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The effect of conjugation with double bonds on the

stability of carbenes was investigated using 4,4-di-

bheny1-2,5-cyclohexadienylidene (142), 4,4-dipheny1-2-

cyclohexenylidene (143) and 4,4-diphenylcyclohexylidene

(144). Also, the chemistry of these carbenes was studied.

The three carbenes were generated in dimethyl sulfoxide

(DMSO) by the pyrolysis of their parent tosylhydrazone

lithium salts. The three carbenes yielded their parent

ketones in high yield, most likely by electrophilic

attack of the carbene center on the electron rich oxygen

atom of the DMSO. Carbenes 143 and 142 each abstracted

a methylene from the solvent DMSO, most likely via a

triplet species; whereas carbene 144 abstracted a



methyl from the DMSO intramolecularly after the carbene

had inserted on the DMSO Oxygen.

Five products were obtained upon the generation of

carbene 142 in DMSO: 4, 4- diphenyl- 2,5- cyclohexadienone,

3,4-diphenyltoluene, 4-benzylbiphenyl, 1-methylene-6,6-

diphenv1-2,4-cyclohexadiene and o-terphenyl. Four pro-

ducts were obtained upon the generation of carbene 143

in DMSO: 4,4- diphenyl -2- cyclohexenone, 5,5-diphenyl-

1,3-cyclohexadiene, 1-methylene-6,6-dipheny1-2-cyclo-

hexene and 1-methylene-4,4-dipheny1-2-cyclohexene.

Three products were obtained upon the generation of

carbene 144 in DMSO: 4,4-diphenylcyclohexene, 4,4-di-

phenylcyclohexanone and 4,4-dipheny1-1-methy1-1-cyclo-

hexanol.

Also, the kinetics of carbenes 142, 143 and 144

was investigated. It was found that the rate of forma-

tion of the three carbenes decreases in the order 142 >

143 >> 144 at constant temperature. The significantly

greater rates for 142 and 143 indicate a rate enhance-

ment by the conjugated Tr-system.

The rate was determined at four different tempera-

tures for each carbene in order to calculate the

Arrhenius energy of activation, as well as the other
.4. 4

activation parameters, Afir, AS' and AGr. The results



indicate that conjugated carbenes are much more stable

than unconjugated ones. The result for the free energy

of activation, Le, shows that the conjugated TT system

actually stabilizes the carbene more than its diazo

compound precursor.
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MECHANISTIC STUDIES OF VINYLIC
CARBENES IN DIMETHYL SULFOXIDE

CARBENE HISTORICAL BACKGROUND

The most important reaction intermediates in organic

chemistry according to Hine (1) are those containing car

bon in an unusual valence state. The trivalent-carbon

species bearing a positive charge is called a carbonium

ion (1), the one bearing a negative charge is called a

carbanion (2), and the uncharged species bearing an un-

paired electron is called a free radical (3). The species

containing a divalent carbon atom bearing two electrons

is called a carbene (4); the two electrons can be either

paired in a sp2
orbital resulting in a singlet carbene,

or unpaired, each electron occupying a different orbital,

resulting in a triplet carbene.

R' + R R' R

1 2

R R

f
R"

3

C
R'

4

The present research project is focused on the

carbene as the reactive intermediate. Thus, it is very

appropriate to give a brief historical summary about

carbenes and the important people who discovered them

and conducted research on them.

Dumas and Peligot in 1835 suggested that pure

methylene could be obtained from the pyrolysis of methyl
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chloride (1). Later Butlerov obtained ethylene from the

reaction of methylene iodide with copper and suggested

that it arose by the dimerization of methylene (1). In

1862 a German chemist by the name of Geuther (2) suggested

that basic hydrolysis of chloroform involves the inter-

mediate formation of dichloromethane, which has now been

well established (3).

In 1897 Nef (4) published a series of articles in

which a wide variety of organic reactions were said to

proceed via the intermediate formation of methylene.

Although some of Nef's suggested reaction mechanisms

appear reasonable, many others were clearly incorrect,

and even for the reasonable mechanisms, little strong

evidence was offered.

In 1910 it was Staudinger (5, 6) who investigated

the chemistry of carbenes more thoroughly. His mechanis-

tic interpretation requires little editing by the modern

chemist. Furthermore, he investigated carbene precursors,

i.e., ketenes and diazo compounds. In fact, Staudinger

and co-workers were the first to come up with the correct

structure for the diazo compound, showing the functional

group to be linear rather than, as previously thought,

hetereocyclic (Curtius formula):

RN ///N
=N=N

RY/ RZ'
Correct Incorrect
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In 1950 Jack Hine (7) provided experimental evidence for

the existence of dichlorocarbene as an intermediate in

the basic hydrolysis of chloroform.

In 1951 Doering and Knox (8) from Yale University

presented a paper at the National Meeting of the American

Chemical Society on Carbenes. The term carbene was

defined by the authors as an intermediate containing a

carbon atom with two unshared electrons and two covalent

bonds. Their paper dealt with the reactions of carbethoxy

carbene with saturated hydrocarbons. It was noted that,

unlike free radicals, the carbene does not exhibit a

large preference for tertiary over a secondary and primary

hydrogen.

In 1952 a paper on tosylhydrazone as a carbene pre-

cursor was published by Bamford and Stevens (9). Their

work involves treating the tosylhydrazone with a base to

form its salt and decomposing this salt thermally or

photochemically to produce the diazo compound. They in-

vestigated the pyrolysis of the tosylhydrazone salt in

protic and aprotic solvents, finding totally different

products in each case. Their work will be discussed in

more detail later in this chapter.

In the late fifties Doering and Prinzbach (10) showed

that the insertion of methylene into a carbon-hydrogen

bond in the liquid phase is concerted. In the same year

Skell and Woodworth (11) studied the addition of methylene
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and suggested that stereospecificity is characteristic

of the singlet state, while non-stereospecific additions

indicate a triplet state.

In 1961 Herzberg (12) provided an electronic spectrum

showing the existence of singlet and triplet carbenes".

The electronic structure of singlet and triplet carbenes

will be discussed in more detail in this section.

Much research was done and many papers were published

in the past twenty years on the subject of carbene chemis-

try. Distinct progress has been made in many areas of

carbene chemistry: discovery of new carbene precursors,

differentiation between carbenes and carbenoids, formation

of carbene complexes of transition metals, mechanistic

ellucidation of singlet and triplet carbene reactions, and

application of carbenes in synthetic organic chemistry.

Carbenes

Carbenes are neutral, divalent carbon intermediates

in which a carbon has two covalent bonds and two unshared

electrons. There are two types of carbenes, singlet and

triplet. In the singlet carbene, the divalent carbon is

sp
2
-hybridized and the unshared electrons are spin-paired

in one of the sp
2
orbitals. The spin multiplicity is

given by 2S + 1 = 1, where S = total spin = 0 in the case

of singlet carbene. In the case of triplet carbene, the

divalent carbon atom is usually non-linear (13); the
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unshared electrons each occupy a different orbital and

their spins are unpaired. The spin multiplicity is given

by 2S + 1 = 3, where S = 1/2 + 1/2 = 1. The singlet and

triplet carbenes are illustrated below:

singlet triplet

It has been shown that a singlet carbene behaves as

a nucleophile, electrophile, or an ambiphile. Dimethoxy

carbene, for example, behaves as a nucleophile in the

addition to alkenes (14). Dichlorocarbene, on the other

hand, behaves as an electrophile in the addition to al-

kenes. A study of dihalocarbene addition to substituted

2-arylpropenes yielded p = -0.62, the negative p value

indicating an electrophilic species (15). Furthermore,

methoxychlorocarbene behaves as an ambiphile (14) (an am-

biphilic carbene acts as an electrophile toward electron-

rich alkenes and as a nucleophile toward electron-poor

alkenes). Methoxychlorocarbene adds to 1,1,2,2-tetra-

methylethylene, an electron-rich alkene, to yield 1,1,2,2-

tetramethylcyclopropane, an indication of electrophilic

carbene behavior. The rate of addition of CH
3
OCC1 to

acrylonitrile, an electron-poor alkene, is an indication
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of a nucleophilic species. The relative reactivity of

many carbenes and carbenoids with alkenes has been exa-

mined and the data accumulated and critically discussed

in a comprehensive review by Moss and Jones (16).

Carbenes and Carbenoids

The term "carbenoid" has been suggested for the

description of intermediates which exhibit reactions

qualitatively similar to those of carbenes without ne-

cessarily involving free divalent carbon species. The

first thing that comes to mind when carbenoids are men-

tioned is the Simmons-Smith reagent. The active species

is believed to be iodomethylzinc iodide in equilibrium

with bis-iodomethylzinc (17) (Eq. 1).

2 ICH
2
ZnI (ICH ) Zn + ZnI

2

R
-----77ZnR CIN An

H C ___..4 1: ,
2

I d' NI

(Eq. 1)

\
I'NCH

2
+ ZnRI

A methylene is transferred from the organometallic
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stereospecifically; a free CH
2

is not an intermediate.

It is observed that if the molecule contains a polar

substituent, especially a hydroxyl group, the CH2 unit

is introduced on the side of the double bond in closer

proximity to the hydroxyl group (13)(Equations 2 and 3).

(ICH ) Zn-ZnI
2
>

work-up

(Eq. 2)

(Eq. 3)

a-Haloalkyllithium compounds have been prepared by

a hydrogen-metal interconversion or by a halogen-metal

interconversion (Equation 4):

CH
2
Br

2
CH

3
Li +

Br -Li

\

CH
2

(Eq. 4)
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The yield of cyclopropanes from the reaction shown in

Equation 4 may be increased to 30 - 40% by the use of n-

butyllithium in a hydrocarbon solvent at low temperature

(-50 to 0°C)(19, 20). The relative reactivity of the

olefin depends not only on the halide but also on the

alkyllithium and the mode of addition of the reagents.

An sp-like transition state of the central carbon in a

closely related reaction has been proposed to account for

the cyclopropanation with 02CBrLi and for the failure of

other similar reactions (21)(Equation 5).

/'
C.,

0

02CBrLi .
,c,,

0
0

(Eq. 5)

Seyferth (22) reported the formation of dibromocar-

bene and dichlorocarbene by the decomposition of phenyl-

tribromomethylmercury and phenyltrichloromethylmercury in

refluxing benzene. The carbene adds to cyclohexene to

give 7,7-dibromonorcarane derivative in high yield.

Phenyltrihalomethylmercury compounds decompose by a

concerted step to phenylhalomercury and dihalocarbene.

Dihalocarbenes generated from organomercury compounds are

free carbenes. This conclusion is based on the selectiv-

ity of olefin addition displayed by dichlorocarbene gen-

erated from different precursors and in the absence of
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steric effects to addition (23). In another mercuric

carbenoid, such as Bis(bromomethyl)mercury, a methylene

is transferred to an olefin (20)(Equation 6).

(Eq. 6)

Also, other groups could be transferred via a mercuric

carbenoid, e.g., the carbenoid, 0HgCBr2CO2CH3, transfers

a Er-C-00
2
CH

3
unit to an olefin (25)(Equation 7).

+ 0HgCBr2CO2CH3

(Eq. 7)

Cycloaddition Reactions of Carbenes

One of the most characteristic reactions of carbenes

is their addition to olefins. The usual course of the
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reaction of a carbene with an alkene results in the for-

mation of a cyclopropane. This has been observed to be

true for both the singlet and the triplet state of most

carbenes. In the case of the singlet carbene, the

carbene adds stereospecifically to the alkene, and the

stereochemistry of the olefin is retained in the cyclo-

propane product (26) (Equation 8).

RCMPH
(Eq. 8)

The addition of carbenes to alkenes can be summarized

in terms of frontier molecular orbital theory (14). In

the case of a carbene with an electron withdrawing substi-

tuent, such as dichlorocarbene, the p orbital (LUMO =

lowest unoccupied molecular orbital) of the carbene is

closest in energy to the HOMO (highest occupied molecular

orbital) of the alkene, as shown in la on the next page.



LUMO p

:CC1
2

Alkene

ss,

HOMO a 1 1,

7* LUMO

HOMO

la

11

LUMO

HOMO

In the case of a carbene with electron donating substi-

tuents, the differential orbital energies favor inter-

action of a (HOMO) of the carbene and u* (LUMO) of alkene,

giving nucleophilic characteristics to the carbene as

shown in lb.

LUMO p

HOMO a

:C(OMe)2 Alkene

14 --'

7* LUMO

1 u HOMO

lb

HOMO

LUMO



12

When differential orbital energies are similar as in lc

then an ambiphilic carbene reactivity is observed. Sub-

stitution of electron-donating or withdrawing substituents

on the alkene converts lc to la or lb, respectively.

:CXY Alkene

LUMO p ,__-_- 7* LUMO

,\

HOMO c I v
L

Tr HOMO

lc

In the case of a triplet carbene, the mechanism con-

sists of two steps according to Skell and Woodworth (11,

27). They postulated that spin inversion is much slower

than any other molecular process. The triplet carbene

reacts with an olefin to give as the initial product a

trimethylene diradical in its triplet state, as shown in

Scheme I on the next page. The diradical can undergo two

reaction pathways. In Route A, spin inversion occurs

followed by ring closure. Route B scrambles the stereo-

chemistry, since there is a low barrier to rotation.

Accordingly, we can probably accept as a working hypothe-

sis that carbenes in the lowest singlet state add stereo-

specifically to olefins, whereas the carbenes in the

triplet state do not.
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Rl / 3
',CH2

1CH
2
\\
R
\ 3

0\

R2/
ICH

\2\\\R3

R4R2R/
2

\R4 R4 Rl

A

R
1CH

R
2

R
4

A

SCHEME I

Tosylhydrazones

ISC

R 161.1 2 R
so \ 3

R
1

R4

B

V

The tosylhydrazone derivatives are produced by the

addition of tosylhydrazine to an aldehyde or ketone

(Scheme II). The chemistry of tosylhydrazones has devel-

oped considerably over the past quarter of a century. The

base-induced decomposition of tosylhydrazone has become

an important method of introducing a double bond or a

cyclopropane ring into organic compounds. An example is

shown in Scheme II on the next page.
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Tosyihydrazine = H2N-NH-S

0

R' = H or alkyl

/ R

R'

14

CH + 0//
3

-R'

60 °C, solvent

0 R

j-NH-N____-1\

0 R'

NaOMe /diglyme

SCHEME II

R'

This reaction was named after Bamford and Stevens (28)

who discovered it. They found that upon treating the

tosylhydrazones of aliphatic ketones with the sodium

salt of ethylene glycol in boiling ethylene glycol (EG),

an alkene was formed. Tosylhydrazones of the unbranched

ketones, phenylacetone and cyclohexanone, gave the

corresponding alkenes, propenylbenzene and cyclOhexene,

in high yields.

