreyer flask, which was placed in a water ba.th at 

50°. The nickel-aluminium alloy (50 g) was added with magnetic stir­

ring, keeping the t.errperature at 50 ± 5°. After the addition, the 

alloy was digested for 50 minutes at 50 ± 2°. 

The inixture was then transfered to a 500 ml graduated cylen-

der. The aqueous phase was decanted and the cylinder was filled with 

distilled water. This procedure was repeated until the water was neu-

tral. The Raney-Nickel was then rinsed in the same manner, several 

tines with absolute ethanol. The Raney-Nickel thus prepared, was 

stored in the refregerator, under absolute ethanol. 

§piisofenchone (23) 59 

The dithioketal 40 prepared above (4.3 g, 18 rrmoles), was 

dissolved in absolute ethanol (70 rnl), and 3 spoonfulls of Raney-

Nickel v.ere added. The mixture was refluxed for 19 hours. After 

cooling, the solution was filtered and diluted to 200 rnl with water. 

It was then extracted with p:!ntane (3 x 50 rnl). The canbined p:!nta-

ne extracts v.ere washed with water (50 rnl) and a solution of sodium 

chloride (sat., 50 ml). Drying (MgSO ) , and evaporation of solvent 
If 

gave 1.7 g (62 %) of epiisofenchone. V.p.c. analysis (# 162, 10% 

earbowax, 10', 125°): epiisofenchone ~ (r. t. 8. 8 min.), 97 % pure, 

with some 2. 5 % of isofenchone (r. t. 9. 3 min.) • There was no fen-

chone present (r.t. 7.6 min.). I.R. (# 82, neat): 1750 an1 ((X)); 

1405 cm1 (CH a to 0=0). N.rn.r. (# 84, eel /TMS, T-60): o = 1.02, 
2 If 



1.19, 1.30 (3s., 3H each, methyl groups); o = 1.30-2.30 (m., 7H), 

5. Pre~ration of 5-oxoc~henilol (~ (Scherre II-4) 

C~henilone ( 42): method A 61 
· 

6 2 
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Carrphene (43) (Aldrich Chemical Co., 79 % carrphene, 21 % tri­

cyclene, 150 g, 0.88 rrole of carrphene) was dissolved in ether (2 l.) 

and placed in a 3 z. 3-necked flask, fitted with a pressure equalizing 

funnel with drying tube, a rnechanical stirrer, and a gas inlet tube. 

Nitrogen sv.ept the reaction mixture throughout the reaction time. 

The flask was placed in an ice-water bath. Dinitrogen tetroxide 

(Matheson Co., 0°, 100 ml) , dissolved in ether (500 ml) , was added 

dropwise, with stirring, over a period of 3 hours. The reaction 

mixture was then stirred for another 2 hours at 0°. Sodium bicarbo-

nate (sat., 500 ml) was then added, and after stirring for a fevv 

minutes, the two phases ~re separated. The ether layer was washed 

with water and dried (MgSO ) • Evaporation of solvent yielded 233 g 
4 

of oil. 

The oil was dissolved in ethanol (500 ml) , and was added to 

a solution of sodium hydroxide (250 g) in water (2 z.). The resul-

ting mixture was gently refluxed for 2~ hours. The solution was then 

steam distilled and the distillate was extracted with pentane. Eva-

poration of the dried pentane solution, followed by distillation, 

gave 69 g (57%) of camphenilone (42): b.p., 49-51° (2.5 mm); m.p., 

34-37o (reported, 61 · 62 m.p., 38-38.5°or 38-39°). V.p.c. analysis 

(# 3, 10 % Carbowax, 5', 175°) showed the purity to be ca. 95 %. 

I.R. (# 21 neat): 1745 cm1 (c=o). 



C~henilone (42); method B60 

canphene (43) (Aldrich Chemical Co. 1 79 % canphene, 21 % tri-

cyclene, 100 g, 0.58 mole of carrphene) was dissolved in absolute netha-

nol (600 ml) and placed in a 1 z. 3-necked flask, fitted with a necha-

nical stirrer, a drying tul:::e (CaCl ) and a gas inlet tul:::e. The flask 
2 

was placed in a dry-ice-acetone bath, and ozone (3 % by weight in oxy-

gen) was bubbled through for 5 hours, until the solution turned blue. 

Ozone was produced using a Welsbach Ozonizer, Model T-408. The excess 

ozone was removed by passing oxygen through the solution. The cold 

solution was then added to sodium iodide (300 g) in methanol (500 ml) 

and glacial acetic acid (115 ml). The mixture was then warned to room 

temperature, and aqueous thiosulfate was added to reduced the iodine 

produced. The resulting solution was diluted to ca. 3 .s z. with water, 

and was divided into two parts. Each part was extracted with pentane 

(3 x 100 ml) • The combined pentane extracts v.ere washed with a bicar-

bonate solution (sat., 100 ml), water (100 ml) and a solution of sodium 
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chloride (sat., 100 ml). After drying (MgSO ) , the pentane was evapora­
lf 

ted and the mixture was distilled through a 5" Vigreux column, using 

an air-cooled condenser, to give 40.4 g of camphenilone (42) (50 %) : 

b.p., 49-51° (2.5 mm); m.p., 35-37° (reported, 61
• 

62 m.p., 38-38.5° or 

38-39°). V.p.c. analysis (# 136, 5% SE-30, 10', 165°): camphenilone 

(42), better than 95 % pure. I.R. (# 71, eel > : 
If 

1745 an1 (G=O). N.m.r. 

(# 70, CCl /TMS, A-60): o = 0.95, 0.99 (2s., 3H each, methyl groups). 
If 

C~henilol 

All glassware was oven dried :tefore use. The ether was distil-



led fran lithium aluminium hydride. 

carrphenilone ( 90 g, 0. 65 nole) was dissolved in ether (3 00 ml) 

and was slowly added to a slur:ry of lithium aluminium hydride (50 g) 

in ether (150 ml) • The mixture was then refluxed for 1! hour. The 

reaction vessel was then put in an ice-water bath, and. water (300 ml) 

was slowly added, as ~11 as sare ether to CC>IT~I?=nsate for evaporation 

losses. Hydrochloric acid (10 %, 300 ml) was then added to dissolve 

the inorganic salts. The layers ~re separated. The aqueous layer was 

extracted with ether, and the dried solvent was evaporated to give 86.3 

g (95 %) of a solid melting at 68-71° (reported, 194 m.p., 76°). V.p.c. 

analysis (# 5, 5% Carbawax, 5', 175°): camphenilol (r.t. 1.0 min.), 

retter than 95 % pure. I.R. (# 4, CCl ): 3630, 3470 cm1 (OH)~ no car-
4 

bonyl absorption. N.m.r. (# 1, CCl /HDMS, A-60): o = 0.78, 0.90 (2s., 
4 

3H each, methyl groups); 8 = 2.18, 2.56 (2 broads., lH each, bridge­

heads); . 8 = 3.52 (broads., lH, C~OH). 

C~henilXl acetate (45) 

Carrphenilol (89 g, 0.63 mole) was dissolved in pyridine (400 

ml) and acetic anhydride (250 ml). The solution was left standing at 

roan temperature for 28 hours. The reaction mixture was then added to 

crushed ice (200 ml) , and it was extracted several times with ether. 

The canbined ether extracts ~re washed free of pyridine with dilute 

hydrochloric acid. They ~re then washed with bicarbonate (sat.) and 

water. After d:rying (MgSO ) 1 evaporation of solvent gave 100 g (87 %) 
4 

of carnphenilyl acetate <i2): b.p., 70-74° (4 nm). V.p.c. analysis 
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(# 9 1 10% Carbawax, 5', 150°): the acetate 45 was ca. 95% pure. I.R. 



(# 5, neat): 1740 cm1 (0=0); 1250 cm1 (acetate). N.m.r. (# 21 OCl I 
4 

TMS 1 A-60): 6 = 0.81 1 0.99 (2s. 1 3H each, rrethyl groups); 6 = 1.90 

(s., 3H, acetate); 6 = 4.45 (d., lH, exo-c H). 
2 

5-Ketoc~henilXl acetate (47) 56
· 

64
· 

65 

Ca:rrphenilyl acetate (39 g, 0.2lnole) was dissolved in acetic 

acid (300 ml) , and was placed in a 1 z. 3-necked flask, fitted with a 
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condenser and a rrechanical stirrer. The solution was brought to reflux 

and stirred vigorously. Solid chromium trioxide (100 g) was added over 

a period of 50 minutes, and the mixture was refluxed for another 2 

hours. After cooling, the mixture was diluted to aa. 1.6 z. with water, 

and was extracted with ether (4 x 200 ml). The canbined ether extracts 

v.ere washed with water (200 ml) , sodium hydroxide (dil. , 200 ml) , water 

(2 x 200 ml) and finally, with sodium. chloride (sat., 200 ml). After 

drying (MgSO ) and solvent evaporation, the unreacted ca:rrphenilyl ace-
4 

tate was distilled under vacuum. The residue was recrystallized fran 

pentane. There resulted 9.6 g (24 %) of crystals rrelting at 62-64° 

(reported, 64 m.p., 65.0-65.5°). V.p.c. analysis (# 143, 5% SE-30, 10', 

165°): 5-ketoca:rrphenilyl acetate (r. t. 7.1 min.) was essentially pure 

with traces of ca:rrphenilyl acetate (r.t. 3.5 min.). I.R. (# 74, CCL } : 
4 

1740 aii1 (C=O); 1240 cm1 (acetate) ; 1055, 1020 cffi1 
0 N .m.r 0 (# 74 I 

OCl /TI1S, T-60): 6 = 0. 8, 1. 2 (2s., 3H each, rrethyl groups); 6 = 2.0 
4 

(s., 3H, acetate); 6 = 4.8 (d., lH, exo-C H). 
2 

5-oxoc~henilol (49) 56 

5-Ketoca:rrphenilyl acetate (9.8 g, 50 mnoles) was added to a 

solution of potassium carbonate (24 g) in water (200 ml). The solution 



was stirred vigorously for one hour in a boiling water bath. After 

cooling, the yellow-brCMn mixture was extracted 3 tines with ether. 

The canbined ether extracts were dried (MgSO ) and evaporated to 7. 0 g 
4 

of oil (90 %) • Crystallization in ether-petroleum ether afforded 

crystals rrelting at 68-71°. V.p.c. analysis (# 17b, 10 % Carl:x:Max, 5', 

175°) shCMed 5-oxocarrphenilol to 1::e ca. 90 % pure. Purification of an 

analytical sarrple by preparative v.p.c. (# 305, 20% SE-30, 5', 120°), 

followed by sublimation gave a solid melting at 139-139.5°. Analysis: 

Found 
Calculated: 

N.m.r. (# 90, CCl /'TI1S, A-60): 
4 

c 
70706 
70.10 

0 = 3.88 

% 
% 

(d. 

H 
9710 % 
9.15 % 

of d., lH, exo-c H); 
2 

o = 3.20 (s., broad, lH, OH); o = 2.60 (unresolved m., lH, C H)· 
1 I 

o = 1.10, 0.82 (2s., 3H each, methyl groups). I.R. (# 65): 3400 am1 

(OH); 1740 crii1 (0=0). 

6. Pre.Earation of 5-oxoc~henilone (26) 

Oxidation57 of 5-oxocamphenilol (49) 

The ether was treated with the reagent l::efore use. The oxldi-

zing reagent was prepared by dissolving potassium dichranate (5 g) in 

water (22 ml) and adding sulfuric acid (cone., 3. 8 ml). Crude 5-oxo-

carrphenilol (6. 7 g, 34 :rrrroles) was dissolved in ether (20 ml). The 

168 

reagent was added with IllClgnetic stirring over a period of 30 minutes, 

IllClintaining the terrperature of the reaction mixture at 25°. The reaction 

mixture was then stirred at room t.errp=rature for another 3 hours. The 

layers were then separated and the aqueous phase was extracted several 

times with ether. The canbined ether layers were washed with bicarbonate 
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(sat.) , then water. After drying (MgSO ) , the solvent was evaporated 
4 

to yield 4.8 g of material. V.p.c. analysis (# 18 1 10 % Carbowax, 5' 1 

175°) indicated the dione to be ca. 90 % pure. This material was then 

chrarnatographed on silica gel (Davidson Chemicals, grade 923) to yield 

3.1 g (60 %) of white crystals~ V.p.c. analysis (# 21, 10 % Carbowax, 

5', 175°) indicated the dione to be better than 95 % pure. Sublimation 

gave crystals rrelting at 55-58°. Analysis: 

Found 
Calculated: 

c 
7i:-36 % 
71.03 % 

H 
7767 % 
7.95 % 

N.m.r.: of. Fig. II-8. I.R. (# 9 1 CCl ) : 3500 cm1 (overtone to C:=O); 
4 

1750 cm1 (CFO). 

7. Pre.e;:ration of 5-oxo~hene ( 29) 

Pre~ration of 5-ethylenedio~c~henilol 

.Crude 5-oxocamphenilol (49) (5 g, 32 rrrnoles) was dissolved in 

benzene (500 ml, previously distilled from lithium aluminium hydride). 

Ethylene glycol (7.5 ml) and p-toluenesulfonic acid (0.5 g) were added, 

and the mixture was refluxed for 15 hours, using a Dean-Stark water se-

parator. After cooling 1 the mixture was added to sodium bicarbonate 

(sat. , 200 ml) • The benzene solution was then washed with water (200 

ml) and sodium chloride (sat. 1 200 ml). Drying (MgSO ) and evaporation 
4 

of solvent gave 4.5 g of oil (74 %). V.p.c. analysis (# 148, 5% SE-30, 

10' 1 175°): only one peak (r.t. 13.2 min.). N.m.r. (# 78 1 CCl /TMS, 
4/ 

A-60): o = 3.30 (s., lH 1 OH); o ~ 3.80 (m., 4H, ketal); o = 1.02 (s., 

6H, rrethy 1 groups) • I.R. (# 77 1 CCl ): 3620, 3460 am1 (OH). Purifica-
4 

tion by preparative v.p.c. (# 147, 20% SE-30, 5', 175-1808
), followed 



by bulb to bulb distillation, gave an analytical sanple: 

Found 
calculated: 

5-Ethylenedio~c~henilone 

c 
667'38 % 
66.64 % 

H 
97'12% 
9.15 % 

The oxidizing reagent 1 8 4 
• 

1 8 5 was prepared by adding chranitnn 

170 

trioxide (6.1 g) in water (61 ml), to ice-cold pyridine (288 ml). This 

solution was added to the above alcohol (4 g, 21 rmoles). The resulting 

solution was left standing at roam temperature for ca. 24 hours. It 

was then added to ice (500 ml) and the mixture was diluted to 1.5 z. 
with water. This solution was extracted with ether (3 x 200 ml) • The 

ether extracts v..ere washed with water (200 ml), dilute hydrochloric 

acid (200 ml) until free of pyridine, water (200 ml) , bicarbonate (sat., 

200 ml) , and finally, water again (200 ml) • After drying (MgSO ) , eva-
. 4 

poration of solvent gave 3.5 g of oil (85 %) • V.p.c. analysis (# 157, 

5 % SE-30, 10' I 185°) shov..ed the ketoketal (r.t. 6.2 min.) tore better 

than 95 % pure. N.m.r. (# 85, CCl /TMS, A-60): 
4 

cS = 3.87 (m. '· 4H, 

ketal) ; o = 1.18, 1. 05 (2s., 3H each, rrethyl groups). I.R •. (# 83, 

neat): 1750 am1 (C=O). Purification by preparative v.p.c. (# 163, 

30% SE-30, 5', 190-200°), follov..ed by bulb to bulb distillation gave 

the following analytical sanple: 

Found 
Calculated: 

5-oxoc~hene (_?2) 

c 
677'23 % 
67.32% 

H 
87'19 % 
8.22 % 

The ylide was prepared186 using triphenylmethyl phosphonitnn 

bromide (3. 6 g) in hexane (20 ml, dried by filtration on altnnina) • A 



stream of nitrogen ~pt the reaction mixture throughout. Butyllithi­

um (2. 8 ml ca. 1. 5 M. in hexane) was added and the mixture was stirred 

at roam tenperature for 4 hour::;. The above ketone (1.5 g), in hexane 

(20 ml) was then added and the mixture was refluxed overnight. The 

solids were then filtered, and the hexane solution was washed with 

water until neutral. After drying (MgSO 
4
), the solvent was evaporated, 

and the cOirq?Ound was hydrolysed. 
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The above reaction products v;ere added to aqueous acetone ( 90 %, 

75 ml) and hydrochloric acid (cone., 5 drops) was added. The mixture 

was stirred at room temperature for 1! day. It was then diluted with 

water and extracted with ether. The ether extracts were dried and 

concentratred. 5-0xocamphene was isolated by preparative v.p.c. (# 

216, 20 % SE-30, 120-125°), m.p., 61-63°. N.m.r. (# 97, CX.::l /TMS, T-60): 
4 

cS = 4.85 (d., 2H, IIEthylene group);· 6 = 3.05 (broads., lH, bridge-

head); 6 = 2.4-1.5 (m., SH); o ~ 1.12, 1.07 (2s., 3H each, methyl 

groups). I.R. (# 90, CCl ): 3050 cm1 (CH, olefin); 
4 

1745 crii1 (C=O); 

890, 1650 am1 (C=C). M.S. (# 214): parent peak at M/e = 150, as per 

the :rrolecular weight of this compound. 

Confimtion of structure of 5-oxoc~hene (29) 

Oxidation187 to 5-ox~henilone (26) 

s-oxocamphene (63 mg) was dissolved in aqueous acetone (50 %, 

7 ml) and KIO (2 g) was added to the solution. The mixture was cooled 
4 

in ice-water and was stirred magnetically. KMnO (100 mg) in water 
4 

(ca. 2 ml) was added dropwise over a period of 10 minutes, after which 

the mixture was warned to room temperature and stirred for an additio-



nal 6 hours. It was then diluted to 100 ml with water 1 and extracted 

with ether (3 x 25 ml) • The ether· extracts ~re washed with water 

(2 x 25 ml) 1 sodium chloride (sat. 1 25 ml) 1 and dried (MgSO ) • After 
It 

evaporation of solvent, the following v.p.c. analysis was performed 

(# 217, 5% SE-30, 130°): 

- 5-oxocarrphene (29) r.t. 7.8 min. 

- 5-oxocarrp,henilone (~) r.t. 10.4 min. 

- oxidation product (arove) r.t. 10.5 min. 

- 5-oxocarrphene & 5~oxocarrphenilone 2 peaks: r.t. 7.9 &. 10.4 

- oxidation product & 5-oxocarrphenilone: 1 peak : r.t. 10.6 min. 

Purification of the oxidation product by preparative v.p.c. 

(# 218, 20 % SE-30, 5', 120°) gave a compound whose I.R. (# 91) was 

superimposable on that of an authentic sample of 5-oxocamphenilone 

(I.R. # 92). 

8. Preparation of 6,6-dimethyl-2-norbornanone (24) (Scheme II-1) 

2-Norbornene-5-meth¥1-5-carboxylic acid (32)~t 7 . ~ts 
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Methyl.nethacrylic acid (Matheson, Colerran and Bell Co.) was 

distilled {b.p., 73.5-74° (35 rrm)} through a 4" vacuum jacketed Vigreux 

column. Cyclopentadiene was obtained from bicyclopentadiene (Eastman 

Chemicals Co.) by distillation through a 12" vacuum Jacketed Vigreux 

column. 

Two sealed tubes, each containing methyl.nethacrylic acid (17. 2 g, 

o. 2 mole), freshly distilled cyclopentadiene (13. 2 g, 0. 2 mole), hydro-

quinone (ca. 0.1 g) and toluene (25 ml), w=re heated for 2 hours at ca. 
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160°. The two tubes were opened and ccmbined, and solvent and excess 

nEthylrretacrylic acid were renoved by distillation. The crystalline 

products were then recrystalliz~ from 50 % acetic acid, to yield 

43.3 g (71 %} of a mixture of exo and endo-2-norbornene-5-nEthyl-5-car-

boxylic acid <g>. 

5-Methyl-5-hydro~thyl-2-norbornene (33)~ 9 

The ether was distilled from lithium aluminium hydride refore 

use. 

The above carboxylic acids g, (43.3 g, 0.28 mole) v.;ere dissol­

ved in ether ( 150 ml) , and were slCMly added to a slurry of lithium 

aluminium hydride (18 g), during a period of 3 hours. The mixture was 

then stirred at rocm temperature for 7! hours, and t..~en refluxed for an 

additional 2 hours. The mixture was then cooled in an ice-water bath, 

and the excess lithium aluminium hydride was destroyed by adding water 

(100 ml) , followed by hydrochloric acid (20 %, 500 ml) • The aqueous 

layer was separated, and extracted with ether (2 x 150 ml). The com-

bined ether solutions were washed with sodium hydroxide (10 %, 2 x 150 

ml), water (2 x 150 ml), and a solution of sodium chloride (sat., 15q ml 

ml) • After drying (MgSO ) , the solvent was evaporated to yield 25.6 g · 
~ 

(66 %) of epinEric alcohols 33. 

~henilene (34) ~ 9 

The above alcohols 33 (25.6 g, 0.18 rrole) were dissolved in py-

ridine (100 ml) and cooled in ice. Tosyl chloride (35.5 g) dissolved 

in pyridine (75 ml) and cooled in ice, was added. The solution was left 

standing in ice for 2 hours, then at rocm ~rature, for an additional 



10~ hours. The solution was then added to 400 ml of crushed ice. 

The resulting solution was diluted with water to 1 l. and extracted 

with ether (3 x 200 ml). The canbined ether extracts were washed with 

water ( 100 ml) , hydrochloric acid ( 10 %, 3 x 200 ml) , sodium bicarlx>­

nate (sat., 100 ml), water (100 ml) and finally, with a solution of 
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sodium chloride (100 ml). After drying (MgSO ) , evaporation of solvent 
4 

yielded 48.4 g of oil. 

Without purification, the tosylate was dissolved in ether (250 

ml, previously distilled from lithium aluminium hydride) , and was added 

over a period of 1 hour, to a slurry of lithium aluminium hydride (15 

g) in ether (250 ml, as alx>ve) • The mixture was refluxed with magnetic 

stirring for 33 hours. The excess lithium aluminium hydride was then 

destroyed by slowly adding to the ice-cold mixture, sodium hydroxide 

(10 %, 30 ml) , follov.ed by water (35 ml) • After filtration of the 

inorganic salts, and drying (caso ) 1 the solvent was renoved by distil-
4 

lation through a 8" vacuum jacketed Vigreux column. Distillation 

through the sane column gave 10.6 g (47 % from the carbinol) of very 

law rrelting crystals: b1p. 1 D0-131° (760 nm) {reported, 49 m.p., 27-28~ 

b.p., 128-Dl0 (760 mm)}. V.p.c. analysis (# 198, 5% SE-30, 10' 1 

115°): carrphenilene (r.t. 1.2 min.), ca. 98 % pure. N.m.r. (# 94, 

eel /TMS, A-60): o = 0.84, 1.16 (2s., 3H each, methyl groups); 
4 

o = 2.22 (m., lH, bridgehead); o = 2.72 (broad s. 1 Lq, bridgehead); 

o = 6.01 (t. 1 2H, olefin). I.R. (#88,eel): 
4 

1610 cm1 (w., O=C) ~ 700 crni (c=c). 

3070 -1 em (eH, olefin) ; 



Preparation of ~rlauric acid195 

Lauric acid (Eastman Chemicals Co., 30 g, 0.15 rrole) was dis-

solved in sulfuric acid (cone., 64.5 g), and was placed in a reaker 

cooled in an ice bath. The solution was stirred nechanically. Hydro-

gen peroxide (50 %, 15.3 g, 0.2 rrole) was added dropwise during .a 

period of ca. 10 minutes. The temperature during the course of the 

addition did not exceed 30°. The mixture was then stirred for an 

additional 50 minutes. Ice-water was then added to dilute the mixture 
. ' 

to 800 ml. The aqueous mixture was extracted with ether (3 x 200 ml), 

and the ether solution \vas washed with water until free of peroxide and 

acid. After drying (MgSO ) , evaporation of solvent yielded 36.3 g of 
4 

a waxy solid, 82% of peracid (thiosulfate titration). 

2,2-D.irrethyl-5 ,6-e~orbornane (2.2_) 50
-

52 

CarrphenilE:me (34) (4.8 g, 39 rrrroles) was dissolved in ether 

(100 ml) , and cooled in the refrigerator. Per lauric acid (11. 2 g, 75 % 

peracid) was added. The resulting solution was left standing in the 

refrigerator (ca. 5°) for 12 days. The solution was then extracted 
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several t.irres with bicarbonate (sat.) to rerrove sare of the lauric acid. 

After drying (MgSO ) , the ether was evaporated 1 and the epoxide was dis-
4 

tilled to yield 3.7 g (69 %) of prystals, m.p., 99-101° (no nelting 

point has reen reported 50
-

52 for this corrpound). V.p.c. analysis (# 144, 

5% SE-30, 10', 125°): only one peak (r.t. 5.2 min.). N.m.r. (# 75, 

OCl /TMS, A-60): o = 1.00, 1.05 (2s., 3H each, methyl groups); 
4 

o = 1.88 (d., lH, bridgehead); o = 2.35 (broads., lH, bridgehead); 

o = 3.02 (q., 2q, 5 1 6-endo-hydrogens); (reported, 50 o = 1.01, 1.05, 



1.90, 2.35 and 3.03). r.R. (# 73, eel ) ·= 
. . 4 

855 cm1 (epoxide) • 

6!6-Dimethyl-exa-norborneol (~) 50 

A slurry of lithium aluminium hydride (0. 7 g) in diglyrre (10 ml, 

freshly distilled from lithium aluminium hydride) was placed in a 50 rn1 

3-necked flask fitted with a condenser and an adding funnel. 2,2-Di-

rrethyl-5,6-epoxynorbomane (35) (2.0 g, 16 mroles) in diglyrre (6 ml, as 

above) was added dropwise, and the mixture was stirred magnetically at 

100 ± 3 ° for 5 days. The mixture was then cooled in ice-water, and 
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sodium hydroxide (10 %, 0. 7 ml), follow=d by water (0. 7 ml), were slowly 

added. After filtration of the white precipitate, the solution was 

diluted with :pentane to ca. 75 rnl. The :pentane-diglyrre solution was 

then washed with water (10 x 25 ml). Drying (MgSO ) , and evaporation of 
4 

solvent gave 1.7 g (76 %) of alcohol 36. V.p.c. analysis (# 166d, 10% 

earbowax, 10', 160°): 6,6-dimethyl-exa-norbomeol (r.t. 7.1 min.), ca. 

94% pure, with sorre 6% of starting epoxide (r.t. 3.4 min.). I.R. 

(# 111, neat): 3350 am1 (OH). N.m.r. (# 129, eel /TMS, A-60): 
4 

0 = 

0.92 (s., 6H, methyl groups); o = 1.68 (broads., lH, bridgehead); 

o = 2.14 (broads., lH, bridgehead); o = 3.91 (s., lH, OH); o = 4.06 

(d., lH, endo-c H). All s:pectra were identical in all res:pect to those 
2 

of an authentic sarnple 196 (v.p.c. # 166a, I.R. # 112, n.m.r. # 130). 

6 6-Dimethyl-2-norbomanone (24) 57
· 50-

52 
I - . 

The oxidizing reagent was prepared as follows: Na Cr o . 2H o 
2 2 7 2 

(2.0 g) was dissolved in water (5 ml). SUlfuric acid (cone., 1.5 ml) 

was added, and the solution was diluted to 100 ml. 



The al:x:>ve alcohol ~ (1. 7 g, 12 rrm::>les) was dissolved in ether 

(10 ml), and was placed .in a 50 ml 3-necked flask, fitted with a con-

denser and a dropping furmel. The flask was placed in a water bath at 

roa:n t.ertperature. The oxidizing reagent was added over a period of 10 

minutes, and the reaction mixture was stirred ma.gnetically for 3 hours. 

The layers \\ere then separated, and the ether layer was washed with 

water, bicarlxmate and water again. After drying (MgSO ) , evaporation 
If 

of solvent yielded 1.5 g (90 %) of colourless liquid. V.p.c. analysis 

(# 209, 10 % carbowax, 10', 135°): 6,6-dilrethyl-2-norbornanone (r.t. 

5.7 min.), ca. 95% pure. I.R. (# 113, neat): 1748 aii1 (0=0). N.m.r. 

(# 131, eel /TMS, A-60, T-60): 8 = 0.89, 0.98 (2s., 3H each, methyl 
4 

groups); 8 = 2.50 (broad s., lli, bridgehead). 

9. Pre2:3:ration of 5-ketonorbornyl acetate (~) (Scherne II-5) 

Pre~ation of nortricyclanone (53) 

1n 

The nortricyclyl formate (~]:) was prepared by R. R. MacDonald 1 9 7 

and was ca. 63 % pure {by n.m.r. (# 109)}. The balance was norborne-

nyl formate. 

The mixture of formates ( 41. g) was dissolved in ether (250 ml) 1 

and was added at rocm temperature over a period of 3 hours, to a slurry 

of lithium aluminium hydride (11 g) in ether (1.2 z.). The mixture was 

then refluxed for 3 hours. It was then cooled in an ice-water bath 1 and 

sodium hydroxide (.10 %, 30 ml) 1 follCMed by water (15 ml), were added. 