N -NH -Ts

In contrast, the tosylhydrazones of pinacolone (5) and
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camphor (9) decomposed under the same reaction conditions

to yield a rearranged alkene, as shown below in Scheme

1-NH-Ts

(CH3)3C CH3

Na/EG

5 7

NaOMe
DEC

9

Na/EG

(CH3) 3C
3

)C=CH2

8

10

Na0Me/diglyme
A

N -NH -Ts

MeLi/Et20

R.T

Scheme III

11

12

13

(28)

(29)

(28, 29)

(30)

(31)
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The rearrangement could be explained on the basis of the

role of the solvent. In the case of 5 7 the solvent

ethylene glycol is protic, so one might expect some

protonation of the diazo compound 14 converting it to

a diazonium ion 15, which generates a carbocation 16,

which then rearranges to the more stable carbocation

17, yielding 7 upon deportonation (Scheme IV).

7. 0 ii®
N Ts 111

:N
..

Ne N®

C C
"---.

CH
3

(CH3)
3C/

\ CH
3

H9 H
(CH3)3C CH3 (CH )

3 3

6 14

1,2 r\, Me

(CH3) 2C/ \ CH
3CH

3

17

Scheme IV

15

C
(CH3) C ED CH3

16

When an aprotic solvent is employed, protonation

cannot take place. Thus, when the tosylhydrazone 5 is

treated with a base and heated in an aprotic solvent, a

carbene intermediate is formed which gives compound 8



upon insertion into the terminal C-H bond (Scheme V),

(CH 3) 3C CH
3

N:

Scheme V

8

17

and the cyclopropyl compound 13 (Scheme III) upon in-

sertion into the C-H bond of one of the methyls of the

t-butyl group.

In the case of the rearrangement reaction of the

camphor tosylhydrazone, 9, the same argument concerning

the role of the solvent can be applied. Intermediate 19

is protonated by the solvent and molecular N2 is lost

(Scheme VI). The bornyl cation 21 undergoes rearrange-

ment followed by loss of a proton to give product 10.

One thing is clear; the proton source affects the con-

version of 19 into 20. With a forty-fold excess of D20
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in the reaction mixture, the camphene 19 produced is a

mixture of 80% d
1

and 20% d
o

(32, 33).

N -R -Ts N
2

18

10

19

22

Scheme VI

H

20

21

The formation of compound 11 from compound 9 occurs

in an aprotic solvent. Nitrogen is lost to form the car-

bene which undergoes C-H insertion to form the tricyclene

11 (Equation 9).

N
2

19 11 (Eq. 9)
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The conversion of 9 into 12 involves an alkyllithium

as the base. Alkyllithium compounds are very strong

bases; thus they are used for forming tosylhydrazone

salts. In some cases the alkyl group of the alkyllithium

is transferred to the carbene formed upon pyrolysis of

the tosylhydrazone salt (Equation 10).

N-N-Ts
H

23

CH
3
Li/Et

2
0

CH
3

24

(Eq. 10)

Compound 23 does not have a carbon atom containing hydro-

gens adjacent to the tosylhydrazone group. When 23 was

treated with excess MeLi it gave 24 in quantitative yield

(31)(Equation 10). In some cases substitution is favored

over elimination, as shown by the following example:

HN-N

Ts

RL /Et20

8 eq

R = n -C4H9, yield = 55%

R = sec -C4H9, yield = 50%

R = t -C4H9, yield = 48%

(Eq. 11)
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Herz showed that substitution competes effectively when

eight equivalents of alkyllithium are used (36). When

an equimolar amount of alkyllithium is used an alkene

forms exclusively.

In the investigation of the reactions of alkyl-

lithium compounds with tosylhydrazones, the following

observations were made:

a) An unrearranged alkene is produced (31, 36).

b) If an unequal number of hydrogen atoms is

present on each carbon atom adjacent to the

carbon-nitrogen double bond, the less highly

substituted alkene is formed (31).

Shapiro investigated the conversion of a ketone to

an alkene via the tosylhydrazone and an alkyllithium in

an aprotic solvent, a reaction sequence which is synthe-

tically usedful (35). When compound 27 was treated with

two equivalents of MeLi compound 28 was the exclusive

product (31)(Equation 12).

Ts-NH-N

27

(Eq. 12)

28
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When compound 29 was treated with three equivalents of

n-BuLi compound 30 was formed in 70% yield (38) (Equa-

tion 13).

29

BuLi
3 eq

(Eq. 13)

30

Shapiro has postulated that regiospecificity is

controlled by the configuration of the carbon-nitrogen

double bond, and that the hydrogen eliminated is the

a-hydrogen syn to the tosyl group. The mechanism for the

formation of the alkene involves a dianion intermediate:

*NN--Ts

C`
I\
H :Bk/

Route
A

H
(

work
II

up

"

32

C Route --C-_
H :B

-

B

35 34 33 31
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The possibility of a concerted mechanism, as shown in

Route B, was ruled

an analog of 32

out because a traping experiment on

proved that the dianionic intermediate

(35)(Equation 14).

H
N-N-Ts H,

1) 2 eq. MeLi -C-CH-C- OH

14)

of

actually exists

N-NH-Ts

0-CH -C-CH
2 3

36

/2) acetone

second anion of

0-CH A7C
z 1

CH
3

37

The moment the

(Eq.

36 is formed, instead

eliminating, it attacks the carbonyl of the acetone

forming the tertiary alcohol 37. Thus Route A is the

correct mechanism.

The Occurrence of 1,2-Hydrogen Migration in Carbenes

Two actual rearrangement modes were proposed for the

1,2-rearrangement of singlet carbenes to alkenes:

a) A mode analogous to the carbonium ion rearrange-

ment, in which the migrating group carries its

electrons into the vacant orbital of the singlet

carbene, as shown below in Figure 1A:

H3

A

Figure 1. 1,2-Hydrogen migration modes.
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b) Rearrangement into the filled sp 2
orbital which

could be viewed as analogous to the carbanion

rearragement, as shown in Figure 1B.

Since the earliest considerations of the hydrogen migra-

tion modes depicted in Figures lA and 1B (48, 38),

Mechanism A was the most acceptable among many oarbene

chemistry researchers (39). It has been supported by all

theoretical treatments that have been applied to this

problem, ranging from the HOMO-LUMO consideration (39) to

the Zimmerman MO method (40). These theoretical analyses

all predicted that Mode A is allowed. In fact, the even

more sophisticated methods, MINDO/3, MNDO (41) and the

least-motion LCAO-MO-SCF (42, 43), all supported the

hydrogen migration depicted in Figure 1A.

In a study by Yates (42) the transition state ener-

gies of the syn and anti modes of migration (Figure 2)

were calculated.

Figure 2. Syn and anti modes of hydrogen migration.

According to Yates the anti (H2) migration requires



24

= 39.2 Kcal/mole, whereas the syn (H1 and H3) migra-

tion requires only dE# = 20 Kcal/mole. Figure 3 shows

that the syn hydrogens, H1 and H3, deviate about 30 - 35°

from co-planarity with the empty p orbital, whereas the

anti hydrogen has a much greater deviation from co-

planarity:

Ch a

Figure 3. The angle of anti and syn hydrogens.

A properly substituted cyclohexanylidene, in which

the axial hydrogen, Ha, is favorably aligned with the

vacant carbene orbital and the equatorial hydrogen, He,

is more closely aligned with the filled orbital, was used

in an attempt to substantiate 1,2-rearrangement in

carbenes:

Although one would expect Ha to migrate faster than He,

the actual energy of migration for Ha and He is almost
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identical. This is because the alignments of Ha and He

are easily reversed due to the low activation energy

required for the interconversion of the two chair con-

formers--about 3 Kcal/mole--thus the energy of migration

of H
a

and H
e

is almost identical. Kyba and John (44)

have investigated the 4-tert-buty1-2,2-dimethylcyclo-

hexylidene system 38 and found no stereoselectivity in

this supposedly conformationally rigid system. They

found KHa/KHb = only 1.5.

38

In another work done by Seghers and Shechter (45),

in which the decomposition of trans- (39) and cis-

1-diazo-5-tert-butylcyclohexane (43) was studied,

different rates of axial and equatorial hydrogen migra-

tion in the cyclohexyl system were observed, as shown in

Figure 4 on the next page:



39

43

0

40

77%

41

26

42

22% 1.3%

53% 41% 6.5%

Figure 4. Axial v.s. equatorial migration in the
cyclohexyl system.

In the case of 39 the phenyl is equatorial and H
2

is

axial, and the migration of H
2

gives the major product

40 in 77% yield. In the case of 43, however, H2 is

equatorial and the yield of 40, which is still the major

product, drops down to 53%. This shows that there is

some axial preference over equatorial. Also, phenyl
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migration takes place. In the case of 39 where the

phenyl is equatorial, the yield of the phenyl migration

product 42 is very small; but this yield increases

when the phenyl is axial as in 43. It should be noted

also that although H2 in 43 is equatorial, it still

migrates faster than H
6a

and H
6e'

probably because con-

jugation effects are dominant.

Other groups, besides hydrogen, are also known to

undergo 1,2-shifts; e.g.:

X
XRCC > C=C/

R

where X can be alkyl, aryl, RO, RS, Cl and F. Kirmse

and Buschoff (37) have studied the migration of an

alkoxy group in a number of carbenes:

Et0 H Et0
/

7=

OEt Et0

CHN2(Et0)
2
CH-

\
:=4 CC/

H/ \H

+

Et0 HH / OEt

44 45 46 47

'in): 47% 19% trace

A: 29% 3% trace

It was found that in 13,13-dialkoxy substituted compounds

there is significant alkoxy migration (49) as shown in

Equation 15 on the next page.
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OMe

N-N-Ts
Li

48 49

28

(Eq. 15)

Compound 50 was also used in the investigation of

the 1,2-shift of groups other than hydrogen (46) (Equa-

tion 16).

50 51

(Eq. 16)

R = H or 0

The product 51 of the reaction of the above cyclic sulfur

system 50 shows that the sulfur migrates better than a

methyl group.

In another investigation the greater facility of

sulfur relative to oxygen to participate in 1,2-migrations

was confirmed by the reactions of compounds 52 and 55 (47)

as shown in Scheme VII on the next page.



52

55

A

53

29

>\/
54

56

Scheme VII

57

O

58

The researchers proposed the formation of an ylid (59)

in the case of sulfur migration:

><><
59

However, it has not been proven that the ylid plays any

role in these migrations or if the transformation is

concerted.
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Fragmentation

Carbenes, which are part of cyclic, bicyclic and

polycyclic systems, undergo fragmentation. The products

may consist of a few large fragments or many small

fragments. Meldrum's carbene discovered by M. Jones (50)

undergoes fragmentation to many small fragments:

0

0

C302 + CO2 + CO + +

0
60

The fragmentation of 60 occurs even in solution (51).

The known products are carbon monoxide, carbon dioxide,

carbon suboxide, acetone, propylene and an unknown

larger compound. Propylene could be forming from the

deoxygenation of acetone by a number of any possible

intermediate carbenes, as indicated by the experimental

results obtained by Nozaki and co-workers (52)

In early work done by Friedman and Shechter on

cyclopropylcarbene (53), ring expansion to cyclobutene

was found to be the major product (67%) with fragmenta-

tion leading to ethylene and acetylene (each in 10%),

as shown in Equation 15 on the next page.



NaOMe, 180 °CC=N-NH-Ts
diethylcarbitol

67%

31

(Eq. 15)

10% 10%

The fragmentation reaction of the bicycliC system 61

was investigated by Freeman and Kuper (54). When 61 was

heated with excess sodium methoxide (NaOMe), the follow-

ing products were obtained with an overall yield of 49%:

bicyclo[3.1.0]2-hexene 63 (19%), 1,3-cyclohexadiene 64

(14%) and fragmentation products such as 1-hexene-5-yne

65 (13%), 1,2,5-hexatriene 66 (12%) and trans 1,3,5-

hexatriene 67 (42%).

N-NH-Ts

111111111Ir

NaOMe
Diglyme

160°C
61 63 64

19% 14% (Eq. 16)

"%"

66 67

12% 42%
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The sodium salt (62) of the bicyclic system 61 was pyro-

lyzed in the absence of NaOMe; very little of 1,3-cyclo-

hexadiene, 64, was produced. 1,3,5-Hexatriene, 67, was

not formed, whereas the 1-nexene-5-yne, 65, was formed in

high yield (63%). This indicates that the sodium salt

62 is a sufficiently strong enough base to cause iso-

merization of 65 to 66, but not 66 to 67 (Equation 17).

Na

Diglyme

160
o
C

62 63

17%

64

1%

III

65 66

63% 19%

(Eq. 17)

Whereas for most a-cyclopropylcarbenes fragmenta-

tion is very important, no fragmentation was observed

for a-cyclopropylcarbenes. This is illustrated on the

next page by a reaction studied by Freeman and Kuper

(Equation 18).



N-NH-Ts

NaOMe
Diglyme

160 °C

68 63

91%,

33

(Eq. 18)

Attempts by Cristol and Harrington (55) to make the

quadricyclo[2.2.1.0.0] compound 72 via the generation of

the a-cyclopropylcarbene from compound 69 were unsuccess-

ful. Instead compound 70 was obtained in 69% yield and

compound 71 in 29% yield (Equation 19).

69

NaOMe

Diglyme

160°C

N -NH -Ts

72

,IIMEMINI

70 71

69%

Carbene to Carbene Rearrangements

29%

(Eq. 19)

Carbenes are known to rearrange to different

carbenes. In cyclic systems this kind of rearrangement

involves ring expansion or ring contraction. Most
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examples of carbene to carbene rearrangements involve

phenylcarbenes. Many such rearrangements were reviewed

by W. M. Jones (56, 57)(Scheme VIII), The p-tolylcarbene

73 can rearrange by adding to the adjacent 7-system to

form the bicyclic cyclopropene intermediate 74. The mono-

cyclic cycloheptatrienylidene 75 is formed as a result of

electron reorganization. Further rearrangement gives the

ortho-tolylcarbene 78 and the phenylmethylcarbene 79

which form benzocyclobutene 81 and styrene 80 respective-

ly.
HN

C:

CH
3

73

CH
3

74

76

79

CH
3

77

75

H
H C:

C:

80

Scheme VIII

78

3

81



35

Labeling studies were carried out by Kent (58)

using p-tolyldiazomethane, in which the terminal diazo

carbon was labeled with carbon-13:

Later Shechter and co-workers (59) used o-tolyldiazo-

methane labeled with deuterium:

CH
3

In both experiments the same products were obtained from

isometric carbenes, which actually substantiates the

pathway in which p-tolyl carbene 73 equilibrates to

o-tolylcarbene 78 to give benzocyclobutene 81 and styrene

80 (Scheme VIII).

Diphenylcarbene was investigated in a different ex-

periment (57, 60) and was found to undergo the transfor-

mations shown in Scheme IX on the next page. These

transformations are similar to the ones shown in Scheme

VIII.
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86

87

85

Scheme IX

36

83

84

88



37

Carbene to carbene rearrangement is also found for

the vinylcyclopropylidene system, a reaction known as

the Skatteb01 rearrangement (61)(Equation 20). The first

step is very likely bond formation between the double

bond and the carbene, which is then followed by the for-

mation of the cyclopropylcarbinyl type intermediate 91.

Further rearrangement yields the cyclopentadiene system

93.