The mixture was stirred overnight. The white precipitate was then fil-

tered and washed with ether. :t-bst of the ether was then evaporated 

through a Vigreux column. V.p.c. analysis (# 244, 10 % carl:x:Jwax, 10', 

. .J 



130°) shov.:ed two compounds in the approxllna.te ratio of 2:1, (n.m.r. 

# 114) • Carplete re.rroval of the ether reing difficult, oxidation 57 

was performed without purification. 

The oxidizing reagent was prepared as follows: sodium dichro-

mate (50 g) was dissolved in water (100 ml) and sulfuric acid (cone., 

37.5 ml) was added. The solution was diluted to 250 ml with water. 

The above alcohols (52) were dissolved in ether (120 ml, previ-

ously treated with the reagent) and the oxidizing reagent (250 ml) was 

slowly added. The mixture was then stirred at room terrq::erature for 7! 

hours. 

178 

The layers were then separated. The aqueous layer was extracted 

with ether (2 x 75 ml). The ccmbined ether solutions v.:ere washed with 

water (100 ml), bicarbonate (sat., 100 ml), and again with water (2 x 

100 ml). After drying (MgSO ) , the solvent was evaporated through a 
4 

Vigreux colurm to give 20.3 g of material (traces of ether present). 

V.p.c. analysis (# 246, 10 % carbowax, 10', 115°) showed two products 

in the ratio of aa. 4:1 (r.t. 5.3 and 3.6 min.). Traces of two other 

corrp:mnds v.:ere also present (r.t. 4.8 and 7.6 min.). N.m.r. (# 115, 

ether/TMS, T-60) showed nortricyclanone to re the major product (corrplex 

structure at o = 1.0-2.2). 

5-Ketonorborn:t:l acetate (2_!) 6 7 

The above nortricyclanone (20.3 g, 0.19 mole) was dissolved in 

acetic acid (glacial, 60 ml) and perchloric acid (70 %, 3 ml) was added. 

The solution was heated on the steam bath for 4 hours. After cooling, 



the solution was added to an ice-cold solution of sodium hydroxide 

( 10 %, 100 ml) • It was then neutralized with solid bicarbonate, and 

extracted with ether (5 tirres for a total of 500 ml) • After washing 

with bicarbonate (sat.) and drying (Na SO ) 1 the solvent was rerroved 
2 4 

and the residue distilled, to yield as a second fraction 13.9 g (44 %) 

of 5-ketonorbornyl acetate (54); b.p., 94-97° (0.6 mm) {reported, 67 

b.p., 88-90° (1.2 nm)}. v.p.c. analysis (# 248, 10 % Carbowax, 10', 

190°) sho.ved the canpound to be ca. 90 % pure (r.t. 6.4 min.). N.m.r. 

(# 116, CCl /TMS, T-60): o = 1.98 (s., 3H, acetate); o ~ 2.45 (d., 
4 

lH, C H); o = 2.65 (broads., lH, C H); o = 4.78 (q., lH, endo-C H). 
1 4 2 

I.R. (# 100, neat): 1750 cm1 (C=O); 1250 cm1 (acetate). 

10. Norbornane-2.!..5-dione ('l:J.) (Scherre II-5) 

Norbornane-2,5-diol (55) 67 

5-Ketonorbornyl ?cetate (54) (5.8 g, 35 mmoles) was dissolved 

in ether (previously distilled fran lithium aluminium hydride) , and 

was added to a slurry of lithium aluminium hydride (5 g) in ether (200 
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ml, as above) , over a period of one hour. The mixture was refluxed for 

8! hours. The solution was then cooled in an ice-bath. Sodium hydro-

xide (10 %, 7 ml), follov.;ed by water (9 ml) v.;ere added dro:~;Mise. Fil-

tration of the inorganic salts and evaporation of solvent gave 3.6 g 

(80 %) of diols 55. V.p.c. analysis (# 259. 10 % carbowa.x, 10', 175°): 

only one broad peak (r.t. 12.5 min.). N.m.r. (# 124, D 0): 
2 

0 = 3.7-

4.4 (complex structure, CHOH); o = 0.5- 2.4 (compJex structure). I.R. 

(# 107, CHCl) :· 3575, 3400 cm1 (OH); no carbonyl absorption around 
3 

1750 cm1
• 



Norbornane-2 t 5-dione (?:]_) 6 7 

The oxidizing reagent was prepared as follows: chranium tri­

oxide (8 g) was dissolved in water (20 ml). Sulfuric acid (cone. 1 

12.8 g) was added and the solution was diluted with water to 40 ml. 

The mixture of diols (3.4 g 1 26 mmoles) was dissolved in ace-

tone (325 ml) • The reagent (20 ml) was added slavly with rrechanical 

stirring 1 over a pericrl of ! hour. After stirring at room temperature 

for 3 hours, the solution was filtered through a sintered glass funnel 

(fine porosity). Evaporation of solvent gave 2 g (62 %) of dione. 

V.p.c. analysis (# 259, 10% Carbawax, 10', 175°) showed· the dione 

(r.t. 4.6 min.) to be ca.95% pure. 

141° (reported, 67 m.p., 141.5-143°). 

A sublimed sample rrelted at 139-

N.m.r. (# 122, OCl /TMS, T-60) : 
It 

o = 1. 7-2 .• 7 (m., 6H); 6 = 2. 9 (broad s. 1 2H, bridgeheads). I.R. (# 

105 1 CCl ): 1766 1 1731 (s.) cm1 (C=O). 
It 

11. Preparation of 5-rrethylenenorc~hor (2_Q) 

5-Eth~lenedio~-2-norbornyl acetat~ 

5-K.etonorbornyl acetate (10 g, 60 mmoles) was dissolved in 

benzene (500 ml, previously distilled from lithium aluminium hydride). 
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Para-toluenesulfonic acid (1 g), and ethylene glycol (20 ml) were added 

and the solution was refluxed for 24 hours, with magnetic stirring 

and with a Dean-Stark water separator. The solution was then quenched 

with bicarbonate (sat., 100 ml), and the layers were separated. After 

drying (Na SO ) , the benzene was rerroved to yield 11.0 g (87 %) of ketal. 
2 It 

V.p.c. analysis (# 249, 10 % Carbowax, 10', 200°) showed the ketal 

(r.t. 6.3 min.) to l::e ca. 90 % pure. Purification by preparative 



v.p.c. (# 270, 20 % SE-30, 5', 162°), followed by bulb to bulb distil-

lation, gave an analytical sample: 

Found 
Calculated: 

c 
627'25 % 
62.25 % 

H 
7752 % 
7.60% 

I.R. (# 101, CX:::l ) : 17 45 an-l. (CdJ) ; 1245 an-l. (acetate). N .m. r. (# 
' 4 

117, CCl /TMS, T-60); o = 1.95 (s., 3H, acetate); o = 3.80 (m., 4H, 
4 

ketal); o = 4.60 (q., lH, endo-c H). 
2 

Reduction of the acetate 

The glassware was oven dried before use and the ether was dis-

tilled from lithium aluminium hydride. 

5-Ethylenedioxynorbornyl acetate (10 g, 47 rnmoles) dissolved 
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in ether (150 ml) was added over a period of one hour, at room terrpera-

ture, to a :wagnetically stirred slurry of lithium aluminium hydride 

(3 .6 g, 94 rrmoles). in ether (200 ml). The mixture was refluxed for 

10 hours. The excess lithium aluminium hydride was then destroyed as 

usual, and solvent evaporation gave 5.8 g (73 %) of alcohol. V.p.c. 

analysis (# 250b, 10 % Carbawax, 10', 200°) showed the 5-ethylertedioxy-

norbornyl alcohol to be ca. 80 % pure (:wajor irrpurity :way be the endo­

alcohol). I.R. (# 102, neat): 3400 cm1 (OH); no absorption around 

1750 cm1
• N.m.r. (# 118, CCl /TMS, T-60): o = 3.8 (m., ketal.). 

4 

5-Ethylenedioxy-2-norbornanone 

The oxidizing reagent 1 8 4 
• 

1 8 5 was prepared as follows: chranium 

trioxide (10 g) was dissolved in water (10 ml) and the solution was 

added to ice-cold pyridine (100 ml). 5-Ethylenedioxy-2-norborneol 

(5.4 g, 32 rnmoles) was added, and the solution was left standing at 



room terrperature for 16 hours. The solution was then diluted to 300 

rnl with ice-water, and the mixture· was filtered through celite. The 

precipitate was washed with water (30 ml) and rrethylene chloride (3 

tines for a total of 100 ml) • The aqueous layer was ·extracted with 
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rrethylene chloride (5 x 100 ml) • The combined rrethylene chloride solu-

tions ~re filtered through celite. The solvent was then concentrated 

to ca. 100 rnl •. It was then washed with very dilute sulfuric acid until 

acid, then with bicarbonate (sat.). After drying, evaporation of 

solvent gave 3.4 g (63'%) of ketone. V.p.c. analysis (# 251, 10% car-

bowax, 10', 180°) indicated the 5-ethylenedioxy-2-norbornanone (r.t. 

6.8 min.) to be ca. 95 % pure. Purification by preparative v.p.c. 

(# 275, 20 % SE-30, 5', 170°), followed by bulb to bulb distillation 

gave an analytical sample: 

Found 
Calculated: 

c 
647"27 % 
64.27 % 

H 
77"30 % 
7.19% 

N.m.r. (# 119, CCl /TMS, T-60): o = 3.8 (m., 4H, ketal); o = 1.4-2.6 
4 

(m., 8H). r.R. (# 103, neat): 1745 cm1 (0=0). 

5-Methxlene-2-norbornanone (30) 

A flow of dry nitrogen was passed through the reaction mixture 

during the preparation of the ylide. 186 n-Butyl lithium (ca. 1.5 

N., 25 rnl, 0.04 mole) was added to a mixture of triphenylrrethyl phos­

phonium bromide (10.5 g, 0.04 mole) in ether (150 ml, previously distil­

led from lithium aluminium hydride) • The mixture was stirred magneti-

cally for 4 hours at room temperature. 5-Ethylenedioxy-2-norbornanone 

(3.2 g, 0.04 mole) dissolved in ether (125 ml) was slowly added and the 

mixture was re-fluxed for 10~ hours. The solids were then filtered and 



the ether solution was washed with water until neutral. The solvent 

was evaporated through a Vigreux column, leaving a slTICl.ll curount of 

ether and traces of ¢ PO. V.p.c. analysis (# 252, 10 % Carbowax, 10', 
3 

175°) indicated the olefin (r.t. 1.8 min.) to be ca. 90 % pure. N.m.r. 

(# 120, hexane/TI1S, T-60): .o = 3. 7 (m., 4H, ketal); o = 4. 7 (d., 2H. 

olefin) • With no atterrpt. to purify , the mixture was hydrolysed 

.intrediately 

The above mixture was dissolved in a mixture of ethanol (75 ml) 

and water (35 ml). Acetic acid (1 ml) and hydrochloric acid (50 %, 5 

drops) v..:ere added and the mixture was stirred at room temperature for 3 
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days. It was then diluted to 400 ml with water and extracted with ether 

(3 t:irres for a total volurre of 350 ml) • The ether solution was washed 

with water (100 ml) and bicarbonate (sat.,. 100 ml). After drying 

(MgSO ) , most of the solvent was evaporated through a Vigreux column. 
4 

Purification by preparative v.p.c. {# 253, 20% SE-30, 5', 110°), 

foll~d by bulb to bulb distillation gave an analytical sample: 

Found 
Calculated: 

c 
78759 % 

. 78.65 % 

H 
87"25 % 
8.25 % 

I.R. (# 104, CCl ) : 3080 cffi1 (CH, olefin); 1754 cffi1 (C'='O); 1660, 890 
4 

an1 {0= C). N.m.r. (# 121, CCl /I'MS, T-60): o = 4.9 {d., 2H, olefin); 
4 

o = 3.05 (broad s., lli, bridgehead); o = 2.65 (broad s. 1 ill, Bridge-

head). 

Confirmation of structure of S-methylenenorca11phor (30) 

Oxidation187 to norbornane-2,5-dione (27) 

5-I-Ethylenenorcarrphor (45 mg, 0.37 rmole) was dissolved in 



aqueous acetone (50 %, 7 ml) , containing p::>tassium periodate (2 g) • 

The solution was cooled in ice-water, and a solution of potassium 

pennanganate (0.1 g in 3 ml of water) was added dro};Mise over a period 

of 10 minutes. The resulting mixture was wanred to room tenperature 

and stirred for 5 hours. The solution was then filtered through a 

nedium p::>rosity cintered glass funnel, and it was diluted to 100 ml. 

It was extracte~ with nethylenechloride (3 x 50 ml), and the extracts 

\\ere washed with water (25 ml). After drying (Na SO ) , solvent evapo-
2 4 

ration gave a canpound whose v.p.c. (# 260 1 10 % Carrowa.x, 10', 160°, 

r.t. 6.3 min.; r.t. of enone, 1.6 min.), I.R. (# 160, CCl) and n.m.r. 
4 

(# 123, eel /TMS, T-60) spectra were identical to thoseof an authentic 
4 
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sample of norrornane-2,5-dione (v.p.c. # 260, I.R. # 105, n.m.r. # 122). 

12. PreEaration of 6-methylenenorc~hor (31) (Scheme II-7) 

Preparation of iodolactone 61 

t-~thod A6 s, 6 9 

Bicyclo{2.2.l.}hept-5-ene-2-carroxylic acid (60) (Aldrich Chemi-

cal Co., 20 g, 0.14 mole, mixture of exo and endo) was dissolved in an 

aqueous solution of sodium bicarronate (870 ml of 0.5 N.). Potassium 

iodide (145 g, 0.87 mole) was added, follo\\ed by iodine (73.6 g, 0.29 · 

nole). The solution was left standing for ca. 20 hours at rcan terrg;Era-

ture. A dilute solution of potassium thiosulfate was then added to 

reduce ·the e-xcess iodine. The solution was then extracted several tirres 

with rrethylene chloride (total volurre of 500 ml). After drying, solvent 

evaporation yielded 35 g (95 %) of yellow crystals; m.p., 53-54°. (No 

rrelting p::>int is reported in Ref. 68) 



A solution of iodine (1 M,) ·in potassium iodide (3 M,) was 

prepared ( 127 g of iodine and 249 g of KI in 500 rnl of water) • 

Bicyclo{2,2.l.}hept-5-ene-2-carboxylic acid (~) (20 g, 0,14 

nole) was dissolved in potassium bicarbonate (360 ml, 1 M. ) • This 

solution was titrated with the iodine solution until excess iodine 
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was present. The solution was then extracted several times with rrethyl-

ene chloride (total vol'l,Jil'B of 600 ml) • After washing with water and 

thiosulfate, the organic layer was dried (MgSO ) and evaporated to 
4 

yield 37.5 g (98 %) of crystals. 