89

-LiBr

90

93

91

(Eq. 20)

92

Carbene to carbene rearrangement was also found to

take place in bicyclic systems. For example, the

reaction of 8,8-dibromobicyclo[5.1.0]oct-2-ene, 94, with

methyllithium at -30°C, followed by quenching with H2O,

led to a single product, 98. Two routes were considered,

Equation 21 and Equation 22, with Equation 21 being more
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favored, since the bridge carbene 96 (Equation 21) is

bent 20° toward the double bond and is stabilized via a

non-classical intermediate. For 99 no such stabilization

exists.

94 95

98

61

96

97 (Eq. 21)

95 99 98 (Eq. 22)

Such rearrangements have been observed for a variety of

bridged systems (62, 63). For a bicyclic bromide, 100,

a system similar to 94, a different mechanism has been

proposed by P. Warner (64), who suggested that the con-

version of 100 to 105 does not involve a free carbene,
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but rather a carbenoid (Scheme X). When the reaction of

101 was carried out in CD3I, no deuterium incorporation

was observed, thus ruling out the possibility of carbene

insertion into CH3I.

MeLi
Et

2
0

Me0 Me0-78oc

Me0

100

MeLi

104

101 102

MeI

Scheme X

103

105



40

INTRODUCTION

The goal of this research was to investigate the

effect of conjugation with double bonds on the stability

of carbenes, since we could not find a report of such a

study in the literature. Thus we chose three carbenes

closely related in structure, 4,4-diphenylcyclohexylidene

(144), 4 ,4- diphenyl -2- cyclohexenylidene (143) and 4,4-

dipheny1-2,5-cyclohexadienylidene (142), and investigated

the effects of conjugation upon chemical transformations

and the rates of carbene generation from precursor diazo

compounds:

N
2

1 sk

143

1

142

The remainder of the introduction will discuss the

photochemistry of closely related ketones and rearrange-

ments of conjugated carbenes, which are necessary as an

important background for the particular systems we have
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chosen to investigate.

The photochemistry of cyciohexadienones has been in-

tensively investigated by Zimmerman and Schuster (65, 66)

and the related carbene has been considered by Freeman

and Swenson (67). Zimmerman's research concentrated on

the photochemical transformation of 4,4-dipheny1-2,5-

cyclohexadienone, 106 (Scheme XI).

106

:Ox

112

hv

Step 2

0 0

113

< >

Scheme XI

114

111

115

0

The excitation of the molecule involves an n--47r* transi-

tion. The authors explain that there is a gradually

increasing overlap between carbon-3 and carbon-5 of 112

leading to 113 upon covalent bond formation. He calls
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this step "bond alteration." One px electron then under-

goes a transition which is called a "demotion process" by

Zimmerman. This electron returns to the low energy non-

bonding p orbitals to form an important intermediate, the

zwitterion 114 which contains an electron-deficient carbon

atom. A [1,4]-sigmatropic shift to the electron-deficient

center gives 115.

A further investigation of the demotion process and

phenyl migration involving a phenonium intermediate is

depicted in Scheme XII on the next page. It should be

noted that the conversion of 117 to 120 and 124 does not

involve a dissociation-recombination process, but instead

an electron demotion in 117 to form the zwitterion 118,

which then undergoes either phenyl migration via the

phenonium intermediate 119 to form the dienone 120 which

enolizes to 125, or rearrangement via the phenonium ion

122 to form 124. The intermediate 119 has greater elec-

tron delocalization in the enolate system than the

intermediate 122. In fact three contributing resonance

structures for 119 versus two for 122 explains why the

preferred path involves rearrangement via 119.

The photochemistry of 4,4-dipheny1-2-cyclohexenone,

107 (68), 4,4- dimethyl- 2- cyclohexenone, 126 (69) and

4- methyl -4- phenyl -2- cyclohexenone, 127 (70) was investi-

gated and turned out to be interesting (Equation 23). It

was found that the choice of the reaction pathway that



115

e
116

demotion

",-
:02

122

123

n-,Tr*

:Ox

116

0

118

1,2 ti 0>

121

OH

124

Scheme XII

:Ox

:Ox

117

119

120

OH

125

42
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these 4,4-disubstituted systems follow seems to depend on

the substitution at the 4 position and on the nature of

the low-lying triplet (n Tr* or Tr ÷Tr*) .

107

CH
3

CH3 CH
3

0

126 127

(Eq. 23)

Zimmerman and co-workers (68) postulated that the con-

version of 107 to 128 involves 1,2-phenyl migration, and

the rearrangement to give 128 is thought to take place

from the n--47* triplet excited state:

107
by
n*.rr*

128

Chapman and co-workers (69) investigated the chemis-

try of 126 and attributed the photochemical rearrangement

of 126 to 129 to the 7-47* triplet excited state:

126
by
7

129
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Dauben and co-workers (70), on the other hand, made the

interesting compound 127 in order to narrow the gap bet-

ween the two triplet energy levels, so that thermal

interconversion could occur between the triplet energy

levels and the reaction could proceed from either triplet.

They found that the polarity of the solvent has a big

influence on the course of the reaction.

by
benzene

130

CH
3

131

0

127
90% CH 0H-H

2
0

> 130 + 131 + 0
by

6% 4%

0

133

2.5%

tH
3

132

10%

134

20%
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The photolysis of 127 in benzene gives 130 and 131 and

involves an n--.7* transition, and the photolysis of 127

in 90% methanol/water gives 130, 131, 132, 133 and 134

and is believed to involve a 7--47r* transition.

Another system, similar to carbene 142, was investi-

gated by Jones and co-workers (71, 72). They reported

the formation of 4, 4- dimethyl- 4- silacyclohexadienylidene,

145, in the gas phase. They did not obtain the desired

aromatic compound, 146.

I

135

N -NH -Ts

145

Instead, the dimerization product 147 was obtained:

147

146

Also, the reactivity of 145 towards butadiene in the gas

phase was examined:

fof

145 148 149 150
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Not only the expected products, 148 and 149, were obtained,

but also an additional product, 150, was obtained, which

might be forming from the Diels-Alder reaction of the

butadiene and the cyclopropene ring intermediate (Equation

24) .

145

150 (Eq. 24)

It is important to note that a system, in which silicon

was substituted by carbon, formed products analogous to

148 and 149, but no product analogous to 150 (73). How-

ever, the formation of analogs to 150 were observed in

other systems, such as 151 (74) (Equation 25)

151 152 153

(Eq. 25)

These results indicate that despite the strain in the

cyclopropene intermediate, it actually exists long enough
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to form 153 from 151 and 150 from 145.

The investigation of steroidal compounds which con-

tain the cyclohexadienylidene system was carried out by

Dannenberg and Gross (75) (Scheme XIII). The tosylhydra-

zone 154 was decomposed using several strong bases in

diglyme, giving a total yield of 20% products when LiH

was used and 33% yield when potassium tertiary-butoxide

was used. The decomposition involves a methyl migration

or ring contraction leading to aromatized rings as

depicted in Scheme XIII.

CH

CH C H
17

LiH
Diglyme

NH-Ts

154 155

66%

Scheme XIII

CH
3

156

34%

Upon decomposition of the tosylhydrazone 154, carbene

157 is generated as shown in Scheme XIV on the next page.

Zwitterions 157a and 157b are contributing resonance
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V

161

H
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161a

162a
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157

< >

48

157b

Route B

159b

Scheme XIV

160

< >

158a

160a

V

156
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structures for carbene 157. In Route A a 1,2-methyl

migration to the positive center resulting from the

contributing resonance structure 157a gives 161, which

is also represented by the contributing resonance

structure 161a. A 1,2-hydride migration to the positive

center shown in resonance structure 161a gives 162,

which is also represented by the resonance form 162a. A

final 1,2-hydride migration gives 155. In Route B alkyl

migration to the positive center shown in the zwitterionic

resonance structure 157b gives the Spiro intermediate

158a, which is also represented by the zwitterionic

resonance structure 159b. A further alkyl migration to

the positive center shown in 159b yields the zwitterionic

intermediate 160, which is also represented by the carbene

resonance structure 160a. Finally a 1,2-hydride migration

to the carbene center shown in 160a gives 156.

In a recent work of Freeman and Swenson (67) the

chemistry of 4,4-diphenylcyclohexadienylidene, 142, gene-

rated from the dry pyrolysis of its parent lithium tosyl-

hydrazone salt 139, was investigated and interesting

products were obtained as shown in Scheme XV on the next

page. The major product of the dry salt pyrolysis was the

azine 163. Azines are common products of carbenes gener-

ated from diazo compounds (76). Four minor products were

also identified. Biphenyl, 164, was obtained, as well as

p-terphenyl, 165, which is believed to be formed by a



50

radical type mechanism such as proposed by Jones and co-

workers (77).

Li
N-N-Ts ------>

0 0 0

139 142 163

164 165 166

Scheme XV

0

167

+ Unknown

Compound 166 was generated as the reaction product of

carbene 142 with a trace amount of methyl bromide which

is present in the methyl lithium solution as shown in

Scheme XVI on the next page (78). Product 167 is the

minor product which is formed in the highest yield.
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Br- CH

3
CH,

0 0 0 0

168 168a

-Br

CH
3

CH
3

CH
3

CH
3

166

0

169b

<

0 0 0 0

Scheme XVI

169a 169

Freeman and Swenson did a labeling experiment whereby

the a-position of ketone 106 was labeled with deuterium

(Equation 26). The deuterated tosylhydrazone 136a was

pyrolyzed as the dry salt. The product distribution found

was the same as in the undeuterated case.

106a

TsNHNH
2

EtOH

136a

1) CH
3
Li

2)

0

167a

They suggested that the o-terphenyl is formed via a

(Eq. 26)



52

carbenic intermediate. However, the same product could

be obtained via a carbonium ion intermediate, as depicted

in Scheme XVII on the next page, which might emerge as a

result of proton contamination during the pyrolysis.

Thus Freeman and Swenson tested for this possible reac-

tion. Tosylhydrazone 136 was converted to its sodium

salt using sodium hydride. The sodium salt 170 was

photolyzed in THE in the presence of one equivalent of

deuterium oxide, which acted as the proton source. The

deuterium would have been incorporated in 167a if the

carbonium ion were the actual intermediate in this photo-

lysis. However, there actually was no incorporation of

deuterium in the final product 167a. This proves that

the o-terphenyl did not result from a carbonium ion

intermediate, but from a carbene intermediate.
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2
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Ne
N

170a

protic
solvent

0 0 0 0

172

0

173

Scheme XVII

-H+

171

(D)

0

167a
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RESULTS AND DISCUSSION

The synthesis of ketone 107 is the key step in

synthesizing the other two parent ketones, 106 and 108.

The actual synthesis of 106 and 107 was carried out

according to Zimmerman and co-workers (79) with slight

modification, as shown in Scheme XVIII.

0
0\

gH-CH-H +
o'

174 175

0 CH
3

CH
3
-C-0-C =CH

2

TsOH

Li
2
CO

3

LiBr
DMF

106

3M alc. KOH

0

O-C-CH
3

0 0

176

TsNHNH
2,

Et0H

ether

Br
2

CC1
4

N-NH-Ts

136

Scheme XVIII

CH3Li

THE

0 0
107

0 0

177

Li
N-N-Ts

0 0

139
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The synthesis started with the condensation of diphenyl-

acetaldehyde, 174, with methyl vinyl ketone, 175, to give

4,4-diphenylcyclohex-2-en-l-one, 107. The reaction of

107 with isopropenyl acetate gave the enol-acetate 176.

Bromination of 176 with bromine in carbon tetrachloride

and chloroform formed the bromo-enone 177, which was

then dehydrobrominated with lithium carbonate - lithium

bromide in dimethylformamide to give ketone 106. One

equivalent of tosylhydrazine was added to ketone 106 in

warm ethanol to give the desired tosylhydrazone 136,

which was then treated with methyllithium in THE to give

the tosylhydrazone lithium salt 139.

The tosylhydrazone lithium salt 139 was decomposed

in dry DMSO to give a number of products (Scheme XIX).

139

0 0

Li
N-N-Ts 1. DMSO

2. A

0

142

0 0 0

106 178 179 180 181

30.2% 4.6% 14.8% 3.4% 4.0%

Scheme XIX



The major product was the ketone 106 which was formed

by the attack of the electrophilic singlet carbene on

the DMSO oxygen (Equation 27) .

C CH
3

LHC) I 3
s®--s.CH CH/0

3

0 0

142 182 106

56

(Eq. 27)

The ylide type intermediate 182 yields the ketone 106

upon eliminating the dimethylsulfide. The formation of

oxygen ylides has been known for sometime (80, 81).

Also, the insertion of carbenes on the DMSO oxygen is

known to give ketones upon the abstraction of the

oxygen (82) (Equation 28).

0 -CC1
20

:CC1
2

+ CH
3
-S

It

-CH
3

--> CH
3
S-CH3

0

CH 0-C-OCH
3

CH
3

ONa

(Eq. 28)

0

CI -c-C1 + CH
3-S-C H3
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Somehow the reaction of Carbenes with DMSO has been

ignored for a long time, most likely because the major

product is the ketone.

In our work carbene 142 was generated in DMSO, and

its parent ketone was indeed formed, most likely by

oxygen abstraction from the DMSO; however, additional

important products were also obtained. The products

were isolated by preparative VPC with an overall yield

of 57.0%. In addition to ketone 106, which gave a yield

of 30.2%, 3,4-diphenyltoluene, 179, was formed in 14.8%

yield. Its mass spectrum and NMR agree with the data in

the literature (83). Product 179 is believed to be

formed by a radical mechanism which involves an inter-

system crossing of the ground state singlet carbene 142

to a triplet carbene, 142a (Scheme XX). The latter

abstracts a hydrogen atom from DMSO to give a radical

pair, 184 and 183a. A phenyl group migration via 185

leads to 185a E--> 185b. Intersystem crossing and collapse

of radical pair 185b gives 186, which then reacts to form

187 via a concerted mechanism whereby the DMSO oxygen

abstracts the doubly allylic proton, a C-C bond is formed

and CH
3
SOH is eliminated. A 1,5-hydrogen shift gives the

more stable product 179, as shown in Scheme XX.

Carbenes similar to 142, e.g., 188 and 189, were

studied by M. Jones and co-workers (77). Carbenes 188

and 189 were co-generated in the gas phase giving
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p-xylene, 190, p-diethylbenzene, 191, p-ethyltoluene,

192, ethylbenzene, 193, and toluene, 194, in the ratios

0.8 : 0.6 : 1.0 : 3.6 : 2.8, respectively (Scheme XXI).

188

190

189

191

+ CH3 +

192

Scheme XXI

193 194

This experiment proves that these carbenes undergo alkyl

migration by a radical type mechanism or an abstraction-

recombination process.

M. Jones (84) also examined these mechanisms for a

cyclic system using spiro[5.6]trideca-1,4-dien-3-one,

195 (Equation 29). A radical mechanism as in Scheme XXI

195 196

197

(Eq. 29)
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was suggested.

The product, para-benzylbiphenyl, 178, obtained

in the pyrolysis of 139 (see Scheme XIX) appears to be

formed by a radical mechanism which involves the recom-

bination of 184 with 183a giving 198, which upon

elimination gives 199. Homolytic cleavage of one phenyl

group gives a benzylic radical 200a E4 200b. Recombina-

tion of the migrating phenyl radical gives 178 (Scheme

XXII).

0

1+

H .CH2 .--CH3

0 0
184

+ 183a

0

200a

<. >

198

0

200b

Scheme XXII

178

A transformation similar to 199 --e 178 was carried

out by Hart and DeVrieze (85) using a structure similar



to 199 (Equation 30).

201

decalin,
2

165
o
C

202

(90%)

H-
2

203

(trace)

61

(Eq. 30)

The pyrolysis of 201 was carried out in solution at

165°C giving 202 in high yield and only a trace amount

of 203, but when the same pyrolysis was performed in

the gas phase the yield of 203 increased to 48%. The

same pyrolysis was also carried out at 150°C in cumene,

a good hydrogen atom donor, instead of decalin, and

thiophenol was added in order to trap any migrating

radicals (Equation 31).

1. Cumene
n 2

2. 150-C

CH
3

3. C
6
H
5
-SH

201

CH
3

204 205

(Eq. 31)

The products of the pyrolysis after the addition of the

thiophenol were hexamethylbenzene, 204, and phenylpenta-

methylbenzylsulfide, 205. This proves that the
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transformation of 201 to 202 involves a radical mecha-

nism. This could be a good indication that the migration

of the phenyl group of compound 187 (see Scheme XX) is

not a concerted process but rather involves homolysis-

recombination.

o-Terphenyl, 181, is formed in 4.0% yield (see

Scheme XIX). Its formation in DMSO could be explained

most likely by a radical mechanism (Scheme XXIII),

whereby first the radical 184 <-4 184a is formed, and

upon subsequent migration of a phenyl group the allylic

and benzylic radical 185a is formed. Abstraction of the

benzylic hydrogen atom by radical 183a leads to

o-terphenyl, 181.

0 0

184

<

0 0

184a

0

185a

Scheme XXIII

OC)

CH
2
-S-CH

3
>

183a 0

181

o-Terphenyl, 181, was also obtained by Perkins and

Atkinson (86) when 5,5-dipheny1-1,3-cyclohexadiene was

treated with NBS, which is known to abstract an allylic

hydrogen atom, forming the radical 184a, which rearranges



to form only o-terphenyl in 50% yield:

0 0

206

+ NBS

0 0

184a 181

63

(Eq. 32)

The product 180 (see Scheme XIX) was obtained by the

combination of the DMSO radical 183a with the radical

184 <-4 184a to form 207, followed by the elimination of

CH
3
SOH yielding 180 (Scheme XXIV)

A 0

184

H

.CHI NCH b

CT"- ---CH
3

0 0 0 0

184a

180

183a

Scheme XXIV

207

There is one problem with the proposed mechanism in

Scheme XXIV as compared to the analogous one proposed
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in Scheme XXII for the formation of product 178. Whereas

in Scheme XXII one of the phenyl groups of the interme-

diate 199 undergoes a 1,5-shift resulting in aromatiza-

tion, the analogous 1,3-shift does not occur in the case

of product 180, contrary to expectation (Equation 32).

180 208

(Eq. 32)

The problem could be resolved upon considering the

resonance structures possible for the radical interme-

diate that would be formed during phenyl migration in

each case. In the case of the benzylic radical interme-

diate 200b (see Scheme XXII), seven resonance structures

are possible for it since the two benzene rings are co-

planar with each other as shown in Equation 33 on the

next page. In the case of the corresponding benzylic

intermediate that would be formed during the analogous

1,3-shift in compound 180, the two benzene rings are not

co-planar; thus only four resonance structures are

possible and apparently there is not enough resonance

stabilization to form the benzylic radical (see Equation

33 on the next page).



seven resonance forms

VS.

65

(Eq. 33)

four resonance forms

The synthesis of the second carbene precursor 140

was carried out as depicted in Scheme XXV. The previous-

ly synthesized ketone 107 was allowed to react with

tosylhydrazine in ethanol to give the desired tosylhydra-

zone 137, which was treated with methyllithium to give

the tosylhydrazone lithium salt 140:

107

TsNHNH
2

EtOH, 60
o
C

N -NH -Ts

CH
3
Li

THE

0 0 0 0

Li
N-N-Ts

137

Scheme XXV

140

Compound 140 was decomposed in dry DMSO to give carbene

143, which reacted to yield four products as shown in



Scheme XXVI:

140

107

29.6%

(45.1%)

Li
N-N-Ts 1. DMSO.,

2. A

(2. hy)

143

0 0

206 209

4.1% 6.6%

(2.0%) (0.5%)

Scheme XXVI

210

10.7%

(1.5%)
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Ketone 107 is formed by the same pathway as ketone

106 (see Equation 27); i.e., by an oxygen ylide, fol-

lowed by subsequent elimination of dimethylsulfide to

give 107 (Equation 34).

CH
3

CH
3

G 7-®
CH0 -- CH

3
''3

1

0

143

0

211

0 0

107

(Eq. 34)
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Product 107 was obtained in 29.7% yield. Its NMR and

mass spectra are consistent with the proposed structure.

Product 206, whose NMR and mass spectra are also

consistent with the proposed structure, is formed by a

1,2-hydride shift to the carbene center of 143 (Equation

35) .

0 0

143

H +
< >

0 0 0 0

206a 206

(Eq. 35)

Product 209 is formed in 6.6% yield by a radical

type mechanism as shown in Scheme XXVII on the next

page. The singlet carbene 143 is initially formed and

undergoes intersystem crossing to the triplet carbene

143a. The latter abstracts a hydrogen atom from the

solvent DMSO to give radical pair 212/183a, which then

combines to give 213. The intermediate 213 then under-

goes a concerted elimination of CH
3
SOH forming 209

(see Scheme XXVII on the next page). The NMR, UV and

mass spectra of product 209 are consistent with the

proposed structure. The UV spectrum of 209 confirms

the presence of a conjugated diene, giving a value of

c = 22,000 at X = 232. The model compound chosen for
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comparison is phenylcyclohexane, which gives c = 260 at

X = 232. Thus if product 209 did not have the conjugated

diene moiety, the c value would be small and close to

the value of 260 obtained for the model compound. The

fact that the c value is very high is a good indication

that indeed product 209 is a conjugated diene.

0 0

143

ISC

0 0

143a

DMSO

/GD0 CH
3

tjH

0 0

213

Scheme XXVII

212

0 0

209

0

I+
,, S

.CH
2

CH
3

+ 183a

The pathway for the formation of product 210 is

the same as that for 209 shown in Scheme XXVII, except

that the DMSO radical 183a adds to the allylic and

doubly homobenzylic radical center as shown in Scheme



XXVIII. The intermediate 214 is obtained which then

reacts to form 210:

0 0

212

os

0 0

212a

0 0

210

183a

H

H
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(ID
3 CH--- ----CH

3
0 0 2

Scheme XXVIII

214

The NMR, UV and mass spectra of product 210 are consis-

tent with the proposed structure. However, the mass

spectrum and the 1H-NMR and 13C-NMR spectra are also

consistent with the structure 215 shown below:

215 143 210

(Eq. 36)

Only the UV spectrum is able to distinguish between the

two possibilities shown in Equation 36. Structure 210
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contains a conjugated diene moiety, but 215 does not.

The UV spectrum of product 210 gives a Xmax of 232 nm

with an e value of 20,490, which is comparable with

the e value of butadiene, which is about 25,000. The UV

spectrum thus supports structure 210 as being the actual

structure of product 210.

When the lithium tosylhydrazone salt 140 was photo-

lyzed (Scheme XXVI) in DMSO using the Hanovia lamp and a

pyrex filter, the same four products were found as in the

pyrolysis experiment, but in different ratios. Compounds

209 and 210 have shown a sharp decrease and ketone 107 an

increase in yield relative to the pyrolysis experiment.

The difference in these two experiments may be rational-

ized by suggesting that in the photolysis an excited

state singlet or excited diazo compound is the product

determining intermediate, whereas in the pyrolysis a

ground state singlet is the product precursor. This

dramatic difference in product composition is very simi-

lar to the situation observed by M. Jones (87) in his

study of 4,4-dimethylcyclohexadienylidene.

The synthesis of the third carbene precursor, 141,

was carried out as depicted in Scheme XXIX. The ketone

107, which had been synthesized first, was hydrogenated

to give ketone 108. The latter was treated with tosyl-

hydrazine in ethanol to give the tosylhydrazone 138.

Finally addition of methyllithium to 138 gave the desired



tosylhydrazone lithium salt 141:

0 0

107

H2, 1 atm

10% Pd/C

1:1 C
6 0
H,/Et0H

CH
3
Li

THE

108

Li
N-N-Ts

141

Scheme XXIX

TsNHNH
2

2
EtOH
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N-NH-Ts

0 0

138

Decomposition of the tosylhydrazone 141 yielded

three products: 216, 108 and 217 as shown in Scheme XXX

on the next page.
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Product 216, whose NMR and mass spectra are consistent

with the proposed structure, is formed by a 1,2-hydride

migration to the carbene center of 144 (Scheme XXX).

Ketone 108, whose NMR and mass spectra are consistent

with the proposed structure (see Experimental Section),

is formed as in Equation 34. Attack of the electro-

philic carbene center on the DMSO oxygen followed by

elimination of dimethylsulfide gives 108. Compound 217

is formed as follows. Carbene 144 reacts with DMSO

forming the zwitterion 218. Nucleophilic attack upon

a methyl group gives the intermediate 219, which in



turn produces 217 upon work-up (Scheme XXXI).

144 218

CH
3
S-0 CH

3

Scheme XXXI

0 0

219

work-
up

73

217
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KINETICS

Analysis of the Kinetic Data

The three tosylhydrazone compounds, 136, 137, 138,

and their lithium salts were prepared as described in

the Results and Discussion Section. A known amount of

the tosylhydrazone lithium salt (139, 140, 141) was added

to the thermolysis apparatus (see Experimental Section),

and the decomposition of the salt was followed by care-

fully monitoring the amount of nitrogen gas evolved.

The volume of nitrogen evolved vs. time was recorded in

order to calculate the rate constant for the diazo com-

pound formation (k1) and the rate constant for carbene

formation (k2). The activation energy, Ea, of the forma-

tion of each carbene was determined by measuring k2 at

different temperatures. The other activation parameters,

AO, AS and de were also calculated.

The data, volume N
2
evolved vs. time, were put into

a least-square curve-fitting program to find the best fit

for the two values, kl and k2. At the beginning we were

uncertain how to decide as to which one of the two values

obtained from the curve fitting program corresponded to

kl and which one corresponded to k2. However, this un-

certainty was cleared up after performing an independent

experiment for the determination of kl, which is described

later (p. 110).



The decomposition of the tosylhydrazone lithium

salt to the diazo compound and then to the carbene

(Equation 37) can be represented as a consecutive re-

action (Equation 38).

Li
AN --N --Ts -)
k
1

A B

(d) 0
N =N: < > \N -212 N :

0
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k
2

0
+ N2

2

(Eq. 37)

C (Eq. 38)

Using the first order rate expressions for A, B and C,

integrating the rate expression for A, carrying out

appropriate substitutions into the rate expression for

C and final integration yields Equation 39:

d[A] rAl
-34/33 = k [A] k

2
[B]

d[C]
dt dt 1 dt [B]

-kit
[A] = A

o
e

d[C] =

k k
1 2

[A0]
k
2
-k

1

dt

Continued on next page
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k2(1 - e 1

) - kl(1 e
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(Eq. 39)

Equation 39, where [C] = concentration of the carbene at

time = t, is used for the least square curve-fitting

program. The volume of nitrogen gas evolved (milliliters)

v.s. time (seconds) is entered into the program (Figure

5), since the moles of carbene formed is equal to the

moles of N
2

evolved, which in turn is proportional to the

volume of N
2
evolved. The two values of k

1
and k

2
are

automatically printed out.

Before attempting to calculate the rate and the ac-

tivation parameters, let's discuss the nature of these

parameters. The rate, k2, is obtained from the computer

fit program and it tells us how fast the carbene is

generated, and thus how stable that carbene is. The

activation energy, Ea, is very important in the study of

kinetics. It gives additional information about the sta-

bility of the carbene. The lower the activation energy

the more stable is the carbene. Also, the activation

energy tells us about the driving force behind chemical

reactions (89) .

The free energy change, AG i, is the difference in

energy between the reactants, A + B, and the activated
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Figure 5. Input data of time (sec) vs. nitrogen volume
(ml) for the computer program.
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complex, AB**:

A + B AB** C + D

K
(AB**)
(A)(B)

AG = -RT In

The entropy of activation, on the other hand, gives us

additional information. If the entropy of activation,

AS, is negative, it indicates greater order in the tran-

sition state. For example, for the dimerization of two

molecules leading to one product, a negative entropy of

activation should be obtained, since more order is

attained in the transition state and a loss of transla-

tional and rotational degrees of freedom takes place

(90, 91). In the case of the decomposition of a molecule

into two fragments there is less order in the transition

state and thus the entropy of activation should be posi-

tive and a gain in the translational energy should occur.

The enthalpy of activation, reflects the

difference in the amount of internal energy possessed

by the activated complex and the reactants. The acti-

vated complex usually has a higher internal energy than

the ground state. It is actually the measure of the

height of the energy barrier which must be overcome to

attain the transition state and reflects the bond

strengths within and between the reactants.
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Thus all of these activation parameters are very

helpful in analyzing the actual transition state leading

to the reactive intermediate carbene. We will not derive

the equations for the activation energy and the other

activation parameters, since complete derivations are

found in the literature (91).

The activation energy was calculated from the rate

using the following equations:

-Ea/RT
k
2
= Ae

In k2 = -Ea/RT + in A

A = frequency factor.

k2 = rate of the loss of nitrogen.

T = the absolute temperature at which k2 was
determined.

R = a constant = 1.98 cal/mole°K

E
a

= activation energy.

The enthalpy of activation is obtained from:

= E
a

- RT

The free energy of activation, de, and the entropy of

activation, LS, can be calculated using the following
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two equations (89):

k
2

T

= AH - TAS

Results and Calculations

The kinetic results for the decomposition of the

three tosylhydrazones at different temperatures are

recorded in Tables 1 - 18.