The combined iodolactone crystals (from rrethods A and B) -were 

recrystallized from ethylacetate-p3troleum ether miXtures to yield 

yellowish crystals melting at 55-56.5°. V.p.c. analysis (# 279, 5 % 

SE-30, 10', 195°) showed only one p3ak (r.t. 10.4 min.). I.R. (# 118, 

CCl ) : 1790 cm1 (lactone). N.m.r. (# D7 I eel /I'MS, T-60): 0 = 5.05 
4 4 

(d., lH, IC~); o = 3.92 (d., lH, OCH). 

Bistclo{2.2.l.}he~-6-one-2-carP9xYlic acid (62)
68

'
70 

The iodolactone 61 (70 g, 0.38 mole) was dissolved in rrethanol 

(90 %, 700 ml), and potassium hydroxide (35 g) was added. The solution 

was refluxed for 7 hours. Most of the methanol was then steam-distilled 

and the :resulting aqueous solution was ne·~tralized with dilute sulfuric 

acid (20 %) • The solution was made slightly alkaline, and was filtered. 

After acidification, the aqueous solution was extracted with rrethylene 

chloride (4 x 100 rnl). Evaporation of the solvent gave 22.5 g of white 
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crystals. 

The aqueous layer was then subjected . to continuous extraction 

for ca. 24 hours with ether. After drying (MgSO ) , evaporation of 
4 

solvent gave 14.9 g of crystals. Combined yield was 37,4g (92 %)~ m.p. 

95-101°. Recrystallization from ethylacetate-:-petroleum ether mixtures 

gave, after drying under vacuum, white crystals, m.p., 95-97°. (Repor­

ted,70 m.p., 103-104°}. 2,4-Dinitrophenylhydrazone, m.p., 166-167° 

(reported, 70 m.p., 167-168°). I.R. (# 119 1 CHCl ): 3000 cm1 (broad, 
3 

acid OH); 1710, 1745 c::ril1 (0=0, acid and ketone}. N.m.r. (# 119, COCl I 
3 

TMS, T-60): o = 10.3 (broads., lH, COOH); o = 3.4-1.6 (m., 9H). 

6-Ethllenedio~biS[clo{2.2.l.}he~-endo-2-carbinol (63) 

The above ketoacid 62 (32.3 g, 0.21 rrole) was dissolved in 

l:enzene (300 ml, previuosly distilled from lithium aluminium hydride). 

Ethylene glycol (100 ml, freshly distilled) and p-toluenesulfonic acid 

(1 g) were added and the mixture was refluxed for ca. 20 hours with a 

Dean-Stark water separator. After cooling, the layers were separated. 

The ethylene glycol layer was extracted with l:enze~e (20 ml). The 

ethylene glycol layer was then diluted with sodium bicarbonate (sat., 

100 ml) and was extracted with methylene chloride (3 x 75 ml). The 

extracts were washed with water (50 ml) and dried (MgSO ) • 
)~ 

The canbined organic layers were evaporated to 45.5 g of oil. 

I.R. (# 120, neat}: 3500 c::ril1 (OH}; 1750, 1200 cril1 (ester). N.m.r. 

(# 139 1 COCl /TMS, T-60): o ~ 4.2 (m., 2H); o = 3.7 (m., 4H); o = 2.7 
3 

(broad s., lH). These data suggest that esterification, as well as 



ketalization occured to give ketalester ~· Without purification the 

carpound was reduced. 

All glassware was oven dried l:::efore use, and the ether was 

distilled from lithium aluminium hydride. 

The above oil (45 g) was dissolved in ether (300 ml) and was 

added to lithium aluminium hydride (10 g) in ether (200 ml) , over a 

period of 2 hours. The mixture was then refluxed overnight. After 

cooling, sodium hydroxide (10 %, 10 ml) , and water (10 ml) were added 
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and the mixture was stirred for 6 hours at roan temperature. Filtration 

of the inorganic salts, and evaporation of solvent gave 36.1 g (93 %) of 

oil. Distillation of this oil under reduced pressure gave a colourless 

liquid. I.R. (# 122, neat): 3500 am1 (OH); no absorption around 1700 

cm-1. N.m.r. (# 141, CCl /TMS, T-60): 8 = 3.8 (d., 4H, ketal); 
4 

o = 3. 7 (m. 1 5H, OH, CH OH, CH CH OH). Purification by preparative 
- -2 - 2 

v.p.c. (# 307, 20% SE-30, 5', 150°), followed by bulb to bulb distilla-

tion, gave an analytical sanple: 

Acetl_lation 

Found 
Calculated: 

c 
65717 % 
65.17 % 

H 
8:-92 % 
8.76% 

The above alcohol 63 (12 g, 78 mnoles) was dissolved in pyridine 

(40 ml) and acetic anhydride (20 ml). The solution was left standing at 

roan terrperature for ca. 20 hours. The solution was then diluted to 

400 ml with ice-water, and was extracted with ether (3 x 100 ml) • The 

ether solution was washed with water· (80 ml), dilute hydrochloric acid 

(5 %, 2 x 80 ml), water (80 ml), bicarbonate (80 ml), and finally, water 



again (80 ml). After drying (MgSO ) , evaporation of solvent gave 
4 

D. 9 g (81 %) of oil. I.R •. (# 141, neat): no absorption around 

3500 cm1
; 1745 cm1 (acetate). N.m.r. (# 156, eel /I'MS, T-60): 

4 

o = 4.2 (m., 2H, CH OAc); o- 3.8 (m., 4H, ketal); o = 2.0 (s., 3H 1 -z 
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acetate). Purification by preparative v.p.c. (# 306, 20% SE-30, 10' 1 

180°) , follov.Bd by bulb to bulb distillation gave an analytical sarrple: 

Found 
calculated: 

6-~thy lenenorca:rs2hor (31) 

e 
63772 % 
63.70% 

H 
8'7"16 % 
8.02 % 

A glass column, packed with glass helices, was placed vertical­

ly in a pyrolysis oven heated at 450-500°. A flow of nitrogen (1 ml 

min:-1
) was maintained throughout the exp=rirrent to entrain the prcxiucts. 

6-Ethylenedioxybicyclo{2.2.l.}hept-endo-2-carbinyl acetate (64) was 

added very slowly dr~ise (ca. 3 drops :per 5 minutes) to the packed 

column. The products of the reaction were trapped at the end of the 

column in a flask in a dry-ice-acetone bath. After the addition to the 

column is completed the flask was warrred to --roan temperature and the 

content was dissolved in ether. The ether solution was washed with 

bicarbonate (sat.) and dried (MgSO ) • Evaporation of solvent, and 
4 

distillation gave in ca. 5% yield, the ethylene ketal of 6-ITBthylene-

norcarrphor. The balance of the reaction mixture was starting material 

which could be recycled. 

(d. , 2H. ITBthylene group) ; 

N.m.r. (# 160, CCl /TMS, T-60): 
4 

o = 3.9 (narrow m., 4H, ketal); 

0 = 4.7 

0 = 2.5 

(broad s. 1 lH, bridgehead); o = 2.3 (m. 1 lH, bridgehead). M.s. (# 

3 26) : m::>lecular ion at We = 166 in accordance with the m::>lecular 
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weight of this carpound. 

Without purification, the COI'C'pOUlld was hydrolysed to the 

ketone. In a typical experirrent, the ketal (200 mg) was added to water 

(7 ml) containing one drop of concentrated hydrochloric acid. The 

mixture was stirred at roan terrq;x=rature f_or 2 hours. Solvent extrac-

tion and purification by preparative v.p.c. (# 297, 10 % UKCN, 10' 1 . 

155-160°) gave' a colourless liquid. N.m.r. (# 162, CCl /TMS, T-60): 
4 

o = 5.05 (d. of t., 2Hr I'!'ethylene group); o = 3.05 (s., LB, C H); 
1-

o = 2.80 (unresolved m., lH, C H); o = 2.6-1.6 (m., 6H). I.R. (# 142, 
4~ 

CCl ) : 3490 cm1 (w. I overtone of carbonyl); 3080 an1 (CH, olefin) ; 
4 

1750 an1 (C=O) i 1650 cm1 (C=C) i 890 an1 (G=C) • Bulb to bulb distilla-

tion of a sarrple gave an analytical sarrple: 

Found 
Calculated: 

c 
78757 % 
78.65 % 

H 
8743 % 
8.25 % 

13. Pre12:3:ration of 6-ethylenedio~-exo-norborneol (Schel'!'e II-8) 

Norbornenol 

Norbornenyl acetate was obtained frc:m N.H. Werstiuk, and was 

better than 95% pure (v.p.c. # 238, 5% SE-30, 10', 135°, r.t. 2.9 

min.) • All glassware was oven dried before use, and the ether was 

distilled from lithium alumini~ hydride. 

Norbornenyl acetate (40 g, 0.26 rrole) was dissolved in ether 

(200 ml) , and was added over a period of 2! hours, to a slurry of 

lithium aluminium hydride (10 g) in ether (1 Z.). The mixture wa.s then 

refluxed for 3 hours with magnetic stirring. After cooling the mixture 

in an ice-water bath, scrlium hydroxide (10 %, 15 ml), follc:Med by water 
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(15 ml) , and again sodium hydroxide (10 %, 15 ml) , were slowly added. 

'Ihe mixture was then stirred for two hours at room terriferature. The 

white precipitate was then filtered, and the ether was removed by 

distillation through a column packed with glass helices. 'lllere resul-

ted 28 g (97 %) of norbornenol. V.p.c. analysis (# 238, 5 % EE-30, 

10' , 135°) sho\\ed the norrornenol (r. t. 1. 8 min.) to be better than 

95 % pure. N .m.r. (# 107, CCl /T MS, T -60): o = 6.1 (m., 2-1 1 olefin)~ 
4 

o = 4.4 (m., I-I, C HGI)~ o = 2.8 (2 unresolved peaks, 2-I, bridgeheads). 
2 

I.R. {# 97, CC14 ) : 3650, 3525 cm1 (C-H olefin); 1600 cm1 {C=C). 

PreP:3:Eation of aluminium t-butoxide 1 9 8 

Aluminium foil {64 g, 2.37 moles), t-butanol {254 ml, 2.7 moles), 

aluminium i-propoxide (Eastern Chemical Co., 7 g) v.ere placed in a 2 Z. 

flask, fitted with a condenser and a drying tube. The mixture was 

heated to boiling on the steam bath, and rrercuric chloride (0.4 g) was 

added. The mixture was then stirred vigorously, and then heated on the 

steam bath for H hour. t-Butanol (309 ml, 3.3 moles) and l::enzene 

(200 ml, previously distilled from lithium aluminium hydride) v.ere then 

added. After heating for a few minutes on the steam bath, the reaction 

flask was set aside for 2 hours. It was then refluxed on the steam bath 

for 19 hours. 

The l:enzene and the unreacted t-butanol were then removed by 

distillation, getting the last traces with the aspirator pump. Dry 

ether (1 Z ., previously distilled from lithium aluminium hydride) was 

added, and the aluminium t-butoxide was dissolved by refluxing over the 

steam bath for a few minutes. After cooling, wet ether (35 ml) was 
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added. After standing for H hour, the mixture was centrifuged for 30 

minutes at 1700 r.p.m. Wet ether was added again, and after standing 

for 2 hours, the mixture was centrifuged again. Evaporation of solvent 

gave 292 g (60 %) of a grayish solid. 

Dehydronorc~hor199 

Norbornenol (20 g, 0.18 mole) and p-benzoquinone (101 g, 0.94 

mole) were dissolved in benzene (2. 6 l.); 0. 8 l. of the benzene was 

distilled fran the reaction mixture. After cooling, aluminium t-butox-

ide (34.6 g, 0.14 mole) dissolved in benzene (300 ml, previously distil-

led from lithium aluminium hydride) was added to the magnetically 

stirred solution over a period of several hours. After stirring for 6 

days at roan terrperature, water ( 10 ml) was added and the mixture was 

wa:med on the steam bath. It was then filtered through a coa.rse porosi-

ty cintered glass funnel. The solution was then washed several tirres 

with sodium hydroxide (5 %) until clear, then with water. After drying 

(MgSO ) , the solution was distilled through a vacuum jacketed Vigreux 
'+ 

colunm, using biphenyl (3 g) as a chaser, to yield 13.8 g (70 %) of 

dehydronorcamphor: b.p., 97-98°(91 mm). V.p.c. analysis (# 240b, 10% 

Carbowax, 10', 130°) showed the product to be ca. 95 % pure (r.t. 4.1 

min.). N.m.r. (# 108, CCl /TMS, T-60): o = 6.3 (m., 2H, olefin); 
'+ 

o- 3.1 (m., lH bridgehead); o = 2.8 (m., lH, bridgehead); o = 1.7-

2.4 (m. 1 4H). I.R. (# 114, neat): 3075 cm1 (w., CH, olefin); 1750 

anl (G..o) • 

Dehydronorc~hor eth:lleneketal71 

Dehydronorcamphor (13 g, 0.12 mole) was dissolved in benzene 



(200 ml 1 previously distilled from lithium aluminium hydride) and 

p-toluenesulfonic acid (0,65 g) and ethylene glycol (150 ml 1 freshly 

distilled) were added, The mixture was refluxed for 14 hours with 

rragnetic stirring and with a Dean-Stark water separator. The solution 

was then quenched with bicarbonate (sat. 1 100 ml). After drying 

(MgSO ) 1 most of the renzene was rerroved by distillation through a 
It 

Vigreux column. The resulting benzene solution contained 16 g (88 %) 
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of ketal (as determined by n,m.r, 1 #111). V.p.c. analysis (# 241,.10% 

earbowax, 10', 135°) indicated the dehydronorcamphor ethyleneketal 

(r.t. 4,8 min,) to re letter than 95 % pure. eOITq?lete rercoval of the 

renzene gave a sample having the following spectra: n. m. r. ( # 112, 

eel /TMS, T-60): o = 6,2 (m,, 2H, olefin); o = 3,8 (s., 4H, ketal); 
It 

o = 2,65 (broads., lH, bridgehead); o = 2,50 (broads., lH, bridge­

head), I.R. (# 99, neat): 3060 an1 (eH, olefin); no absorption 

around 1750 cm1
• 

Pre~ration of ~rbenzoic.acid200 

Sodium peroxide (24 g, 0,31 rrole) was slowly added to ice-cold 

water (405 ml) such that the temperature did not reach 10°, The suspen-

ded solids v.ere then filtered through a fine porosity fritted glass furu-

nel, keeping the filtrate in an ice bath to keep cool. The filtrate 

was then placed in a 3 l, reaker, and was stirred rragnetically; the 

reaker was kept in an ice·water bath, Ethanol (95 %, 540 ml) was then 

added, follov.ed by a solution of MgSO , 7H 0 0 .. 5 g, in 20 ml of water), 
It 2 

such that the ternperature did not reach 10°. Benzoyl chloride (34, 8 ml, 

0. 3 0 rrole) was then added dropwise over a period of 45 minutes, keeping 

the ternperature relow 8°, After filtration through a coo.rse J?OrDSity 



fri tta:l glass f\.Umel, the solution was acidified. with sulfuric acid 

(20 %) , always keeping the tetpera~e below 10°. The solution was 

then extracted. 5 times with benzene using a total volume of 1 Z. The 

benzene was dried. (MgSO ) and was stored. in the refrigerator. Yield: 
4 

25 g (65 %) , as determined by iod.imetric titration. 