1. Kinetic calculation for 4,4-diphenylcyclohexylidene,
144:

The decomposition of the lithium salt, 141, was car-

ried out at four different temperatures, 110°C, 115°C,

120°C and 125°C. A graph of In k2 v.s. 1/T was plotted

giving a straight line with a negative slope of

11.7 x 103 (Figure 6).

a. Determination of the rate and its standard deviation:

Three determinations of the rate were carried out at

the same temperature, 110°C (see Tables 1 - 3) in order

to determine the standard deviation. An average rate of

8.68 h-1 with a standard deviation of 0.75 h-1 was

obtained:

k
2

= 8.68 ± 0.75 h
-1

= 0.0024 ± 0.0002 s
-1



TABLE 1

The Pyrolysis of the Lithium Salt

of 4,4-diphenylcyclohexanone Tosyl-

hydrazone in DMSO at 110°C.
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Li
-N-Ts

Time (sec) Volume of N
2

evolved (ml)

0.0

115.0

170.0

250.0

290.0

340.0

430.0

465.0

510.0

605.0

655.0

725.0

770.0

0.0

1.0

2.0

3.0

4.0

5.0

7.0

8.0

10.0

12.0

13.0

14.0

16.0

Time (sec)
Volume of N2

evolved (ml)

840.0 17.5

900.0 18.5

970.0 20.0

1010.0 21.0

1060.0 22.0

1150.0 24.0

1310.0 26.0

1410.0 27.5

1530.0 28.0

1670.0 30.0

1800.0 31.0

2410.0 34.0

-1
k
2

(loss of N
2

) = 8.27 h ki (loss of Ts) = 5.94 h
-1



TABLE 2

The Pyrolysis of the Lithium Salt

of 4,4-Diphenylcyclohexanone Tosyl-

hydrazone in DMSO at 110°C.
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Li
N-N-Ts

Time (sec)
Volume of N

2

evolved (ml)
Time (sec)

Volume of N2

evolved (ml)

0.0 0.0 1010.0 21.1

58.0 1.99 1130.0 23.0

177.0 1.89 1200.0 24.0

295.0 3.87 1315.0 25.9

355.0 5.20 1430.0 27.4

415.0 6.47 1540.0 28.6

475.0 8.20 1660.0 29.7

595.0 11.38 1804.0 30.6

718.0 14.48 2120.0 32.4

777.0 15.88 2390.0 34.0

888.0 18.58 2980.0 35.5

k (loss of N
2

) = 8.22 h-1 k
1

(loss of Ts) = 5.88 h
-1

2



TABLE 3

The Pyrolysis of the Lithium Salt

of 4,4-Diphenylcyclohexanone Tosyl-

hydrazone in DMSO at 110°C.
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Li
N -N -Ts

Time (sec) Volume of N
2

evolved (ml)
Time (sec)

Volume of N
2

evolved (ml)

0.0 0.0 1021.0 21.1

61.0 0.2 1083.0 22.2

181.0 1.9 1143.0 23.3

241.0 2.9 1203.0 24.2

301.0 3.9 1320.0 25.9

361.0 5.2 1441.0 27.4

481.0 8.2 1563.0 28.7

541.0 9.8 1650.0 29.5

602.0 11.4 1760.0 30.4

721.0 14.5 2070.0 31.9

781.0 15.9 2350.0 33.8

903.0 18.6 2960.0 35.3

963.0 20.0

k
2

(loss of N2) = 9.56 h-1 k
1

(loss of Ts) = 5.42 h
-1



TABLE 4

The Pyrolysis of the Lithium Salt

of 4,4-Diphenylcyclohexanone Tosyl-

hydrazone in DMSO at 115°C.
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Li
N-N-Ts

Time (sec) Volume of N
2

evolved (ml)

0.0 0.0

112.0 1.0

168.0 2.0

255.0 3.0

288.0 4.0

345.0 5.0

433.0 7.0

460.0 8.0

510.0 10.0

599.0 12.0

660.0 13.0

725.0 14.0

780.0 16.0

Time (sec)
Volume of N

2

evolved (ml)

830.0

898.0

970.0

1005.0

1050.0

1160.0

1310.0

1505.0

1620.0

1750.0

1940.0

2300.0

17.5

18.5

20.0

21.0

22.0

24.0

26.0

27.5

28.5

30.0

31.0

34.0

k
2

(loss of N2) = 11.2 h-1 k (loss of Ts) = 4.83 h-1
1



TABLE 5

85

The Pyrolysis of the Lithium Salt
Li

of 4,4-Diphenylcyclohexanone Tosyl- N-N-Ts

hydrazone in DMSO at 120°C.

Time (sec)
Volume of N

2 .

evolved (ml)
Time (sec)

Volume of N
2

evolved (ml)

0.0 0.0 410.0 15.0

30.0 0.5 485.0 18.0

65.0 1.0 541.0 20.5

87.0 1.5 605.0 22.5

123.0 2.5 650.0 24.0

140.0 3.0 715.0 26.0

183.0 4.5 781.0 27.5

205.0 5.5 905.0 29.5

245.0 7.0 1000.0 31.0

265.0 8.5 1210.0 33.0

305.0 10.0 1510.0 35.0

332.0 11.5 2130.0 37.0

355.0 13.0

k
2

(loss of N
2

) = 18.8 h-1 k
1

(loss of Ts) = 8.99 h-1



TABLE 6

The Pyrolysis of the Lithium Salt

of 4,4-Diphenylcyclohexanone Tosyl-

hydrazone in DMSO at 125°C.

86

Li
N-N-Ts

Volume of N
2Time (sec)

evolved (ml)

Volume of N
2Time (sec)

evolved (ml)

0.0 0.0 418.0 12.14

30.0 0.17 477.0 14.12

58.0 0.30 539.0 16.10

75.0 0.54 600.0 17.55

88.0 0.71 658.0 19.25

118.0 1.42 718.0 20.42

148.0 2.12 781.0 21.83

177.0 2.91 838.0 22.81

208.0 4.02 895.0 23.69

237.0 4.98 1195.0 27.45

267.0 6.43 1495.0 30.00

296.0 7.37 1795.0 31.50

358.0 9.77

k
2

(loss of N2) = 27.4 h-
1

k
1

(loss of Ts) = 6.39 h
-1



TABLE 7

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2-cyclohexenone Tosyl-

hydrazone in DMSO at 11000.

87

Li
N-N-Ts

Volume of N
2Time (sec)

evolved (ml)

Volume of N
2Time (sec)

evolved (ml)

0.0 0.0 888.0 4.90

40.0 0.22 1015.0 5.27

66.0 0.45 1064.0 5.45

93.0 0.68 1189.0 5.82

141.0 1.08 1278.0 6.03

172.0 1.30 1485.0 6.60

204.0 1.45 1573.0 6.75

227.0 1.65 2880.0 8.90

283.0 2.03 3163.0 9.30

344.0 2.42 3704.0 9.83

403.0 2.81 5495.0 11.30

549.0 3.60 6749.0 12.00

596.0 3.75

k
2

(loss of N
2

) = 197 h
-1

k
1

(loss of Ts) = 2.17 h-
1



TABLE 8

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2-cyclohexenone Tosyl-

hydrazone in DMSO at 110°C.

88

Li
N-N-Ts

Volume of N
2Time (sec)

evolved (ml)
Time (sec)

Volume of N
2

evolved (ml)

0.0 0.0 1230.0 7.70

51.0 0.52 1430.0 7.90

84.0 1.03 1600.0 8.43

137.0 1.57 2490.0 9.80

219.0 2.40 3470.0 11.15

274.0 2.93 4970.0 12.52

327.0 3.27 5230.0 12.76

393.0 3.79 5600.0 13.25

520.0 4.53 5950.0 13.50

582.0 5.05 6800.0 13.60

721.0 5.80 7880.0 13.90

920.0 6.71 8580.0 14.15

1110.0 7.40

-1 -1
k
2

(loss of N
2

) = 220 h k
1

(loss of Ts) = 2.58 h



TABLE 9

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2-cyclohexenone Tosyl-

hydrazone in DMSO at 110°C.

89

Li
N -N -Ts

Volume of N
2Time (sec)

evolved (ml)

Volume of N2
Time (sec)

evolved (ml)

0.0 0.0 883 4.91

35.0 0.23 1020 5.26

71.0 0.44 1059 5.46

88.0 0.69 1194 5.81

146.0 1.07 1273 6.04

168.0 1.31 1490 6.59

209.0 1.46 1568 6.76

222.0 1.64 2885 8.89

288.0 2.02 3158 9.31

398.0 2.82 4100 10.20

554.0 3.59 5890 11.71

591.0 3.76 7146 12.41

742.0 4.30

-1 -1
k
2

(loss of N2) = 271 h k
1

(loss of Ts) = 2.11 h



TABLE 10

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2-cyclohexenone Tosyl-

hydrazone in DMSO at 115°C.

90

Li
N-N-Ts

Volume of N
2Time (sec)

evolved (ml)

Volume of N
2Time (sec)

evolved (ml)

0.0 0.0 1211.0 7.50

46.0 0.50 1445.0 8.10

79.0 1.00 1613.0 8.52

140.0 1.60 2543.0 10.20

227.0 2.50 3500.0 11.40

285.0 3.00 4978.0 12.63

339.0 3.40 5245.0 12.85

400.0 3.85 5575.0 13.10

500.0 4.50 5919.0 13.30

573.0 4.95 6810.0 13.70

700.0 5.60 7913.0 14.10

893.0 6.45 8595.0 14.30

1078.0 7.10

k
2

(loss of N
2

) = 266 h
-1

k
1

(loss of Ts) = 2.55 h
-1



TABLE 11

The Pyrolysis of the Lithium Salt of

4,4Dipheny1-2-cyclohexenone Tosyl-

hydrazone in DMSO at 120°C.

91

Li
N-N-Ts

Volume of N2
Time (sec)

evolved (ml)
Time (sec)

Volume of. N2
.

evolved (ml)

0.0 0.0 974.0 7.49

39.0 0.52 1140.0 8.06

70.0 1.02 1290.0 8.50

125.0 1.50 2070.0 10.15

198.0 2.47 2730.0 11.53

241.0 3.04 .3800.0 12.62

295.0 3.53 3990.0 12.86

320.0 3.69 4250.0 13.15

409.0 4.49 4490.0 13.30

480.0 4.93 5150.0 13.66

575.0 5.59 5960.0 14.12

735.0 6.50 6480.0 14.23

879.0 6.99

k
2

(loss of N
2

= 444 h (loss of Ts) = 3.10 h-1



TABLE 12

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2-cyclohexenone Tosyl-

hydrazone in DMSO at 125°C.

92

Li
N-N-Ts

Volume of N
2Time (sec)

evolved (ml)

Volume of N
2Time (sec)

evolved (ml)

0.0 0.0 694.0 7.45

25.0 0.50 773.0 7.90

38.0 0.70 912.0 8.50

52.0 1.00 1184.0 9.55

86.0 1.50 1310.0 10.00

142.0 2.40 1517.0 10.60

185.0 3.00 1776.0 11.25

219.0 3.50 2324.0 12.30

236.0 3.75 2448.0 12.49

340.0 4.83 3094.0 13.30

411.0 5.50 4167.0 14.30

525.0 6.50 6859.0 15.51

620.0 7.00

-1 -1
k
2

(loss of N
2

) = 633 h k
1

(loss of Ts) = 3.85 h



TABLE 13

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2,5-cyclohexadienone

Tosylhydrazone in DMSO at 90°C.

93

Li
N-N-Ts

Time (sec)
Volume of N

2

evolved (ml)
Time (sec)

Volume of N
2

evolved (ml)

0.0 0.0 245.0 15.0

76.0 1.0 281.0 17.0

91.0 2.0 324.0 19.0

106.0 3.0 400.0 22.0

122.0 4.2 462.0 24.0

140.0 6.5 537.0 26.0

150.0 7.5 670.0 28.0

157.0 8.0 825.0 30.0

167.0 9.0 1080.0 32.0

176.0 10.0 1815.0 34.0

190.0 11.0 2450.0 35.0

201.0 12.0 5280.0 36.0

217.0 13.0

-1k
2

(loss of N
2

) = 81.0 h k
1

(loss of Ts) = 11.1 h
-1



TABLE 14

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2,5-cyclohexadienone

Tosyihydrazone in DMSO at 96°C.

94

Li
N-N-Ts

Time (sec)
Volume of N

2

evolved (ml)

0.0

30.0

72.0

82.0

95.0

102.0

128.0

155.0

160.0

178.0

200.0

220.0

260.0

0.0

0.9

1.9

3.8

4.8

5.0

6.0

7.4

8.0

9.0

10.7

11.9

12.8

k
2

(loss of N
2

) = 132 h
-1

k
1

Time (sec)
Volume of N

2

evolved (ml)

300.0 14.0

330.0 15.2

370.0 16.9

375.0 17.1

392.0 17.8

500.0 19.7

610.0 21.8

698.0 22.7

710.0 22.8

870.0 24.3

1070.0 25.7

1580.0 27.3

(loss of Ts) = 10.2 h
-1



TABLE 15

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2,5-cyclohexadienone

Tosylhydrazone in DMSO at 96°C.

95

Li
N-N-Ts

Volume of N
2Time (sec)

evolved (ml)

Volume of N
2Time (sec)

evolved (ml)

0.0 0.0 195.0 10.0

17.0 0.5 240.0 12.0

29.0 1.0 270.0 13.0

40.0 1.5 295.0 14.0

62.0 2.0 320.0 15.0

72.0 3.0 345.0 16.0

83.0 4.0 404.0 18.0

105.0 5.0 503.0 20.0

117.0 5.5 606.0 22.0

127.0 6.0 960.0 25.0

144.0 7.0 1655.0 28.0

160.0 8.0 2590.0 30.0

176.0 9.0

k
2

(loss of N2) = 130 h
-1

k
1

(loss of Ts) = 8.89 h
-1



TABLE 16

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2,5-cyclohexadienone

Tosylhydrazone in DMSO at 96°C.

96

Li
N -N -Ts

Volume of N
2Time (sec)

evolved (ml)

Volume of N2
Time (sec)

evolved (ml)

0.0 0.0 207.0 6.11

75.0 2.60 221.0 6.31

87.0 3.10 234.0 6.53

99.0 3.55 265.0 6.90

112.0 4.00 322.0 7.50

120.0 4.20 370.0 7.90

126.0 4.50 435.0 8.23

142.0 4.90 472.0 8.44

151.0 5.10 515.0 8.60

161.0 5.30 542.0 8.75

170.0 5.52 578.0 8.90

182.0 5.73 669.0 9.25

195.0 5.95

k
2

(loss of N
2

) = 128 h k
1

(loss of Ts) = 15.0 h
-1



TABLE 17

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2,5-cyclohexadienone

Tosyihydrazone in DMSO at 110°C.

97

Li
N-N-Ts

Volume of N
2Time (sec)

evolved (ml)

Volume of N
2Time (sec)

evolved (ml)

0.0 0.0 300.0 7.5

15.0 0.5 330.0 8.0

23.0 1.0 365.0 8.5

28.0 1.5 440.0 9.0

43.0 2.0 490.0 9.5

55.0 3.0 560.0 10.0

78.0 3.5 780.0 10.5

95.0 4.0 880.0 11.0

119.0 4.5 1000.0 11.5

160.0 5.0 1460.0 12.0

180.0 5.5 2080.0 12.0

205.0 6.0 3500.0 12.7

270.0 7.0

k
2

(loss of N
2

) = 363 h
-1 k

1
(loss of Ts) = 13.2 h

-1



TABLE 18

The Pyrolysis of the Lithium Salt of

4,4-Dipheny1-2,5-cyclohexadienone

Tosylhydrazone in DMSO at 125°C.