Exo-2,3-epoxy-5-ethylenedioxybic~clo{2.2.l.}heptane71 
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'!he alxwe.ene-ketal (13.2 g, 87 mrroles) was added. to a solution of 

perbenzoic acid (19 g, 125 rmoles) in benzene (800 ml). The solution 

was kept in the refrig&ator (ca. 5°) for 4 days. The benzene solution 

was then washed with sodium hydroxide (5 %, 3 x 100 ml) , and water 

(100 ml) • After <h:ying (Na SO ) , evaporation of solvent gave 14 .0 g 
2 4 

(96 %) of epoxyketal. N.m.r. (#126, CCl /C H /'Il'1S, T-60): o = 3.68 
4 6 6 

(s., 4H, ketal); o = 3.18 (m.,-2H, endo-2,3-H); o = 2.3 (m., 2H, 

bridgeheads); o = 1.8-1.0 (m., 4H). I.R. (#115, neat): 1085, 855, 

ns an1
• 

6-Ethylenedi~bicyclo{2. 2 .1. }heptan-exo-2-ol (67)11 

The above epoxyketal (14.0 g, 83 mrroles) was addEd to a slurry 

of lithium aluminium' hydride (3.0 g) in N-ethylmorpholine (150 ml, 

previously distilled from lithium aluminium hydride) , and the mixture 

was heated. with magnetic stirring, for 6 days at ll0-115°. After cooling 

in ice, sodium hydroxide (10 %, 5 ml) , followEd by water (5 ml) , were 

slowly addal with stirring. Filtration of the inorganic salts follc:Med 

by distillation through a 4 11 vacuum jacketEd Vigreux colu:nn gave 4.4 g 

(32 %) of alcohol~; b.p., 140° (2 mm). V.p.c. analysis (# 271, 5% 

SE-30, 5', 150°) showEd the compound to be better than 98 % pure 



(r.t. 4.4 min.). N.m.r. (# 127, CCl /TMS, T-60): c = 4.13 (d., lH, 
4 

endo-c H); c = 3.8 (s., 4H, ketal); c = 3.6 (s., lH, OH); c = 2.25 
2 

(m., lH, bridgehead); c = 2.05 {m.,·lH, bridgehead); c = 2.0-1.2 {m., 

6H). I.R. {# 108, neat): 3600-3500 crn1 {OH); 1075, -955, 840 an1
• 

14. RearrangEment of ketalalcohol 68 to chloroester 69 

6-EthJ::lene:lio~-2-exo-met...~:(l-endo-norl:x>rn~l {68) 2 0 2 

Magnesium metal {220 :rrg, 10 nmoles) and methyl iodide {freshly 

distille::l, 1.4 g, 10 nmoles) in ether (ca. 5 rnl) were stirred at rocm 

tarperature for a feN minutes. Ketoketal 67 {500 rrg, 2. 7 nmoles) was 

sl<:Mly adde::l, and the mixture was stirre::l at room tEmperature for 24 

hours. It was then adde::l to crushed-ice (ca. 2 rnl) and the aqueous 

solution was extracte::l with ether (2 x 10 rnl) • The ·ccmbine::l ether 

extracts were washed with water, drie::l (MgSO ) , and evaporated, ~e 
. 4 

resulted 440 rng of oil (81 %) • V .p.c. analysis (# 276, 10 % Carb<:Max, 

10', 190°): ketalrnethylalcohol 68 (r.t. 5.8 min.), ca. 80% pure. 

N.m.r. {# 133, CCl /TMS, T-60): c = 4,40 {s., lH, OH); c = 3.9 {m., 
4 

4H, ketal); c = 1.18 {s., 3H, methyl group). I.R. (# 116, CCl ) : 
4 
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3500 an1 (OH); absorption at 1750. cm1 had alrrost compleUy disappearErl. 

Dehydration2 0 2 of alcohol 68 

The above alcohol {440 :rrg, 2.4 nmoles) was dissolved in pyridine 

(4 rnl), and phosphoryl chloride (1.4 rnl) was added. The solution was 

stirrErl at 40-50° for one hour. It was then cooled in ice and water 

(0 .5 rnl) was slowly adde::l. Sodium hydroxide (10 %, 30 rnl) was then added 

and the mixture was extracted with ether (2 x 20 rnl). The ether extracts 
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were washed with dilute acid (10 rnl) until acid, sodium hydroxide (5 %, 

10 rnl) , and water (10 ml) • After drying (MgS04 ), evafX)ration of sol-

vent gave a mixture of canpounds. V.p.c. analysis (# 277, 10 %Carbo­

wax, 10', 190°): chloroester 69 (r.t. 4.6 min., ca. 60 %) • Purifica­

tion by preparative v .p .c. ( # 278, 20 % SE-30, 10', 195°) gave a sarrq:>le 

having the follc:Ming spe:::tra: n.m.r. (# 135, CCl'+/I'MS, T-60): 6 = 5.20 

(broads., lH, olefin); 6=4.28 (t., 2H, C!!_zCl); 6=3.60 (t., 2H, 

OCHz); o = 1. 70 (broad s., 3H, methyl group); 6 = 2.8-1.8 (m., 8H). 

I.R. (# 117, eel'+): 3050 ari1 (CH, olefin); 1750 cm1 (C=O, eSter); 

1650 err? (C=C). H.S. (# 303): parent peak at M/e = 202 and 204 in 

accord with the rrole:::ular weight of 69; M/e = 123, loss of ClCHzCHzO·; 

M/ e = 10 7, further loss of CO. 



IV. APPENDICES 
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A. GENERAL 

This section lists the kinetic data for all the exchange reac-

tions, treated on a pseudo-first-order basis. The second-order rate 

constant was obtained by dividing the pseudo-first-order constant by 

the base concentration. In the tables relow (Section C) , log f (c) is 

defined as follows: 

100 - d 0 00 

eq. 13 
100 - d 0 - d1 

00 

f 2 (c) eq. 14 
100 - do - dz 

00 

eq. 15 

where d 0 = % of d 0 species at infinite tine. 
00 

d = % of d species at tine t. 
X X 

The rate constants found for norbornane-2,5-dione was divided 

by 2 for statistical correction. 

Slopes and standard deviations v.ere obtained using a computer 

program for the CDC 7040. The program is included in Section IV-

App::!ndix D. 
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B. CAI.CUI.ATION OF THE ERROR 

The results listed in Section-IV, Appendix c relow, quotes 

an error in the :rreasurerrents made. This was found as follows: 

The standard deviation of the slope was taken as the error 

in the slope. 

2) NaOD concentration 

a) Error in standard HCl solutions 

The HCl solution used was D.D.H. Standard Solution of normality 

1.00 ± 0.0 1. The following dilutions w=re made: 

O.lN 10 ml diluted to 100 ml 

0.5N 25 ml diluted to 50 ml 

0.05N 5 ml diluted to 100 ml 

Errors in volu:rretric equipment were taken as the permissible 

deviations given in Ref. 203. Below, the symbols "6" will denote the 

relative error and "6" the absolute error. The dilution fonnula is 

eq. 16 

then, 

eq. 17 



Typically, for 

N 
X 

O.lN 

V1 10.00 ± 0.02 ml 

v 100.00 ± o.oa ml 
X 

then 

o No 1 [( ~: ~~ X 100) 
2 

+ (0i~2 X 100) 
2 

+ (0i~~ X 100) 
2 ]! 

1.02 % 

Table IV-1 surmnarizes the error in the standard HCl solutions. 

Below, the error will l::e taken as ± 1. 0 %. 

The formula used to calculate the final NaOD concentration was 

(Titer) NHCl 

v 
NaOD, S 

v 
T 

eq. 18 

Each term is explained l::elow together with its error. Total error in 

NNaOD was found as usual. 

v 
NaOD, S 

Volurre of NaOD solution used for standardization. Volu-

netric pi~ttes 'IM8re used (1.00 or 2.00 ml) and the error 

was± 0.006. 203 

NHCl Normality of the standard HCl solution. Error was taken 

as± 1.0 % (vide supra). 
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Table IV-1 

Error in the Nonnality of the Standard HCl Solutions Used 

1.00 

0.100 

o.soo 

o.osoo 

1.00 % 

1.02 % 

1.01 % 

1.02 % 
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Volurre of standardized NaOD solution used in kinetic runs. A 

rreasuring pipette was used and the error was ± 0. 01. 

VT Total volurre of the final reacting solution. The reaction was 

carried out in a standard flask, usually 2.00 ± 0.01 rnl 

Titer A 5 rnl micro-burette was used and the error was ± 0. 02 rnl. 2 0 3 
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C. KINETIC DATA 

1) Norcarnphor, exo ( 13 ) 

Run 1 

Tine (min.) M.S. # 

o.o 143 
3.2 144 
6.0 145 

12.5 146 
20.0 147 
30.0 148 

00 149 

v.p.c. # 
ketone cone. (rrolar) 
NaOD cone. (molar) 
slope (min; 1 ) 

standard deviation 
intercept 
standard deviation 
k ( l rrole-1 sec -l) 
exo • • 

% do 

100.0 
93.5 
87.7 
77.2 
63.1 
50.0 

8.2 

194 
0.320 

o.o 
6.5 

12.3 
22.8 
36.9 
50.0 
91.8 

(1.22 ± 0.05) X 10-2 

1.14 X 10-2 

2.64 X 10- 4 

-6.90 X 10- 3 

2. 67 X 10 -3 

(3. 58 ± 0.16) X 10 -2 

202 

log f1 (c) 

o.o o.ooo 
o.o 0.029 
o.o 0.069 
o.o 0.124 
o.o 0.223 
o.o 0.342 
o.o 



Run 2 

Tine (min.) M.S. # 

o.o 143 
3.0 154 
9.0 155 

20.0 156 
36.0 157 
50.0 158 

00 159 

v.p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (min. -1) 

standard deviation 
intercept 
standard deviation 
k (Z.. rrole-1sec.-1 ) 
exo 

Averages Run 1 and Run 2 

deviation 
average error 

100.0 
88.8 
75.2 
51.6 
32.0 
20.7 
2.9 

197 
0.358 

o.o 
11.8 
24.8 
48.4 
68.0 
79.3 
97.1 

(1.36 ± 0. 05) X 10 -2 

1.47 X 10-2 

1.3 x 10- 4 

2.05 X 10-3 

2.43 X 10-3 

(4.12 ± 0.15) X 10-2 

3. 85 X 10-2 

0.27 X 10-2 (7.0 %) 
0 • 16 X 10 -2 ( 4 .l % ) 

203 

log f 1 (c) 

o.o o.ooo 
o.o 0.053 
o.o 0.127 
o.o 0.299 
o.o 0.525 
o.o 0.737 
o.o 



2) Norcarnphor, endo (13) 

Run 1 

Tine (hrs) M.S. # 

o.o 281 
5.5 282 

13.0 285 
22.2 286 
34.8 287 
47.0 291 

do 
00 

v.p.c. # 
ketone cone. (molar) 
NaOO cone. (molar) 
slor:e (hr -l ) 

standard deviation 
intercept 
standard deviation 
kendo (Z. mole1sec;1

) 

log f
2 

(c) 

100.0 o.o o.o o.ooo 
1.3 86.5 12.1 0.057 
1.1 73.4 25.6 0.130 
1.0 59.4 39.4 0.221 
1.3 44.7 54.0 0.344 
1.6 34.0 64.4 0.459 

average of 1.3; 1.1; 1.0; 1.3; 1.6. 
266 
0.231 
0.104 ± 0.004 
9. 77 X 10 -3 

5.49 X 10 -s 
2.42xl0-3 

a. 99 x 10-4 

(6.06 ± 0.22) x 10 -s 
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Run 2 

Tine {hrs) M.S. # 

o.o 293 
6.5 294 

15.5 295 
27.0 296 
38.8 297 
53.8 298 
72.0 299 

do 00 

v .p.c. # 
ketone cone. {molar) 
NaOD cone. {molar) 
slope {hr -1 ) 

standard deviation 
interrept 
standard deviation 
kendo (Z. mole1 sec.-1

) 

Avera5l.es Run 1 and Run 2 

deviation 
average error 

100.0 o.o o.o 
8.8 77.7 D.4 
3.7 66.2 30.0 
4.6 50.7 44.7 
1.6 39.3 59.1 
1.8 27.7 70.3 
2.2 19.4 78.4 

average of 1.6; 1.8; 2.2. 
267 
0.198 
0.109 ± 0.004 
9. 86 X 10-3 

0.19 X 10-3 

4.31 X 10- 3 

4.59 X 10 -3 

{5. 79 ± 0.23) X 10-5 

5.90 X 10- 5 

0.11 X 10- 5 

0.22 X 10-5 
{1. 9 %) 
(3. 7 %) 

205 

log f 2 {c) 

o.ooo 
0.064 
0.159 
0.265 
0.401 
0.548 
0.698 
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3) Norbornane-2,5-dione, endo (27) 

£hans.e _ ~ base_ con_se~t.E,ati_£n 

A NaOD solution was made by ·dissolving ca. 9.5 mg of sodium in 

8 ml D20. The solution was equilibrated for one hour in the constant 

ternp:!rature bath at 25 • Norbornane-2,5-dione (73 .2 mg) was dissolved 

in 1. 8 ml dioxane and placed in a 3 • 0 ml volurretric flask. The solution 

was eqililibrated at 25 ° for one hour. Then 0. 9 ml of base was added to 

the dioxane solution, and the solution was diluted with D20 (equilibra­

ted at 25°) to 3.0 ml. A 1.0 ml aliquot was imrediatly rerroved 

(t = 0 min.) and titrated. Other aliquots \\ere reiiDved and titrated at 

t = 30 min. and at t = 60 min. The results are shown in the table 

below: 

t (min.) Aliquot (ml) Titer (ml) Titer for 1 ml 
aliquot (ml) 

0 
30 
60 

1.0 
o.s 
1.0 

* % Change in base cone. 