98

Li
N-N-Ts

Volume of N
2Time (sec)

evolved (ml)

Volume of N2
Time (sec)

evolved (ml)

0.0 0.0 260.0 6.09

60.0 2.51 300.0 6.30

97.0 3.00 340.0 6.49

125.0 4.00 370.0 6.90

135.0 4.25 440.0 7.48

153.0 4.80 480.0 7.87

165.0 5.22 650.0 8.23

185.0 5.40 710.0 8.42

195.0 5.49 850.0 8.59

240.0 5.95

k
2

(loss of N
2

) = 1.21 x 10
3

k
1

(loss of Ts) = 18.7 h
-1
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Figure 6. Graph of In k2 vs. 1/T for 4,4 -diphenylcyclohexylidene (144).
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b. Energy of activation, Ea:

The energy of activation, Ea, was found from

E
a
= -mR = -slope-R

= 11.7 x 103
K 0.00198 kcal mole

-1
K
-1

= 23.17 kcal/mole

= 23.2 kcal/mole

c. Standard deviation of Ea:

= 8.68 ± 0.75 h-1: Ea = -RT(ln k2 In A)

Assuming that the error for the temperature is negligible

for the three carbenes, partial differentiation of the

equation for Ea gives the following expression for the

error of Ea:
a

aE
a

= RT
k
2

ak
2

= 0.00198 kcal mole
-1

K

= 0.0655 kcal/mole

Thus E
a

= 23.2 ± 0.1 kcal/mole

(Eq. 40)

383 K 0.75 h-1

8.68 h-1
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d. Enthalpy of activation and its standard deviation:

= E
a
- RT Average temperature = 390.5°K

= 23.2 kcal mole
-1

- (0.00198 kcal mole
-1

K
-1

390.5 K)

= 22.4 kcal/mole

Since = E
a

- RT, = aE
a

; Thus L1H = 22.4 ± 0.1

kcal/mole

e. Entropy of activation, ASA :

k
2

AS
AT 4.58 log -- - 47.4 (Eq. 41)

T

22,400 cal mole
390.5 K

0.0024
4.58 log - 47.4

= -13.9 cal/mole K = -14.0 cal/mole K

f. Standard deviation of AS°:

Again assuming negligible error for the temperature,

partial differentiation of the equation for AS°,

1 4.58 log k2 4.58 log T - 4.74

using the error analysis formula (92),

leath\ 2 26y2 '21,

gives Equation 42 (next page) for the determination of

GAO.



aAS =
(aA11) 2 + (4.58)

7
1
2

65.5 cal mole
- 2

2
+ (4.58)

390.5 K

0.417 cal/mole K

Thus AS = -14.0 t 0.4 cal/mole K

g. Free energy of activation, AG°:

AG° = - TA?

102

(Eq. 42)

0.0002
0.0024

2 1/2

= 22,400 cal mole-1 - 390.5 K(-14 cal mole-
1
K
-1

)

= 27,867 cal/mole

= 27.9 kcal/mole

h. Standard deviation of

Again assuming negligible error for the temperature,

partial differentiation of the equation for AG

(Ae = DH# - TA?) gives:

crAG = [(aA42 + T2(a0?)20

= 1(65.5 cal mole -l)2 + (390.5K)2(0.42 cal mole-1K)20

= 177 cal/mole = 0.177 kcal/mole

Thus AG = 27.9 t 0.2 kcal/mole
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2. Kinetic calculation for 4,4-diphenyl-2- cyclohexenyli-
dene, 143:

Again the decomposition of the lithium salt, 140,

was carried out at four different temperatures, 110°C,

115°C, 120°C and 125°C. A graph of In k2 vs. 1/T was

plotted giving a straight line with a negative slope of

11.3 x 10
3
°K (Figure 7).

a. Determination of the rate and its standard deviation:

Three determinations of the rate were carried out at

the same temperature, 110°C (see Tables 7 - 8) in order

to determine the standard deviation. An average rate of

208.5 h
-1 with a standard deviation of 16 h

-1 was

obtained:

= 208 ± 16 h
-1

= 0.058 ± 0.004 s
-1

k2

b. Energy of activation, Ea:

E
a
= -slopeR = 11.3 x 10

3
K 0.00198 kcal mole

-1
K
-1

= 22.4 kcal/mole

c. Standard deviation of E
a

:

The calculation is done as for carbene 144 using

Equation 40:

(16)
)

aE
a
= 0.00198(383)

(208
= 0.058 kcal/mole

Thus E
a
= 22.4 ± 0.1 kcal/mole
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Figure 7. Graph of In k2 vs. 1/T for 4,4 -diphenyl -2 -cyclohexenylidene (143).
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d. Enthalpy of activation and its standard deviation:

The calculation is done as for carbene 144:

EH = E
a

- RT Average temperature = 390.5 K

= 22.4 - 0.00198(390.5) = 21.6

= 21.6 ± 0.1 kcal/mole, using the standard
deviation of E

a

e. Entropy of activation, AS #:

The calculation is done as for carbene 144, using

Equation 41:

AS
0 21,600 4.58 log 05;(0)

58

390.5
47.4

= -9.62 cal/mole K

f. Standard deviation of AS°:

The calculation is done as for carbene 144 using

Equation 42:

AS =
58

2
\

(390.5)
(4.58)2 (0.0044)

0.058

= 0.379 cal/mole K

Thus A? = -9.62 ± 0.4 cal/mole K

2
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g. Free energy of activation, Ae:

The calculation is done as for carbene 144:

Ae = AI? + TAS = 21,600 - 390.5(-9.62)

= 25,357 cal/mole = 25.4 kcal/mole

h. Standard deviation of Ae:

The calculation is done as for carbene 144:

aAe = [(aAI?)2 + T2(cAS)231/2

= [(58)2 + (390.5)2(0.379)231/2

= 158 cal/mole = 0.16 kcal/mole

Thus Ae = 25.4 ± 0.2 kcal/mole

3. Kinetic calculation for 4,4-diphenyl-2,5- cyclohexa-
dienylidene, 142:

The decomposition of the lithium salt, 139, was

carried out at four different temperatures, 90°C, 96°C,

110 °C and 125 °C, two of the temperatures being different

from those used for carbenes 143 and 144. A plot of

In k
2
vs. 1/T gave a straight line with a negative slope

of 10.8 x 10
3 K (Figure 8).

a. Determination of the rate and its standard deviation:

Three determinations of the rate were carried out at

96 °C, giving three close values for the rate with an
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Figure 8. Graph of 1n k vs. 1/T for 4,4-dipheny1-2,5-cyclohexadienylidene (142).
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average of 130.05 h-1 and a standard deviation of only

1.9 h-1 :

k
2

= 130.1 ± 1.9 h
-1

= 0.0361 ± 0.0005 s
-1

b. Energy of activation, Ea:

E
a
= -slopeR = 10.8 x 10 3

K 0.00198 kcal mole

= 21.4 kcal/mole

c. Standard deviation of E :

a

Using Equation 40:

UE
a

= 0.00198(369) (1.9) = 0.0107 kcal/mole
(130)

Thus E
a
= 21.4 ± 0.0 kcal/mole

d. Enthalpy of activation and its standard deviation:

The calculation is done as for carbene 144:

= E
a

- RT Average temperature = 387.3°K

= 21.4 - 0.00198(378.3) = 20.6 kcal/mole

= 20.6 ± 0.0 kcal/mole, using the standard
deviation of E

a

e. Entropy of activation, 0:

Using Equation 41:

20,700 1, 0.0361 - 47.4AS = 378.3
+ 4.38 378.3

= -11.1 cal/mole K

-1
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f. Standard deviation of A 0
:

Using Equation 42:

aAS =
2

(37873) + (4.58)2

= 0.0707 cal/mole K

Thus A? = -11.1 ± 0.1 cal/mole K

0.0005
0.0361

2! 1/2-

g. Free energy of activation, A?

The calculation is done as for carbene 144:

Ae = + TA? = 20,700 - 378.3(-11.1)

= 24,899 cal/mole = 24.9 kcal/mole

h. Standard deviation of Ae:

The calculation is done as for carbene 144:

1/2

aAG - [(aAH 2
) + T2

(aAS
# 2

) ]

= [(10.7)2 + (378.3)2(0.0707)2)1/2

= 28.8 cal/mole = 0.0288 kcal/mole

Thus Ae = 24.9 ± 0.0 kcal/mole
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Determination of k
1
Using an Independent Experiment

An independent experiment for the determination of

k
l'

which was developed at Oregon State University by

Freeman and Wuerch (93) was used for the determination

of kl. A known amount of the tosylhydrazone lithium

salt was added to an equimolar amount of the internal

standard, N,N-dimethyl-p-tolylsulfonamide (DMPTSA) in

distilled DMSO and heated at 125°C. Five aliquots were

taken at different time intervals and quenched in order

to monitor the carbene consumption by measuring the

amount of tosylhydrazone remaining in each aliquot. The

following equations were used for determing kJ:

dA/dt = -k
I
[A] dA/[A] k dt

ln(A
t
/A

o
) = -k

1
t (Eq. 43)

A
o

is the amount of tosylhydrazone, A, at time = 0 and

A
t

is the amount of A at time = t. Since equimolar

amounts of the unreactive internal standard (std), DMPTSA,

and of the tosylhydrazone, A, were used, Ao (initial

concentration of A) = Astd
(concentration of DMPTSA).

Thus using Equation 43,

ln(A
t
/A

std
) = -k

1
t (Eq. 44)

Using HPLC (high performance liquid chromatography) to
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deterthine the relative concentrations of the internal

standard and the tosylhydrazone in each aliquot, a graph

of ln(A
t
/A

std
) vs. time was plotted in order to deter-

mine k
1

from the slope (Equation 44). Thus the value of

k
1
obtained in this experiment can be compared with each

of the two k values obtained from the curve fitting pro-

gram. It turns out that each k
1

value determined in

this experiment is close in value to the second k value

obtained in the computer printout. Thus the second com-

puter printout k value is the one which corresponds to

kl. For example, for the tosylhydrazone lithium salt

140 k
1

(found) = 3.85 h
-1 at 125 °C (see Table 19) and

k
1

(calculated) = 5.0 h
1 at 125°C; and for the tosyl-

hydrazone lithium salt 141 kl (found) = 6.39 h-1 at 125°C

and k
1

(calculated) = 6.50 h -1 at 125 °C (see Table 20).

Thus k
1
and k

2
were identified and k

2
was used for cal-

culating the activation parameters.

Discussion of the Results

The kinetic runs were carried out at the same four

temperatures, 110°C, 115°C, 120°C and 125°C for the two

carbenes, 143 and 144; however, for carbene 142, two of

the temperatures were different (90°C and 96°C instead

of 115°C and 120°C). Lower temperatures were used for

carbene 142 because of the rapid reaction resulting in
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TABLE 19. Determination of k
1

for 4,4-Dipheny1-2-

Cyclohexenone Tosylhydrazone Lithium

Salt, 140, at 125°C.

HPLC Area of HPLC Area of
Standard Tosylhydrazone ln(A

t
/A

std
) Time

(A
std

)

t )

3.28 5.32 0.4824 1

3.24 4.48 0.3221 250

3.46 3.64 0.0507 350

3.15 2.88 -0.0943 450

2.98 2.32 -0.2 550

k (calculated) from the computer printout = 3.85 h
-1

1
at 125°C.

k
I

(found) from the above experiment = 5.0 h
-1

at 125 °C.
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TABLE 20. Determination of k
1

for 4,4-Diphenyl-

cyclohexanone Tosylhydrazone Lithium

Salt, 141, at 125°C.

HPLC Area of HPLC Area of
Standard Tosyihydrazone

(A std) (At)

ln(A
t
/Astd ) Time

2.32 1.68 -0.323

3.09 1.95 -0.462 200

3.06 1.32 -0.844 400

2.56 0.81 -1.14 600

2.68 0.45 -1.78 800

k
1

(calculated) from the computer printout = 6.39 h-1

at 125°C.

k
1

(found) from the above experiment = 6.50 h at 125°C.
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a rapid evolution of nitrogen. The lower temperatures

(90 °C and 96 °C) thus ensured more accurate readings of

the volume of N
2
evolved. In order to compare the

rates for carbene 142 at the two missing temperatures,

115°C and 120°C, with the rates of the other two car-

benes at these temperatures, the rates for carbene 142

at 115°C and 120°C can be determined using the graph of

In k
2
vs. 1/T (Figure 8). Table 21 compares the rates

of the three carbenes at the four temperatures, 110°C,

115°C, 120°C and 125°C; the two interpolated rate

values for carbene 142 at 115°C and 120°C are included

in the table. Table 21 also compares the activation

parameters for the three carbenes.

If we compare the rate constants at any temperature

(Table 21) we see that the rate increases with increasing

number of double bonds a to the carbene center. For

example, the rates of the three carbenes, 144, 143 and

142 at 125 °C are 27.4, 633 and 1214 h
-1

, respectively.

The same trend is fOund for the other three temperatures.

This tells us that the carbene is generated much faster

from the diazo precursor in the case of an unsaturared

carbene such as 143. The free energy shows us that pi

electrons stabilize the carbene more effectively than

the parent diazo compound. In the case of carbene 142,

the carbene is stabilized by the delocalization of pi

electrons from both double bonds, as indicated by the



TABLE 21. Summary of the Kinetic Results

K2, h- 1 K2, h
-1 K2, h-1 K2, E

a
, QS'h

-1 AGt ,,

kcal/ kcal/ cal/ kcal/

110 °C 115 °C 120°C 125°C mole mole mole K mole

8.22 11.18 18.74 27.44 23.2 22.4 -14.0 27.9

196.75 266.3

362.84 566.0a

443.56 633.05

933.3
a 1213.72

±0.1 ±0.1

22.4 21.6

±0.1 ±0.1

21.4 20.6

±0.0 ±0.0

±0.4 ±0.2

-9.6 25.4

±0.4 ±0.2

-11.1 24.9

±0.1 ±0.0

aValues interpolated from the graph in Figure 8.
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fact that carbene 142 is formed at approximately twice

the rate at which carbene 143 is formed.

There is no doubt about the bond breaking in the

transition state depicted below:

0)()Ep
0

activated
complex

+ N^ N

The fact that we obtained negative values for AS for

the three carbenes most likely indicates the importance

of the role of the solvent DMSO. The precise nature of

the role of the solvent is not well understood at the

present and a full retionale must await further

experimentation.
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The melting points were determined using a Buchi

melting point apparatus and are uncorrected. Boiling

points are also uncorrected. Infrared spectra were re-

corded on either a Perkin-Elmer 7275 or on a Perkin Elmer

621 grating spectrophotometer. The infrared spectra of

the solids were obtained using KBr pellets or nujol mulls,

or the solid was dissolved in a volatile solvent and the

solvent allowed to evaporate from the NaC1 plate. Proton

NMR spectra were recorded using either a Varian Asso-

ciates EM-360 (60 MHz) or FT-80 (80 MHz) spectrometer.

C-13 NMR spectra were recorded on the FT-80 spectrometer

at 20 MHz. Mass spectra were obtained on a Varian-Matt

Ch-7 mass spectrometer. The GC - mass spectra were

obtained on a Finnigan 4023 mass spectrometer equipped

with a Finnigan 9610 gas chromatograph. High resolution

mass spectra were run by the University of Oregon

Chemistry Department. Elemental analyses were obtained

from Mic Anal Organic Microanalysis, Tuscan, Arizona.

Vapor phase chromatography analyses were carried out on

a Varian 3700 gas chromatograph using a flame ionization

detector for quantitative analyses and the thermal con-

ductivity detector for preparative GC. The following

columns were utilized: (1) 10 ft x 0.25 in. aluminum
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column containing 7% OV-101 on Chrom-W-AW, 100/120 mesh.

(2) 12 ft x 0.25 in. copper column containing 10%

Apiezon-L on Chrom-W-AW, 60/80 mesh.

Preparation of 4,4-Diphenylcyclohex-2-en-l-one (107).

The procedure of Zimmerman (94) was followed with

little modification. A mixture of 11.4 ml (12.7 g, 0.064

mol) of diphenylacetaldehyde and 5.4 ml (4.62 g, 0.066

mol) of methyl vinyl ketone was placed in a three-neck

round bottom flask containing 90 ml of dry ethyl ether

and fitted with a dropping funnel, a thermometer and a

condenser. The mixture was stirred using a magnetic

stirrer and cooled to -5°C. Then 6.15 ml of 2.97 N

alcoholic KOH (prepared by dissolving 4.71 g KOH in 25

ml of absolute ethanol) was added dropwise from the drop-

ping funnel at a rate slow enough to keep the temperature

from rising above +5°C. When the addition was complete,

the reaction mixture was stirred for another two hours

at room temperature and then was extracted using 45 ml of

benzene and 90 ml of distilled water. The organic layer

was washed four times with 50 ml portions of aqueous NaCl

and dried over magnesium sulfate. After filtering off

the magnesium sulfate, the solvent was evaporated off

using a Rotovap, leaving behind an oily residue which

was recrystallized from 95% ethanol, yielding 10.51 g
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(0.0424 mol, 66%) of the desired ketone. The NMR spec-

trum (80 MHz, CDC13) was consistent with the assigned

structure: (5 7.19 (s superimposed over d, 11 H, aromatic

and one vinyl proton), 6.00 (d, J = 10 Hz, 1 H, vinyl

proton), 2.05 - 2.80 (symmetrical m, 4 H, cyclohexyl

protons). The IR spectrum showed absorptions at 2990

-
cm

1 (medium), 2910 cm-1 (medium), 1670 cm
-1 (C=0 stretch,

medium), 1500 cm 1 (medium), 1330 cm
-1 (medium), 1270

cm-1 (medium),

cml,cm 1
, 900

(strong), 640

1225

cm 1

cm 1

cm-1 (medium),

(medium), 770

(medium).

1185 cm 1, 1045 cm 1,

cm 1 (strong), 710 cm
-1

Preparation of 4,4-Dipheny1-2-cyclohexenone Tosylhydra-.
zone (137) .

To a 100 ml round bottom flask, fitted with a reflux

condenser and a magnetic stirrer, was added a solution

containing 5.0 g (0.020 mol) of 4,4-diphenylcyclohex-2-

en-l-one (107) in 40.0 ml of absolute ethanol. The solu-

tion was heated to 50°C. Tosylhydrazine (3.72 g, 0.020

mol) in 20.0 ml of absolute ethanol was also heated to

50°C and then added to the enone 107. The reaction mix-

ture was stirred at 60°C for one hour and then for two

hours at room temperature, during which time white

crystals were precipitating out. The crystals were col-

lected using a Biichner funnel and then were recrystallized

from ethanol and water yielding 6.5 g (0.0156 mol, 78%)
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of white crystals of the desired tosylhydrazone 137.

Its NMR, IR and mass spectra are consistent with data

in the literature (95). The product has a mp of 191 -

192 C and the following spectral characteristics: NMR

(80 MHz, CDC13): d 2.20 (m, 4 H), 2.40 (s, 3 H, benzy-

lic protons), 6.25 - 6.60 (d of d, J = 10 Hz, 2 H,

vinylic protons), 7.05 - 7.30 (12 H, aromatic protons

+ two tosyl aromatic protons), 7.75 (d, 3 H, two tosyl

aromatic protons superimposed over the N-H proton signal);

IR: 3220 cm
1 (NH stretch, strong), 3050 cm

-1 (medium),

2920 cm 1 (medium), 1650 cm
-1 (C=N stretch, medium),

1580 cm 1 (C=C stretch, strong), 1420 cm-1 (medium),

1330 cm-1 (SO2 asym., medium), 1160 cm
-1 (SO2, sym.,

medium), 1060 cm-1 (weak), 925 cm
1 (weak), 820 cm

1

(strong), 710 cm-1, 720 cm 1 (strong), 695 cm-1 (strong),

670 cm-1 (strong); chemical ionization mass spectra:

calculated MW = 416.55; found 415 (negative ion) and

417 (positive ion); M/e (negative ion) 311, 155; Mje

(positive ion) 402, 261, 248, 234, 233, 232, 157, 139,

91.

Preparation of 5, 1- 2 - ace t he x adj. en e_

( 176 ) .

The procedure of Zimmerman and co-workers (79) was

followed. 4,4-Diphenylcyclohex-2-en-l-one (10.5 g,

0.0424 mol), isopropenyl acetate (31.4 g, 0.314 mol) and

Ts0HH
2
0 (0.476 g, 0.0025 mol) were combined in a 100 ml



121

round bottom flask fitted with a short distillation

unit. The reaction mixture was heated at 130°C in an

oil bath for 10 hours. At the end of this time most of

the by-product, acetone, and excess isopropenyl acetate

had distilled off leaving behind a dark brownish residue.

The residue was dissolved in 50 ml of ethyl ether and

extracted three times with 30 ml portions of 5% aqueous

sodium bicarbonate, giving an etheral solution which was

neutral to lithmus. After drying the ether solution over

MgSO4, it was filtered through a Bilchner funnel and the

solvent was evaporated yielding light yellowish crystals.

The crystals were recrystallized from 95% ethanol yielding

9.42 g (0.0331 mol, 78%) of product, mp 103 - 104°C (lit.

mp 104 - 106°C). The NMR spectrum (80 MHz, CDC13) was

consistent with the assigned structure: S 7.10 (s, 10 H,

aromatic protons), 6.14 (d of d, J = 10 and 0.6 Hz, 1 H,

vinyl proton), 5.74 (d of d, J = 10 and 1 Hz, 1 H, vinyl

proton), 5.35 (t of d of d, J = 4.5, 1.0 and 0.6 Hz, 1 H,

vinyl proton), 2.93 (d, J = 4.5 Hz, 2 H, allylic protons),

1.97 (s, 3 H acetyl protons). The IR spectrum showed

absorptions at 3035 cm
1 (medium), 2915 cm

-1
(medium),

- 11740 cm (C=0 stretch, strong), 1660 cm
-1 (C=C stretch,

medium), 1600 cm
1 (medium), 1300 cm

1 (medium), 1140 cm
-1

(C-0 stretch, strong), 980 cm-1 (strong), 835 cm-1

(strong), 760 cm
-1 (medium), 720 cm

-1 (medium), 700 cm
-1

(medium).
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Preparation of 6-Bromo-4,4-diphenylcyclohex-2-enone (177).

The procedure of Zimmerman (79) was again used with

some modification. 5,5-Dipheny1-2-acetoxy-1,3-cyclo-

hexadiene (8.0 g, 0.0281 mol) was dissolved in 25 ml of

carbon tetrachloride in a 100 ml round bottom flask

fitted with a condenser, thermometer and dropping funnel,

which contained 1.4 ml (4.49 g, 0.0281 mol) of Br2. The

mixture was stirred at 5°C and then the bromine was added

dropwise over a period of one hour keeping the tempera-

ture below 10°C, after which the reaction mixture was

stirred for about 3 hours at 5 °C and 3 hours at room

temperature. Then the carbon tetrachloride was evapo-

rated off and about 30 ml of chloroform was added. The

organic layer was then extracted 4 times with 50 ml por-

tions of 5% aqueous sodium bicarbonate until the organic

layer became neutral to lithmus. After the chloroform

solution of the crude bromo-enone was dried over magne-

sium sulfate and filtered, the solvent was evaporated

off leaving behind a dark brown oil, which was recrys-

tallized from ethanol yielding 6.43 g (0.0197 mol, 70%)

of the desired bromide. The NMR spectrum (80 MHz,

CDC1
3

) was consistent with the assigned structure: (3

7.40 - 7.00 (m, 11 H, aromatic and one vinylic proton a

to the carbonyl), 6.17 (d, J = 11 Hz, 1 H, vinylic pro-

ton), 4.55 (d of d, J = 12 and 6 Hz, 1 H, CHBrCO), 3.08

(m, 2 H, cyclohexyl protons). The IR spectrum showed
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absorptions at 3000 cm 1 (medium), 2920 cm 1 (medium),

-
1700 cm

1 (C=0 stretch, medium), 1595 cm
-1 C=C stretch,

-
strong) , 1150 cm 1 -1

(medium) , 845 cm (medium) , 770 cm-1

(medium), 710 cm
1 (strong).

Pre aration of 4,4-D. hen 1-2,5-cyclohexadienone (106).

6-Bromo-4,4-diphenylcyclohex-2-enone (6.40 g, 0.0196

mol) was mixed with 4.95 g (0.067 mol) of LiCO3, 4.99 g

(0.065 mol) of LiBr and 20 ml of DMF in a 100 ml round

bottom flask fitted with a distillation column and a ni-

trogen inlet and outlet. The reaction mixture was

stirred for 12 hours and then was combined with 50 ml

distilled water and extracted three times with 50 ml

portions of ethyl ether. The combined ether layers were

evaporated on the rotary evaporator leaving behind a

colorless oil, which was recrystallized using 95% ethanol

yielding 2.90 g (0.0118 mol, 60%) of product, mp 120 -

121 °C (lit. 123 - 124.5°C) (79). The NMR spectrum (100

MHz, CDC1
3

) was consistent with the assigned structure:

S 6.28 (d, J = 10 Hz, vinylic protons, 2 H), 7.20 (m,

aromatic protons superimposed over two vinylic protons,

12 H). The IR spectrum showed absorptions at 3040 cm 1

(medium), 1665 cm-1 (0=0 stretch, strong), 1630 cm-1

(C=C stretch, medium), 1490 cm-1 (medium), 1450 cm-1

(medium) , 1400 cm-1 (medium) , 1275 cm-1 (medium) , 1235

-1 -1 1
cm (medium), 1060 cm (strong), 1040 cm (strong) ,



124

- 1
935 cm (medium), 920 cm

1 (medium), 860 cm
-1

(strong),

760 cm
-1 (strong), 710 cm

1 (strong).

Pre aration of 4,4-Dipheny1-2,5-cyclohexadienone Tosyl-

hydrazone (136).

To a 50 ml round bottom flask fitted with a magnetic

stirrer and a reflux condenser were added 2.5 g (0.0102

mol) of 4,4-dipheny1-2,5-cyclohexadienone in 25.0 ml of

ethanol. The mixture was heated to 50°C to dissolve the

dienone. Tosylhydrazine (1.90 g, 0.0102 mol) dissolved

in 10.0 ml of ethanol and heated to 50°C was added to the

dienone solution, and the reaction mixture was stirred at

60°C for three hours at which time the product started to

precipitate. The reaction mixture was then cooled in an

ice bath and filtered through a BUchner funnel. The

collected crystals were recrystallized from methanol

yielding 2.7 g (0.0065 mol, 64%) of the desired tosyl-

hydrazone, 136, mp 140 - 141°C (lit. mp 140 - 141°C) (67).

The product has the following spectroscopic characteris-

tics, which are consistent with the proposed structure:

NMR (80 MHz, CDC13): 6 2.40 (s, 3 H, benzylic protons),

6.33 (d, J = 4 Hz, 2 H, vinylic protons), 6.80 (s,

2 H, vinylic protons), 7.20 (m, 12 H, aromatic protons),

7.90 (d, J = 8 Hz, tosyl aromatic protons, 2 H); IR

(Nujol mull): 3250 cm 1 (medium), 1650 cm 1 (C=N stretch,

weak), 1620 cm
-1 (C=C stretch), 1595 cm

-1 (strong), 1490

1
cm (strong), 1450 cm

-1 (strong), 1400 cm
-1 (weak), 1340



125

cm
-1 (weak), 1230 cm

1
(strong) , 1050 cm-1 (weak) , 920

cm
-1 (weak), 860 cm

-1 (strong), 820 cm
-1 (weak), 710 cm

-1

(strong) .

Preparation of 4,4-Diphenylcyclohexanone (108).

4,4-Diphenylcyclohex-2-en-l-one, 107, (3.0 g, 0121

mol) was added to a 250 ml centrifuge bottle fitted with

an inlet for hydrogen gas and an outlet for releasing

the pressure. To the above ketone were added 150 ml of

1:1 benzene/absolute ethanol and 0.750 g of 10% Pd/C

(0.100 g of catalyst per 20 ml solvent (96)). A stirring

bar was added and the reaction mixture was stirred for

24 hours at room temperature under 20 psi. Then the

reaction mixture was filtered through a BUchner funnel

twice. The clear solution was evaporated using a rotary

evaporator leaving behind white crystals, which were re-

crystallized from 95% ethanol yielding 2.95 g (0.0120

mol, 99%) product, mp 135.5 136.5°C; Anal. calculated

for C
18

H
18

0: C, 86.64; H, 7.20; found: C, 86.21;

H, 7.53; NMR: S 2.4 - 2.6 (symmetrical multiplet, 8 II,

cyclohexyl protons), 7.10 - 7.30 (m, 10 H, aromatic pro-

tons); IR: 3050 cm
-1 (strong), 2920 cm

-1
(strong),

1710 cm
-1 (C=0 stretch, medium), 1270 cm

1
(strong),

1210 cm I (strong), 1120 cm
1 (medium), 770 cm 1, 710

1cm .
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Preparation of 4 4 -Di hen ]ycanone Tos lh dr a zone
(138)

To a 50 ml round bottom flask, fitted with a reflux

condenser and a magnetic stirrer, were added 2.95 g

(0.0120 mol) of 4,4-diphenylcyclohexanone, 108, in 20

ml of absolute ethanol. The mixture was heated to 60°C

in order to dissolve all of ketone 108, and then 2.24 g

(0.0120 mol) of tosylhydrazine dissolved in 20 ml of

absolute ethanol was added. The solution was stirred for

two hours at 60°C and two hours at room temperature, at

which time the product started to precipitate. The

reaction mixture was then filtered through a Buchner

funnel. The white crystals were recrystallized from

DMSO and 95% ethanol yielding 4.52 g (0.0108 mol, 90%)

of the desired tosylhydrazone 138, mp 170 - 171°C. The

product has the following spectroscopic characteristics,

which are consistent with the proposed structure:

1H-NMR (DMSO-d
6
): (5 7.6 - 7.75 (d, 3 H, two tosyl aro-

matic protons superimposed over the N-H proton signal),

7.1 - 7.4 (m, 12 H, aromatic protons), 2.3 (s, 3 H,

benzylic), 2.3 (s, 8 H); IR (Nujol mull): 3230 cm-1

(strong, sec. N-H stretch), 2920 cm
-1

, 1650 cm-
1 (medium,

C=N stretch), 1600 cm
-1 (C=C stretch, strong), 1495 cm

-1

(strong), 1325 cm
1 (medium, 0=S=0), 1160 cm

1
(0=S=0,

symmetric, strong), 1020 cm
1 (medium), 930 cm

-1 (medium),

950 cm
-1

(medium) , 820 cm
-1 (strong) , 770 cm

-I
(strong),
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710 cm
1 (strong), 670 cm

-1
(strong); chemical ioniza-

tion mass spectra: calculated MW = 418.54; found 417

(negative ion) and 419 (positive ion); M/e (negative

ion) 311, 157, 156; (positive ion) 291, 265, 235, 233,

185, 172, 157, 139, 79.