0.826 
0.314 
0.404 

0.826 
0.628 
0.408 

0.826 - (titer)t = t 

0.826 

% Change in 
base cone.* 

0 
24 
51 

eq.l7 



The results are shCMn in graphical fonn in Fig. III -1. A 

blank run was made using 1. 8 rnl dioxane 1 0. 9 ml base and diluting the 

solution to 3. 0 ml. The titer at t = 0 was o. 857 ml and that at 

t = 60 min. was 0. 828 1 showing no significant change in the base 

concentration. 

Corrections in deuterium concentration were made as discussed 

in the EXPERIMENTAL using the following fonrula: 

corrected % (d 3 + d '+ ) (d 3 + d 4 ) (100 t- % change in base) 
100 

eq. 18 

207 



208 

3) Norbornane-2, 5-dione, endo ('};!_) 

Run 1 

Tine (min.) M.s. # % do 

o.o 274 100.0 o.o o.o o.o o.o 
1.0 275 5.2 4.2 85.2 5.2 o.o 
5.0 276 3.2 4.6 65.7 24.8 1.8 

11.0 277 5.4 5.4 45.9 34.8 8.5 
20.0 278 3.0 4.0 33.0 43.0 17.1 
40.0 279 2.2 3.4 18.5 44.1 31.8 
60.0 280 2.3 3.5 14.8 37.8 41.6 

Tine (min.) % change in 
base cone. 

Corrected 
% (d3 + dlf) 

log f 3 (c) 

o.o o.o 
1.0 5.2 
5.0 26.6 

11.0 43.3 
20.0 60.1 

do 
00 

d1
00 

v.p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (min. -1 ) 

standard deviation 
intercept 
standard deviation 
kendo (stastistically corrected 

o.o 
0.5 
4.0 
9.4 

16.8 

o.o o.ooo 
5.2 0.024 

27.6 0.146 
47.4 0.292 
70.2 0.560 

av. of 3.2; 5.4; 3.0; 2.2; 2.3. 
av. of 4.6; 5.4; 4.0; 3.4; 3.5. 
263 
0.203 
(1.58 ± 0.05 5 ) x 10- 2 

2.78 X 10-2 

0.056 X 10-2 

-1.54 X 10-3 

4.17 X 10 -If 

(3 .38 ± 0. D) x 10-2 l. mol.e1 sec.-1 



Run 2 

Tirre (min.) 

o.o 
1.0 
4.0 
8.0 

15.0 
22.0 

T irre (min. ) 

o.o 
1.0 
4.0 
8.0 

15.0 
22.0 

dooo 
d1

00 

v .p.c. # 

M.s. # 

274 
283 
284 
288 
289 
290 

o.o 
5.3 

19.8 
33.0 
48.7 
57.6 

ketone cone. (molar) 
NaOD cone. (molar) 
slope (min. -l) 
standard deviation 
intercept 
standard deviation 

209 

% do 

100.0 o.o o.o o.o o.o 
3.7 5.1 86.0 5.3 o.o 
2.9 5.1 72.1 18.6 1.2 
3.6 5.8 57.6 29.4 3.6 
2.9 5.6 42.9 39.6 9.1 
3.0 6.2 33.2 43.2 14.4 

% change in 
base cone. 

Corrected 
% (d3 + d4) 

log f 3 (c) 

o.o 0.3 
0.5 5.3 
3.2 20.4 
6.6 35.2 

12.6 54.7 
18.4 68.2 

av. of 2.9; 3.6; 2.9; 3.0. 
av. of 5.1; 5.8; 5.6; 6.2. 
265 
0.204 
(1.27 ± 0.04) X 10-2 

2.46 X 10-2 

0.012 X 10-2 
1. 74 X 10-3 

9. 77 X 10-4 

o.ooo 
0.025 
0.104 
0.199 
0.369 
0.543 

kendo (statistically cor~ected) (3.71 ± 0.13) x 10-2 (Z.. mole1sec.-1
) 



Averag;:s Run 1 and Run 2 

deviation 
average error 

3.54 X 10- 2 

0.16 X 10-2 

0.13 X 10-2 
(4.5 %) 
(3. 7 %) 

210 



4) 5-Methylenenorcarrphor, exo (30) 

Run 1 

TinE (min.) M.s. # 

o.o 244 
3.0 245 
8.0 246 

15.0 247 
25.0 248 

00 249 

v.p.c-. # 
ketone cone. (molar) 
NaOO cone. (molar) 
slope (min. - 1

) 

standard deviation 
intercept 
standard deviation 
kexo (7. mole1 sec.-1

) 

% do 

100.0 
62.5 
30.0 
10.5 
3.0 
1.0 

255 
0.196 

o.o 
37.5 
70.0 
89.5 
97.0 
97.4 

(7.63 ± 0.28) X 10"3 

6.78 X 10"2 

0.025 X 10-2 

-1.32 X 10 "2 

2. 21 X 10-2 

(3.41 ± 0.13) X 10-1 

211 

log f1 (c) 

o.o o.ooo 
o.o 0.206 
o.o 0.534 
o.o 1.017 
o.o 1.696 
1.6 



Run 2 

Tine (min.) M.S. # 

o.o 244 
3.1 250 
6.0 251 

12.0 252 
20.0 253 
30.0 254 

00 255 

v.p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slo:J:B (min: 1 

) 

standard deviation 
intercept 
standard deviation 
k ( Z. rrole1sec.-1

) 
exo 

Averages Run 1 and Run 2 

k {Z. mole1 sec.-1
) 

exo 

deviation 
average error 

100.0 
62.3 
42.2 
18.8 
7.1 
2.7 
1.1 

256 
0.212 

o.o 
37.7 
57.8 
81.2 
92.8 
97.3 
97.2 

. (6.66 ± 0~26) X 10 3 
5 • 94 X 10 -2 

0.053 X 10-2 

1.72xl0-3 

5.53 X 10-3 

(3.42 ± 0.14) X 10-1 

3.42 X 10-1 

0.01 X 10- 1 

0.14 X 10- 1 
(0.3 %) 
(4.0 %) 

212 

log f 1 (c) 

o.o o.ooo 
o.o 0.208 
o.o 0.373 
o.o 0.747 
0.0 1.210 
o.o 1. 791 
1.7 



5) 5-.M=thylenenorcamphor, endo (lQ_) 

Run 1 

T.inB (hrs) M.s. # 

o.o 256 
5.5 257 

12.0 258 
15.5 259 
26.0 260 
39.0 261 

v.p.c.· # 
do 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (min.- 1 ) 

standard deviation 
intercept 
standard deviation 
k d ( z. rnole 1 sec.-1

) en o 

% do log f2 {c) 

100.0 o.o o.o 
1.4 74.4 24.3 
2.6 50.8 46.6 
1.6 44.8 53.6 
1.4 27.8 70.6 
1.1 16.5 82.5 

257 
av. of 1.4; 2.6; 1.6; 1.4; 1.1. 
0.204 
0.106 ± 0.004 
2.02 X 10- 2 

o.o51 x 10-2 

1. 72 X 10-2 

6.56 X 10-3 

(1.22 ± 0.06) X 10- 4 

o.ooo 
0.123 
0.279 
0.340 
0.549 
o. 791 
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Run 2 

Tine (hrs) M.S. # 

o.o 262 
5.0 263 

11.5 264 
22.5 265 
28.5 266 
35.0 267 
46.8 268 

do
00 

v .p.c. # 
ketone cone. (molar) 
NaOD cone, (molar) 
slope (min: 1 ) 

standard deviation 
intercept 
standard deviation 
k d ( l. mole1 sec .-1

) en o 

Averages Run 1 and RLm 2 

k d (l. mole1 sec.~) en o 

deviation 
average error 

% do log f2 (c) 

100.0 o.o o.o o.ooo 
1.1 75.7 23.1 0.114 
0.8 55.2 43.9 0.255 
1.4 32.2 66.5 0.486 
1.0 22.2 76.8 0.652 
1.1 18.1 80.8 o. 740 
1.1 11.9 87.1 0.927 

av. of 1.1; 0.8; 1.4; 1.0; 1.1; 1.1. 
258 
0.226 
0.104 ± 0.004 
2.03 X 10-2 

0.078 X 10- 2 

2.07 X 10-2 

1.22 X 10-2 

(1.25 ± 0.06) X 10-4 

0.02 X 10- 4 

0.06 X 10-4 
(1.6 %) 
(5. 0 %) 
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6) 6 1 6-Dinethyl-2-norbomanone, exo (~) 

Run 1 

Tine (min.) M.s. # 

o.o 182 
5.0 189 

15.0 190 
30.0 191 
60.0 192 

120.0 193 
00 194 

v.p.c. # 
ketone cone. (molar) 
NaOO cone. (molar) 
slope (min .-1 

) 

standard deviation 
intercept 
standard deviation 
k (l. mole"1 see.-1

) 
exo 

100.0 
85.5 
61.5 
39.2 
16.1 
3.7 
2.0 

211 
0.258 

o.o 
14.6 
38.4 
60.8 
83.9 
96.2 
96.1 

0.0359 ± 0.0016 
1.44 X 10-2 

0.01 X 10-2 

-5.80 X 10-3 

4.65 X 10-3 

(1.54 ± 0. 07) X 10-2 

215 

log f1 (c) 

o.o o.ooo 
o.o 0.070 
o.o 0.215 
o.o 0.422 
o.o 0.842 
o.o 1. 736 
1.9 



Run 2 

Tirre (min.) M.s. # 

o.o 182 
5.0 195 

15.0 196 
30.0 197 
60.0 198 

00 200 

v.p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (min: 1 ) 

standard deviation 
intercept 
standard deviation 
k (Z.. mol.e1 sec.-1

) exo 

Avera9_§=s Run 1 and Run 2 

kexo ( Z.. mole-1 sec. -l ) 

deviation 
average error 

100.0 o.o 
84.9 15.1 
60.4 39.6 
36.6 63.4 
13.8 86.3 

2.7 94.6 

212 
o. 236 < 

0.0347 ± 0.0015 
1.58 X 10-2 

O.OlG X 10-2 

-6.65 X 10- 3 

3.42 X 10-3 

(1.75 ± 0.08) X 10-2 

1.64 X 10-2 

0.10 X 10-2 

0. 08 X 10-2 
(6.1 %) 
(4.9 %) 

216 

log f 1 (c) 

o.o o.ooo 
o.o 0.073 
o.o 0.227 
o.o 0.458 
o.o 0.947 
2.5 



7) 6 ,6-D.irrethyl-2-norbornanone, endo (24) 

Run 1 

T .irre (hrs) M.S. # 

o.o 182 
10.0 201 
23.0 202 
40.0 203 
58.0 204 
80.0 205 

do~ 
v .p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (hrs 1 

) 

standard deviation 
intercept 
standard deviation 
kendo ( Z. mole1 sec.-1

) 

100.0 o.o o.o 
0.7 85.1 14.2 
0.8 69.0 30.2 
0.8 52.9 46.4 
1.0 36.4 62.5 
1.5 26.4 72.1 

av. of 0.7; 0.8; 0.8; 1.0; 1.5. 
213 
0.137 
0.167 ± 0.06 
7.01 X 10- 3 

0.16 X 10-3 

-2.26 X 10-3 

4.50 X 10-3 

(2.68 ± 0.12) X 10-s 

217 

log f 1 (c) 

o.ooo 
0.067 
0.158 
0.267 
0.422 
0.522 



Run 2 

T :irre (hrs) 

o.o 
10.0 
25.5 
39.5 
59.0 
82.5 

104.5 

do
00 

v.p.c. # 

M.S. # 

182 
207 
208 
209 
210 
211 
212 

ketone cone. (molar) 
NaOD cone. (molar) 
slope (hrs-1 ) 

standard deviation 
intercept 
standard deviation 
k d (Z.. mo1e1 sec.-1

) en o 

Averages Run 1 and . Run 2 

kendo (Z.. mo1e1sec.-1) 

deviation 
average error 

% do % d1 log f2 (c) 

100.0 o.o o.o o.ooo 
0.3 85.3 14.3 0.067 
0.4 67.3 32.4 0.168 
0.4 53.9 45.6 0.267 
0.4 39.1 60.5 0.406 
0.6 28.5 70.8 0.539 
0.6 21.0 78.5 0.676 

av. of 0.3; 0.4; 0.4; 0.4; 0.6; 0.6. 
214 
0.123 
0.162 ± 0.06 
6.50 X 10 -3 

0.10 X 10-3 

5.09 X 10-3 

3.58 X 10 -3 

(2.56 ± 0.105) x 10 -5 

2.62 X 10 -s 

0. 06 X 10 -5 
0.11 X 10 -5 

(3. 2 %) 
(4.2 %) 

218 



8) 5-0Xocarnphene, exo (29) 

Run 1 

T .irre (min. ) M.S. # 

o.o 214 
3.0 215 
8.0 216 

15.0 217 
25.0 218 
35.0 219 

00 220 

v.p.c. # 
ketone cone. (rrolar) 
NaOD cone. (molar) 
slope (min:- 1

) 

standard deviation 
intercept 
standard deviation 
k (Z.. rrole"1 sec.-1

) 
exo 

% do 

100.0 
75.0 
46.6 
24.2 
9.8 
4.1 
0.7 

219 
0.215 

o.o 
25.0 
53.3 
75.8 
90.2 
95.8 
96.6 

0.0122 ± 0.0005 
1.31 X 10- 2 

3.6 X 10 -S 

1.36 X 10-3 

4.41 X 10-lt 
(1.31 ± 0.05) X 10 -1 

219 

log f 1 (c) 

o.o o.ooo 
o.o 0.126 
o.o 0.334 
o.o 0.625 
o.o 1.038 
o.o 1.453 
2.7 



Run 2 

Tine (min.) M.s. # 

o.o 214 
2.0 222 
5.0 223 

10.0 224 
20.0 225 

00 227 

v.p.c. # 
ketone cone. (molar) 
NaCD cone. (molar) 
slope (min: 1 ) 

standard deviation 
intercept 
standard deviation 
k (Z. mole1 sec.-1

) 
ex a 

Averages Run 1 and Run 2 

kexa ( z. mole1 sec .-1
) 

deviation 
average error 

% do 

100.0 . 
83.8 
64.3 
41.3 
17.1 
1.0 

221 
0.218 

o.o 
16.2 
35.8 
58.7 
82.8 
98.0 

0.0111 ± 0.0004s 
3.93 x ro- 2 

5.4 X 10- 5 

-1.06 X 10- 3 

3.87 x ro-lf 
(1.35 ± 0.05s) x 10 -l 

1.33 X 10 -l 

o.o2 x ro-1 

0.05 X 10-l 
(1.5 %) 
(3. 9 %) 

220 

% dz log f1 (c) 

o.o o.ooo 
o.o 0.077 
o.o 0.195 
o.o 0.391 
o.o o. 785 
1.0 



9) 5-0xocamphene, endo (29) 

Run 1 

Tirre (hrs) M.S. # 

o.o 214 
7.5 228 

16.0 229 
25.5 230 
33.5 231 
47.0 232 

do
00 

v .p.c. # 
ketone cone. (rrolar) 
NaOD ·cone. (molar) 
slo_t:e (hrs - 1 

) 

standard deviation 
intercept 
standard deviation 
k d (Z.. rrole-1sec.-1

) 
en o 

% do 

100.0 o.o o.o 
0.4 79.0 20.6 
0.7 60.1 39.2 
0.5 45.1 54.4 
0.5 35.6 63.9 
0.7 23.4 76.0 

av. of 0.4; 0.7; 0.5; 0.5; 0.7. 
222 
0.173 
0.117 ± 0.005 
1.33 X 10- 2 

6.3 X 10-s 
1.52 X 10 -3 

9.89 X 10- 4 

(7.20 ± 0.29) x 10-5 

221 

log f 2 (c) 

o.ooo 
0.100 
0.218 
0.344 
0.447 
0.627 



Run 2 

T.ine (hrs) M.S. # 

o.o 214 
6.0 233 

13.5 234 
22.5 235 
32.5 236 
46.5 237 
58.5 238 

do
00 

v .p.c. # 
ketone cone. (molar) 
NaOO cone. (molar) 
slope (hrs-1 ) 

standard deviation 
intercept 
standard deviation 
kendo ( l. mole1 sec .-1 ) 

l".vera~s Run 1 and Run 2 

kendo (Z. rrole1 sec.-1) 

deviation 
average error 

log f 2 (c) 

100.0 o.o o.o 
o.o 83.6 16.4 
1.1 64.8 34.2 
0.3 49.9 49.8 
1.1 36.5 62.4 
0.9 23.6 75.5 
1.1 17 .o 81.9 

av. of 0.0; 1.1; 0.3; 1.1; 0.9; 1.1. 
223 
0.158 
0.107 ± 0.004 
1.31 X 10- 2 

1.4 X 10- 4 

4.33 X 10- 3 

2. 75 X 10- 3 

(7.76 ± 0.33) X 10-5 

7.48 x 10 -5 

0.28 X 10 - 5 

0.31 x 10 -5 
(3. 7 %) 
(4.1 %) 

o.ooo 
0.079 
0.184 
0.303 
0.431 
0.622 
0.759 

222 



10) 3 ,3-Dirrethyl-5-oxo-2-norbomanone, endo (26) 

~an~-~ ba~ _ CS?_n_£entrati~n 

The procedure was the sarre as that use for norbomane-2,5-

dione, described in Set of Data # 3. 3,3-Dirrethyl-5-oxo-2-norboma-

none (78.1 mg) was dissolved in dioxane (1.2 ml). NaOD (0.3 ml, 

N ~ 0.07) was added and the solution was diluted to 2.0 ml. Pesults 

of the titrations of the different aliquots with hydrochloric acid 

(O.OlOON) are shown in the table relow: 

t (min.) 

o.o 
90.0 

Aliquot (ml) 

0.5 
1.0 

Titer (ml) 

0.481 
0.798 

Titer for 1 ml 
aliquot (ml) 

0.962 
o. 798 

* Calculated using eq. 17 (Set of Data # 3). 

% Change in 
base cone.* 

0 
17 

223 



The results are shown graphically iri Fig. III-1. A blank 

nm was made using 1.2 ml dioxane, 0.3 ml NaOD and diluting the 

solution to 2.0 ml. The liter at t = 0 was 0.960 (1 ml aliquot) 

and at t = 90 min., the liter was 0.478 ml (0.5 ml aliquot, i.e. 

titer = 0. 956 ml for a 1. 0 ml aliquot) , shCMing no signif iant change 

in base concentration. 

Corrections in deuterium concentration ~re made as discussed 

in the EXPERIMENTAL Section using the following fonnula: 

corrected % d2 % d2 (100 + % change in base cone.) 
100 

eq. 19 

224 
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10) 3 ,3-Dirrethy1-5-oxo-2-norbornanone, endo (26) 

Run 1 

T.ine (:min.) M.S. # % d 0 % d 1 % d 2 % Change in Corrected log f 2 (c) 

o.o 164 100.0 
0.75 170 

10.2 171 
20.0 172 
30.0 173 
45.0 174 
60.0 175 

do00 

v .p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slq:e (:min: 1

) 

standard deviation 
intercept 
standard deviation 
k d (l. rnole-1 sec.-1

) en o 

5.4 
3.4 
2.9 
1.7 
1.5 
1.4 

base cone. % d2 

o.o o.o o.o 
92.3 2.3 0.4 
73.5 23.1 2.1 
58.4 38.7 3.7 
46.9 51.4 5.7 
33.9 64.6 8.5 
26.2 72.3 11.3 

av. of 1.7; 1.5; 1.4. 
204 
0.267 

(1.14 ± 0.05) X 10-2 

1.22 X 10-2 

1.9 X 10- 4 

-5.03 X 10-3 

3.90 X 10-3 

(3.69 ± 0.18) X 10-2 

o.o 
2.3 

23.6 
40.0 
54.3 
70.1 
80.5 

o.ooo 
0.010 
0.124 
0.226 
0.348 
0.540 
0.737 



226 

Run 2 

Titre (min.) M.S. # % d 0 % d 
1 

% d 
2 % Change in Corrected log f

2 
(c) 

base con:: • % d 2 

o.o 164 
1.0 176 

10.0 177 
20.0 178 
30.0 179 
45.0 180 
60.0 181 

do 
00 

v .p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (min.- 1 ) 

standard deviation 
intercept 
standard deviation 

100.0 
2.7 
2.4 
2.0 
1.7 
1.3 
1.5 

k d (Z. mo1e 1sec.-1
) 

en o 

Averages Run 1 and Run 2 

deviation 
average error 

o.o o.o o.o 
95.3 2.1 0.2 
77.5 20.2 1.9 
61.6 36.4 3.7 
48.1 51.1 5.8 
36.7 61.9 8.5 
29.0 69.5 11.3 

av. of 1.7; 1.3; 1.5. 
205 
0.267 
(1.08 ± 0.04) X 10-2 

1.04 X 10- 2 

3.0 X 10-'-t 
2.65 X 10-3 

6.39 X 10 -3 

( 4 • 09 ± 0 • 21) X 10 -2 

3 • 89 X 10-2 

0.20 X 10-2 

0.20 X 10-2 
(5 .1 %) 
(5 .1 %) 

o.o o.ooo 
2.1 0.009 

20.6 0.102 
37.7 0.209 
52.9 0.334 
67.1 0.497 
73.9 0.602 



11) Epiisofenchone, exo (23) 

Run 1 

Tlire M.s. # 

o.o min. 60 
2.0 min. 61 

11.0 min. 62 
30.0 min. 63 
60.0 min. 64 

105.0 min. 65 
5.01 hrs 66 

10.00 hrs 67 
20.50 hrs 68 
34.75 hrs 69 
82.00 hrs 70 

do
00 

v .p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (min; 1 ) 

standard deviation 
intercept 
standard deviation 
k ( l. mole1 sec.-1

) 
ex a 

% do % dz 

100.0 o.o o.o 
96.7 3.2 o.o 
83.6 16.5 o.o 
64.3 35.8 o.o 
43.1 56.9 o.o 
24.6 75.5 o.o 
7.4 91.1 1.5 
6.4 91.0 2.7 
6.8 87.6 5.6 
6.4 85.6 8.3 
7.8 79.6 12.6 

av. of 7.4; 6.4; 6.8; 6.4; 7.8. 
178 
0.312 
(5.35 ± 0.10) X 10-2 

6.86 X 10- 3 

0.03 X 10- 3 

3.21 X 10 -3 

1.29 X 10-3 

(9.83 ± 0.20) X 10- 3 

227 

log f1 (c) 

o.ooo 
0.017 
0.083 
0.210 
0.412 
o. 725 



Run 2 

T irre (min. ) M.s. # 

o.o 71 
s.o 77 

15.0 78 
30.0 79 
60.0 80 

100.0 81 
()() 82 

v .p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (min.-1 ) 

standard deviation 
intercept 
standard deviation 
kexo (l. mole1 sec.-1

) 

Avera9!:s Run 1 and Run 2 

deviation 
average error 

100.0 
86.4 
66.6 
42.2 
22.6 
10.5 

181 
0.307 

3.0 

o.o 
D.6 
33.4 
57.8 
77.4 
89.5 
95.3 

(4.30 ± 0.12) X 10" 2 

1.11 X 10- 2 

0.03 X 10- 2 

1. 95 X 10-2 

1.05 X 10 -2 

(9.92 ± 0.39) X 10-3 

9.88 X 10- 3 

0.05 X 10· 3 

0.30 X 10"3 
(0.5 %) 
(3. 0 %) 

228 

log f
1 

(c) 

o.o o.ooo 
o.o 0.064 
o.o 0.182 
o.o 0.394 
o.o 0.695 
o.o 1.111 
1.8 



12) Epiisofenchone, endo (23) 

Run 1 

Tirre (hrs) 

o.o 
7.0 

15.0 
37.5 

120.0 

do 00 

v.p.c. # 

M.s. # 

71 
83 
84 
85 
87 

ketone cone. (molar) 
NaOD cone. (molar) 
slope (hrs-1 ) 

standard deviation 
intercept 
standard deviation 
k d (Z.. rrole1 sec.-1

) en o 

% do 

100.0 o.o o.o 
3.0 89.1 8.0 
2.9 79.5 17.5 
2.1 60.6 37.2 
1.5 24.3 74.3 

av. of 3.0; 2.9; 2.1; 1.5. 
182 
0.204 
0.166 ± 0.005 
5.14 X 10 -3 

0. 07 X 10 -3 

5.30 X 10-3 

3.15 X 10 -3 

(1.98 ± 0.07) x 10 -s 

229 

log f 2 (c) 

o.ooo 
0.037 
0.086 
0.207 
0.619 



Run 2 

T .i.rre (hrs) 

do 

o.o 
9.0 

21.5 
41.5 
56.5 

00 
v .p.c. # 

M.S. # 

71 
89 
90 
91 
92 

ketone cone. (molar) 
NaOD cone. (molar) 
slope (hrs-1

) 

standard deviation 
intercept 
standard deviation 
k d ( l. rnole-1 sec. -1 

) 
en o 

% d 
0 

100.0 
3.0 
2.8 
2.2 
3.5 

% d 
1 

o.o 
82.7 
68.5 
50.8 
39.4 

% d 
2 

o.o 
14.2 
28.6 
47.1 
57.1 

av. of 3 • 0 ; 2 • 8 ; 2 • 2 ; 3 • 5 • 
183 
0.115 
0.168 ± 0.006 
6.80 X 10-3 

0.07 X 10-3 

3.93 X 10-3 

1.53 X 10 -3 

(2.59 ± 0.10) X 10 -S 

log f
2 

(c) 

o.ooo 
0.068 
0.152 
0.288 
0.386 

230 



Run 3 

Tirre (hrs) 

o.o 
10.0 
24.0 
50.0 
87.0 

119.0 

do
00 

v.p.c. # 

M.S. # 

102 
103 
104 
105 
106 
107 

ketone cone. (molar) 
NaOO cone. (molar) 
slope (hrs-1 ) 

standard deviation 
intercept 
standard deviation 
k d (Z.. mole-1 sec.-1

) 
en o 

% d 
0 

100.0 
2.4 
2.1 
1.3 
2.0 
1.3 

% d 
1 

o.o 
87.1 
73.5 
54.2 
35.7 
26.2 

% d 
2 

o.o 
10.6 
24.4 
44.5 
62.4 
72.5 

log f (c) 
2 

o.ooo 
0.049 
0.124 
0.262 
0.438 
0.582 

: av. of 2.4; 2.1; 1.3; 2.0; 1.3. 
186 
0.112 
0 .104 ± 0. 005 
4.92 X 10-3 

o.o8 x 10-3 

4.57 X 10 -3 

3.35 X 10- 3 

(3.02 ± 0.14) X 10- 5 

Averages Run 1, Run 2 and Run 3 

k d (Z.. mole-1 sec;;1
) 

en o 

Standard deviation 
average error 

2.53 x 10- 5 

0.54 x 10-5 

0.10 X 10-5 
(21 %) 
( 4 %) 

231 



D) 1-M=thyl-5-oxocamphene, exo (~) 

Run 1 

Tine (mill.) M.s. # 

o.o 94 
2.1 D6 
5.0 D7 
9.4 D8 

14.0 D9 
20.3 140 

00 142 

v .p.c. # 
ketone cone. (rro 1ar) 
NaOD cone. (rro1ar) 
slope (min: 1

) 

standard deviation 
intercept 
standard deviation 
k (Z. rrole 1 sec.-1

) 
exo 

100.0 
89.4 
76.2 
60.1 
47.6 
35.0 
5.4 

193 
0.234 

o.o 
10.7 
27.3 
40.0 
52.3 
65.0 
94.6 

(1.41 ± 0.06) X 10-2 

2.49 X 10-2 

1.22 X 10- 4 

1.23 X lO -3 

0. 86 X lO -3 

(6. 76 ± 0.30) X 10 -Z 

232 

log f
1 

(c) 

o.o o.ooo 
o.o 0.053 
o.o 0.124 
o.o 0.238 
o.o 0.350 
o.o 0.505 
o.o 



Run 2 

T .irre (min. ) M,S, # 

o.o 94 
2.1 130 
5,0 131 
9,0 132 

14,0 133 
20,0 134 

00 135 

v .p,c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (min~ 1 ) 

standard deviation 
intercept 
standard deviation 
k (l, mo1e1 sec.-1 ) 
exo 

100.0 
90,4 
79.1 
65.7 
51.0 
37.9 
5,9 

192 
0.212 

o.o 
9,5 

21.0 
34.2 
49.1 
62,0 
92.7 

(1,18 ± 0,05) X 10-2 

2,33 X 10-2 

3,50x10-4 

-4,84 X 10-3 

9,57 X 10-3 

(7,58 ± 0,33) X 10-2 

233 

log f 1 (c) 

o.o o.ooo 
o.o 0,045 
o.o 0.111 
o.o 0.196 
o.o 0.320 
o.o 0,467 
1.5 



Run 3 

Tirre (min.) M.S. # 

o.o 94 
3.0 126 
9.2 127 

14.0 128 
20.0 129 

00 DO 

v .p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (min;1

) 

deviation standard 
intercept 
deviation standard 
k ( -1 -1 ) exo z. mole sec. 

% do 

100.0 
81.8 
70.6 
56.3 
43.7 

4.9 

191 
0.222 

o.o 
18.1 
29.5 
43.7 
56.3 
95.0 

( 1.18 ± 0 o 05) X 10 -2 

1.86 X 10- 2 

o.D x l0- 4 

0.10 X 10- 3 

9.57 X 10 -3 

(6.05 ± 0.25) X 10-2 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

Avearps Rt.m 1, Rt.m 2 and Rt.m 3 

standard deviation 
average error 

6.80xlo- 2 

0.77 X 10- 2 

0. 27 X 10-2 
(11.5 %) 
(4.0.%) 

234 

log f 1 (c) 

o.ooo 
0.093 
0.161 
0.267 
0.391 



14) 1-1'-Ethyl-5-oxocarnphene, endo (28) 

Run 1 

Tirre (hrs) M.s. # 

o.o 94 
9.0 114 

21.5 115 
27.0 116 
34.0 117 
42.0 118 
51.0 119 

do 00 

v .p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
s lo:p= (hrs 1 

) 

standard deviation 
intercept 
standard deviation 
kendo (Z, mole1 sec.-

1
) 

log f 2 (c) 

100.0 o.o o.o o.ooo 
2.9 72.8 24.3 0.124 
2.2 48.4 49.4 0.305 
3.5 40.0 56.5 0.377 
3.1 33.2 63.6 0.459 
1.6 25.8 72.6 0.592 
1.9 21.3 76.7 0.671 

av. of 2.9; 2.2; 3.5; 3.1; ·1.6; 1.9. 
188 
0.162 
0.118 ± 0.005 
1.34 X 10- 2 

0,03 
4 

X 10- 2 

7,33 X 10- 3 

5.61 X 10-3 

(7 • 25 ± 0,34) X 10 -S 
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Run 2 

Tine (hrs) M.S. # 

o.o 94 
4.5 120 

13.5 121 
19.5 122 
30.0 123 
42.0 124 

do 00 

v .p.c. # 
ketone cone. (molar) 
NaOD cone. (molar) 
slope (hrs 1

) 

standard deviation 
intercept 
standard deviation 
k d · ( z.. nole1 sec .-1

) en o 

Avera~s Run 1 and Run 2 

deviation 
average error 

% do log f2 (c) 

100.0 o.o o.o 
2.7 85.5 11.9 
2.5 64.4 33.2 
1.6 51.7 46.7 
1.3 37.5 61.2 
1.4 27.3 71.3 

av. of 2.7; 2.5; 1.6; 1.3; 1.4. 
189 
0.153 
0.120 ± 0.005 
1.37 X 10-2 

0, 034 X 10- 2 

9, 27 X 10- 4 

4. 87 X 10- 3 

(7 ,30 ± 0,34) X 10 -5 

7 • 28 X 10-5 

0,03 X 10-5 

0,34 X 10 -5 
(0.4 %) 
(4.7 %) 

o.ooo 
0.057 
0.179 
0.281 
0.425 
0.564 

236 



15) Fenchane-2 ,5-dione , endo ( 25) 

Chan~_~ ba~ _ C.9_n_sent_Ea!.i£n 

The procedure was the sane as that use for norbomane-2,5-

dione (Set of Data # 3) and 3 ,3-d.irrethyl-5-oxo-2-norlx>rnanone (Set of 

Data # 10). Fenchane-2,5-dione (304 rng) was dissolved in dioxane 

(4.2 ml). Sodium hydroxide (11.7 rng) in D20) (2.8 ml) was added 

at t = 0. The titers of the different aliquots ( 1 ml) are shown in 

the table telow and in a graphical fonn in Fig. III-1. 

T.irre (min.) 

o.o 
15.0 
45.0 
60.0 

Titer (ml) 

0.580 
0.556 
0.529 
0.503 

* Calculated using eq. 17 (Set of Data # 3). 

% Change in* 
base cone. 

o.o 
4 .. 1 
8.6 

13.3 
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In a blank run using 12. 6 mg NaOH, 4. 2 ml dioxane and 2. 8 ml 

D20, the titers of the different aliquots were as follows: 

Time (min.) 

0 
18 
30 
45 
60 

Titer (ml} 

0.839 
0.830 
0.845 
0.825 
0.830 

These results show no significant change in base concentration. 

Corrections in deuterium concentration were made as discussed in the 

EXPERIMENTAL using eq. 19 (Set of Data # 10). 
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D) Fenchane-2,5-dione, endo (25) 

Run 1 

o.o 37 100.0 
1.0 38 10.8 
4.0 

11.2 
20.0 
30.0 

do 00 

v.p.c. # 

39 
40 
41 
42 

ketone cone. (molar) 
NaOO cone. (molar) 
s lo:t;e (min .-1 

) 

standard deviation 
intercept 
standard deviation 
kendo (l. mole-1sec.-1) 

5.4 
4.9 
4.0 
1.8 

% Change in Corrected log f~ (c) 
base cone. % d2 L 

o.o o.o o.o o.o 
84.4 5.3 0.2 5.3 
75.2 19.3 0.9 19.4 
51.9 43.2 2.4 44.2 
35.2 61.4 4.3 64.1 
24.8 73.6 6.5 78.5 

av. of 5.4; 4.9; 4.0; 1.8. 
172 
0.268 
(2 .12 ± 0 .10) X 10 -2 

2.46 X 10- 2 

0.014 X 10- 2 

-2.94 X 10- 3 

1.57 X 10-3 

4. 45 X 10-2 

o.ooo 
0.021 
0.097 
0.267 
0.490 
0.736 



240 

Run 2 

T.irre (min.) M.S. # % do % d1 % d2 % Change in Corrected log f 2 {c) 

o.o 43 100.0 
1.0 44 
4.2 45 

11.1 46 
20.0 47 
30.0 48 
42.0 49 

do
00 

v .p.c. # 
ketone cone. (molar) 
NaOO cone. (molar) 
slope (min.-1 ) 

standard deviation 
intercept 
standard deviation 
kendo . (Z. mole1 sec.-1) 

8.9 
8.2 
5.6 
4.9 
3.8 
3.1 

base cone. % d2 

o.o o.o o.o 
86.5 4.8 0.2 
79.2 12.6 0.9 
69.4 24.9 2.4 
58.4 36.6 4.3 
49.1 47.1 6.5 
41.3 55.5 9.1 

av. of 5.6; 4.9; 3.8; 3.1. 
173 
0.266 
(8. 28 ± 0.15) X 1(}3 

1.02 X 10-2 

0.02 X 10-2 

1.26 X 10- 2 

3.11 X 10 -3 

( 4 • 7 2 ± 0 .12) X 10- 2 

o.o 
4.8 

12.7 
25.5 
38.2 
50.2 
60.6 

o.ooo 
0.021 
0.061 
0.134 
0.223 
0.322 
0.436 
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Run 3 

Tirre (min.) M.S. # % d 0 % d 1 % d2 % Change in Corrected log f 2 (c) 

o.o 56 100.0 
1.1 57 
4.0 58 

11.5 59 
30.0 60 

do
00 

v .p.c. # 
ketone cone. (molar) 
NaOO cone. (molar) 
slope (min; 1 ) 

standard deviation 
intercept 
standard deviation 
kendo (l. mole1 sec.-1

) 

5.4 
3.3 
1.9 
1.2 

base cone. % dz 

o.o o.o o.o 
87.2 7.4 0.2 
72.4 24.4 0.8 
45.0 53.2 2.4 
18.1 80.6 6.7 

av. of 3.3; 1.9; 1.2. 
174 
0.267 
(2.56 ± 0.13) X 10-2 

3.05 X 10- 2 

0.010 x 10-2 

1.63 X 10- 3 

1.08 X 10- 3 

(4.54 ± 0.23) X 10"2 

o.o 
7.4 

24.6 
54.5 
86.0 

Avera9!:s Run 1, Run 2 and Run 3 

kendo ( l. mol.el sec;l) 

standard deviation 
average error 

4.57 X 10-2 

0.31 X 10-2 

0.18 X 10-2 
(6.8 %) 
(4.0 %) 

o.ooo 
0.033 
0.127 
0.352 
o. 915 



16) 6-Methy lene-2-norbornanone, exo ( 31) 

Run 1 

T.irre (min.) M.S. # 

o.o 333 
10.0 340 
20.0 341 
30.0 342 
40.0 343 
50.0 344 

00 345 

v .p.c. # 
ketone cone. (molar) 
NaCO cone. (molar) 
slope (min.-1 ) 

standard deviation 
interc:ept 
standard deviation 
k ( z.. mole 1 sec:1

) exo 

% do 

100.0 
67.1 
46.4 
32.8 
23.6 
17.2 
1.2 

303 
0.204 

o.o 
32.8 
53.6 
67.3 
76.4 
82.7 
95.8 

(8.79 ± 0.39) X 10- 3 

1.57 X 10-2 

2.99 X 10- 4 

1.46 X 10-2 

5.11 X 10- 3 

(6.86 ± 0.32) X 10-2 
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log f 1 (c) 

o.o o.ooo 
o.o 0.176 
o.o 0.340 
o.o 0.497 
o.o 0.644 
o.o 0.788 
3.0 



Run 2 

Tirre (min.) M.S. # 

o.o 333 
7.0 346 

15.0 347 
25.0 348 
35.0 349 
46.0 350 

00 351 

v .p.c. # 
ketone cone. (rrolar) 
NaOD cone. (molar) 
slope (min.-1 ) 

standard deviation 
intercept 
standard deviation 
kexo (l. rrole1 sec.-1 ) 

Avera9:s Run 1 and Run 2 

deviation 
average error 

% do 

100.0 
76.5 
58.0 
41.7 
30.4 
22.2 
2.1 

304 
0.210 

o.o 
23.4 
42.0 
58.2 
69.6 
77.8 
94.1 

(8.14 ± 0.36) X 10-3 

1.50 X 10-2. 
2. 27 X 10-~ 
7 • 40 X 10- 3 

3.60 X 10-3 

(7.08 ± 0.33) X 10-2. 

6.97 X 10-2. 

0.11 X 10-2. 
0.32 X 10-2. 

(1.6 %} 
(4.6 %} 
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log f1 {c) 

o.o o.ooo 
o.o 0.118 
o.o 0.228 
o.o 0.391 
o.o 0.539 
o.o 0.688 
3.9 



17) 6-Methylene-2-nortomanone, endo (_21) 

Run 1 

Tirre (hrs) M.s. # 

o.o 313 
s.o 327 
8.5 328 

11.9 329 
15.0 330 
22.5 331 
26.5 332 

do 
00 

v .p.c. # 
ketone cone. (molar) 
NaOO cone. (molar) 
slope (hrs1

) 

standard deviation 
intercept 
standard deviation 
k d (l. mole1 sec.-1

) en o 

% do log f2 (c) 

100.0 o.o o.o o.ooo 
1.8 74.2 23.8 0.121 
1.6 61.1 37.1 0.204 
1.0 51.1 47.9 0.288 
1.0 43.0 55.9 0.364 
1.1 28.4 70.5 0.544 
1.3 22.9 75.8 0.634 

av. of 1.8; 1.6; 1.0; 1.0; 1.1; 1.3. 
301 
0.194 
0.115 ± o. 004 
2.40 X 10-2 

1.10 X 10-IT 
1.21 X 10- 3 

9.55 X 10-IT 
(1.34 ± 0.05) x 10-5 
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Run 2 

Tine (hrs) M.s. # 

o.o 333 
3.0 334 
8.0 335 

13.0 336 
22.0 337 
27.0 338 
33.0 339 

do 
v .p.c. # 
Jr..etone cone. (molar) 
NaCO cone. (molar) 
slope (hrs1 

) 

standard deviation 
intercept 
standard deviation 
k d ( z.. mole1 sec.-1

) en o 

Averages Run 1 and Run 2 

deviation 
average error 

log f
2 

(c) 

100.0 o.o o.o o.ooo 
3.4 81.2 15.4 0.074 
1.8 62.5 35.7 0.196 
2.1 48.4 49.5 0.303 
1.1 29.4 69.4 0.529 
1.0 22.6 76.4 0.647 
1.1 17.5 81.5 o. 761 

av. of 1.8; 2.1; 1.1; 1.0; 1.1. 
: 302 

0.186 
0.115 ± 0.004 
2.34 X 10- 2 

3.34 X 10- 4 

4.69 X 10- 3 

3 • 87 X 10- 3 

(1.31 ± 0.05) X 10- 5 

1.32 x 10- 5 

0.02 X 10- 5 

0.05 X 10- 5 
(1.5 %) 
(3. 7 %) 
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D. LEAST-SQUARE PRCGRAM FOR COC 7040 

(-----LFf,c-,T C,(.'lJ·'·.;;oF.S PRr'GRAri. 
DI~FNSION XI4UI, Yl40) 

1 r.n ~~~H' 1, N 
IFIN.FO.ul GO TO lCl 

l F 0 F~ ;,1 f\ T ( I 3 l 
F)() 2 J = 1 'N 

? REf\D 1, X(Jl, Y(Jl 
":3 F 0 P ~.'. l\ T I 7 F 1 U • C l 

A = ~.J 

SIGX = O.G 
SGDXY = VeU 

SCDX2 = c.u 
SIGY = t.;.l, 

SIGY2 = u.u 
SIGXY = C.G 
[1() 4 I = l,N 

4 SIGX = SIGX +XII) 
X ,-;Ar< = SIGX/A 
f)() 5 L = ] ' f'\ 
DF"LX = X(Ll - XBAR 
SGDXY = SGDXY + YILI*DELX 
SGDX? = SGDX2 + DFLX**2 
S ICi Y 2 = SIGY? + YILl**2 
:?.IGY = SIGY + YILl 
STGXY = STGXY + XILl*Y(LJ 

5 CO~JT I NUE 
SLO~r = SGDXY/SGDX2 4 
SYQX2 = (5JGY2 - ( ISIGY**2l/Al - SLOPE*SIGXY + ISLOPE*SIGX*SIGYIA) 

ll/(A- ?.0) 

IV 
~ 
0'\ 



:.Jf~ -~ ~<r;'T ( :;)Y8X?/SGDX2) 
Ylil\i·! = S I (j Y I!\ 
CFPT = Y8AR - SLOPF*XR~R 
SA = 5~RTISY~X?/A) 
pr~I:\lf 6' SLOPE' SFs 

6 FOR'Jf~.T(lH 1-ntiX,8HSLOPE :::,[14.6,5X,zcmSTANDARD DFVIATION =,El3.61 
P f~ I :\! f 7 , C f:P T , S A 

7 F 0 r.;; ~ ·~ ;\ f ( HI J ' 1 t: H I N T E f~ C E P T = ' E 1 4 • 6 ' 5 X ' 2 CJ H .S T Ml DAR D D E V Ii'\ T I 0 N = ' E 1 3 • 6 ) 
PR I :n 8 

8 FOI<'"/\ T ( 1 Hv'' 15X '1 ~;H~-'-**·lHHHc*~H~) 
GO TO 100 

101 C~LL FXIT 
[ ~~·-, 

.• vU 

{;!.:, l· J l N [) 0 F F~ E C 0 R D 

4 

I\) 

""" -...I 
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