Conversion of the Tosylhydrazones into their Lithium
Salts.

The same procedure was used for each tosylhydrazone

in forming the lithium salt. Methyllithium was used as

the base, and it was standardized with diphenylacetic

acid according to the procedure of Fron and Baclawski

(97). Into a 50 ml round bottom flask fitted with a ni-

trogen inlet and outlet were placed 0.5 g of diphenyl-

acetic acid and 10.0 ml of dry THF. Then the methyl-

lithium was added dropwise using a syringe until the

solution turned a pale yellow color indicating the ini-

tial formation of the dianionic species, i.e., the end-

point.

The conversion of the tosylhydrazone to its lithium

salt was accomplished as follows. To a three-neck round

bottom flask fitted with a reflux condenser, a rubber

septum and a dropping funnel containing dry THF, were

added 3.0 g of the tosylhydrazone and 50 ml of THF.

The mixture was stirred at room temperature until all

of the tosylhydrazone dissolved, and then using a syringe
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an equimolar amount of methyllithium was added dropwise.

More THE was added from the dropping funnel as needed.

After the addition of the methyllithium was completed,

the mixture was stirred at room temperature for another

two hours. Then the solvent was evaporated using a

rotary evaporator and the residue was placed under high

vacuum giving the lithium salt in 95 - 98% yield.

Pyrolysis and Kinetic Study of the Tosylhydrazone Lithium
Salts.

To a 25 ml round bottom flask fitted with a screw

cap and an outlet connected to a measuring burette--see

Figure 9--was added 5.00 ml of dry DMSO using a syringe.

The cap was closed immediately. The temperature of the

silicon oil bath was increased and controlled by a

thermostat; only after the oil had heated and equili-

brated to the desired temperature, was a constant amount

(0.45 g, 0.0011 mol) of the tosylhydrazone salt added to

the hot round bottom flask. The screw cap was closed

immediately. After a few seconds bubbles of nitrogen

gas evolved displacing the diethyl phthalate in the

burette. The volume of nitrogen replacing the diethyl

phthalate was recorded vs. time--see Tables 1 - 18.

The fixed amount of 0.0011 mol of the lithium salt

was used for each of the three tosylhydrazone salts at

all temperatures throughout the experiment. In most



diethyl-
phthalate

inverted
burette

thermostat
thermometer

regulator

timer

Figure 9. Apparatus used for the pyrolysis and kinetic study of the carbenes.
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cases, the temperatures used for the decomposition

ranged from 110 to 125°C. In some cases, however, lower

temperatures had to be used for the very reactive car-

benes such as 142 in order to slow down the evolving

nitrogen so as to assure more accurate readings.

Work-up of the Pyrolysis Reaction Mixtures.

Each of the reaction mixtures obtained from the

pyrolysis of the three tosylhydrazone lithium salts, 139,

140 and 141, was worked up by adding 50 ml of saturated

sodium chloride to the DMSO solution and then extracting

with 3 x 40 ml ethyl ether. The ether layers were com-

bined and extracted with 3 x 40 ml saturated sodium

chloride and then dried over magnesium sulfate. After a

few hours the mixture was filtered and the ether was

evaporated off using the rotary evaporator, yielding a

dark red oil which was analyzed by gas chromatography.

Identification of the Pyrolysis Products of 4,4-Dipheny1-
2,5-cyclohexadienOne Tosylhydrazone Lithium Salt (139).

The recovered oil was analyzed on a programmable GC

(Varian 3700) using a 12 ft x 0.25 in. copper column

containing 10% Apiezon-L on Chrom-W-AW, 60/80 mesh. The

GC settings were detector temperature = 280°C; injector

temperature = 280°C; column temperature programmed from

160 to 240°C at 2°C/min. The He pressure was 36 psi.
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All yields were determined using dodecane as the internal

standard. The first peak, which had a retention time of

40 min, was identified as o-terphenyl, 181 (4.0% yield).

The mass spectrum obtained from the GC - mass spectral

analysis matches the mass spectrum of an authentic sam-

ple. Also, the mass and
1H-NMR spectra of the corre-

sponding fraction isolated by preparative GC matches those

of an authentic sample.

The second peak, which had a retention time of 46

minutes, was identified as 1-methylene-6,6-dipheny1-2,4-

cyclohexadiene, 180 (3.4% yield). The following spectro-

scopic data were obtained for the corresponding fraction

isolated by preparative GC: high resolution mass spectro-

metry: calculated MW = 244.125; found MW = 244.125.

1H-NMR (CDC1
3
): (5 4.72 (s, 1 H, shielded methylene pro-

ton), 5.4 (s, 1 H, methylene proton), 5.8 - 6.3 (m, 4 H,

vinylic protons), 7.15 - 7.35 (10 H, aromatic); IR (neat):

3040 cm-1 (strong) , 3030 cm
-1

(strong) , 1650 cm
-1 (strong),

1600 cm-1 (medium) , 1590 cm-1 (medium) , 1470 cm
1

(medium) ,

1450 cm
1 (medium), 920 cm

-1 (medium), 770 cm
-1 (strong),

740 cm-1 (medium) , 710 cm
1

(medium).

The third peak, which had a retention time of 47

minutes, was identified as 3,4-diphenyltoluene, 186 (83)

(14.8% yield). The following spectroscopic data were

obtained for the corresponding fraction isolated by prepar-

ative GC: high resolution mass spectrometry: calculated
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MW = 244;125; found: M
+

= 244, M
+

+ 1 = 245;
1H-NMR

(CDC1
3
): 6 2.40 (s, 3 H, methyl), 6.92 - 7.24 (13 H,

aromatic);
13

C-NMR: ipso carbons: 141.48, 141.65,

140.41, 137.78, 137.04; 131.32, 130.53, 129.85; two

overlapping carbons: 128.18 and 127.79; two overlapping

carbons: 126.34 and 126.21; 21.03; IR: 3020 cm
-1

(strong), 3040 cm-1 (weak), 2940 cm-1 (strong), 1490 cm-1

(strong), 1440 cm 1 (strong), 1070 cm-1 (strong), 1010 cm 1

(strong), 910 cm-1 (medium), 820 cm-1 (medium) , 780 cm-1

cm l,(broad) , 730 cm
1 1

, 700 cm .

The fourth peak, which had a retention time of 59

minutes, was identified as the starting ketone, 106 (30.2%

yield). The GC retention time and the mass and 1H-NMR

spectra of the corresponding isolated fraction match those

of the authentic sample.

The fifth peak, which had a retention time of 72

minutes, was identified as p-benzylbiphenyl, 178 (4.6%

yield). The mp of the corresponding fraction isolated by

preparative GC was 84°C (lit. mp = 85°C (98)), and the

following spectroscopic data were obtained: mass spectro-

metry: calculated MW = 244.34; found: = 244, M+ + 1

= 245;
1
H-NMR: 6 3.95 (s, 2 H, benzylic), 7.10 - 7.50

(aromatic, 14 H); 13C-NMR: 140.89, 140.13, 138.91,

128.87, 128.63, 128.42, 127.79, 126.90, 126.56, 126.48,

126.28, 126.05, 41.48; IR (neat): 3020 cm-1 (weak),

2920 cm
-1 (weak), 1595 c-1m (strong) , 1585 cm

-1
(medium) ,
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1495 cm-1 (medium), 1485 cm
1 (strong), 1450 cm

1 (strong),

-1445 cm 1 (strong) , 1440 cm
1 (strong) , 1410 cm

-1 (strong) ,

1110 cm
-1

, 1075 cm-1, 1010 cm-1 (strong), 910 cm
-1

(strong), 860 cm
-1 (strong), 760 cm

1 -1
(strong), 730 cm ,

700 cm
-1 (strong), 615 cm

-1 (strong).

Identification of the Pyrolysis
c clohexenone Tosylhydrazone um Salt (140) .

The recovered oil was analyzed on the GC (Varian 3700)

using a 10 ft x 0.25 in. aluminum column containing 7%

OV-101 on Chrom-W-AW, 100/120 mesh. The analytical fine

mesh had to be used for preparing the column in order to

get better resolution. The GC setting were detector

temperature = 280°C; injector temperature = 280°C; oven

temperature programmed from 160 to 240 °C at 4 °C /min. The

He pressure was 36 psi. All yields were determined using

dodecane as the internal standard.

The first peak, which had a retention time of 16 min-

utes, was identified as 5,5-dipheny1-1,3-cyclohexadiene,

206 (4.10% yield). The following spectroscopic data were

obtained for the isolated 206: High resolution mass spec-

trometry: calculated MW = 232.125; found 232.124.

1H-NMR (CDC1
3
): 6 2.85 (d, 2 H, J = 4 Hz), 5.80 - 6.30

(m, 4 H), 7.15 (s, 10 H, aromatic protons).

The second peak, which had a retention time of 18 min-

utes, was identified as 1-methylene -6,6- diphenyl -2-cyclo-

hexene, 210 (10.7% yield). The following spectroscopic
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data were obtained for 210 after isolation by preparative

GC: High resolution mass spectrometry: calculated MW =

246.141; found 246.141;
1H-NMR (CDC1

3
): 8 1.80 (m,

2 H), 2.40 - 2.50 (t, J = 6 Hz, 2 H), 4.35 (s, 1 H, one

methylene proton, shielded), 5.15 (s, 1 H, one methylene

Proton), 5.55 - 5.80 (m, 1 H), 6.20 - 6.40 (d, J = 8 Hz,

1 H), 7.10 - 7.30 (10 H, aromatic):
13C-NMR: 8 23.86,

34.50, 52.90, 116.76, 126.04, 127.66, 128.82, 129.46,

130.31, 145.84, 149.21; IR (Nujol mull): 3060 cm 1

-
(strong) , 3040 cm 1

(strong) , 2940 cm-1 (weak) , 1630 cm
-1

(strong, exo methylene =C-H stretch), 1595 cm-1 (C=C

stretch) , 1490 cm 1 (strong), 1155 cm 1, 1185 cm
1

(strong), 1040 cm
1 1

(strong), 1030 cm (strong), 900

cm I (strong), 780 cm
1 (strong), 700 cm

-1 (strong), 635

cm
I

(strong); UV: X
max

= 232 nm; e = 20,490.

The third peak, which had a retention time of 18

minutes, was identified as 1-methylene-4,4-dipheny1-2-

cyclohexene, 209 (6.60% yield). The following spectro-

scopic data were obtained for the isolated 209: high

resolution mass spectrometry: calculated MW = 246.141;

found 246.139;
1H-NMR (CDC1

3
): (5 2.2 (broad singlet,

4 H), 4.70 - 4.75 (d, J = 3 Hz, exo methylene, 2 H),

5.95 - 6.30 (d of d, J = 10 Hz, 2 H), 7.05 - 7.20 (s,

10 H, aromatic); IR (neat): 3040 - 3060 cm-1 (strong),

2940 cm-1 (strong), 1670 cm-1 (weak), 1595 cm-1,
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-
1490 cm-1 , 1155 cm 1 1

(strong), 1135 cm (strong), 1010

-
cm-1 (strong), 905 cm

1 (weak), 730 cm
-1

(weak) , 700

-1 -1
cm (medium), 650 cm (strong); UV: Amax

= 232 nm;

c = 22,000.

The fourth peak, which had a retention time of 23

minutes, was identified as the starting ketone, 4,4-

dipheny1-2-cyclohexenone, 106 (29.6% yield). The GC

retention time, the NMR, IR and mass spectra of the

isolated substance match those of an authentic standard.

Identification of the Pyrolysis Products of 4,4- Diphenyl-

cyclohexanone Tosylhydrazone Lithium Salt (108).

The recovered oil was analyzed on the GC (Varian

3700) using a 12 ft x 0.25 in. copper column containing

10% Apiezon-L on Chrom-W-AW, 60/80. The GC settings

were: detector temperature 280°C; injector temperature

280°C; oven temperature programmed from 140 to 240°C at

4°C/min. The He pressure was 36 psi.

The first peak, which had a retention time of 40

minutes, was identified as 4,4-diphenylcyclohexene, 216

(48% yield). A mp of 62 - 63°C and the following spec-

troscopic data were obtained for isolated 216: high

resolution mass spectrometry: calculated MW = 234.141;

found MW = 234.142;
1H-NMR (CDC13): 6 1.75 (m, 2 H),

2.30 (t, J = 5 Hz,

7.10 - 7.25 (10 H,

2 H), 2.60 (s, 2 H),

aromatic protons);

5.70 (m,

IR (neat):

2 H)f

3040
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1 -1 -1
cm (medium), 2920 cm (medium), 1650 cm (medium),

1600 cm
-1 (medium), 1470 cm

-1 (medium), 910 cm
-1 (medium),

-
765 cm

1

(medium) , 735 cm-1 (medium) , 705 cm-1 (medium) .

The second peak, which had a retention time of 58

minutes, was identified as 1-methy1-4,4-dibhenylcyclo-

hexanol, 217 (5.4% yield). A mp of 98 - 99°C and the

following spectroscopic data were obtained for isolated

217: high resolution mass spectrometry: calculated MW

266.168; found MW = 266.167; 1H-NMR (CDC1
3
): (3 1.15

(s, 3 H), 1.60 - 1.70 (m, 5 H, four cyclohexyl protons

overlapping alcoholic proton), 2.30 - 2.40 (m, 4 H,

four cyclohexyl protons; pattern of signal identical to

the one at 1.60 - 1.70), 7.10 - 7.30 (10 H, aromatic);

-
IR (neat) : 3300 - 3400 cm

-1 (broad) , 3040 cm
1

(medium) ,

1590 cm
1 (medium), 1445 cm

-1 (medium) , 1100 cm
-1

(weak) ,

-
1010 cm

1 (medium), 980 cm
-1 (medium), 910 cm

-1
(medium),

750 cm
-1

(weak) , 700 cm
-1

(strong) , 2920 cm
1 (medium) .

The third peak, which had a retention time of 62

minutes, was identified as the starting ketone, 108 (6.0%

yield). The GC retention time and the
1H-NMR, IR and

mass spectra correspond to those of the starting ketone.

Photolysis of 4,4- Diphenyl- 2-cyclohexenone Tosylhydrazone
Lithium Salt (140).

To a quartz tube, connected to a nitrogen monitoring

apparatus, were added 0.45 g (0.0011 mol) of the
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tosylhydrazone lithium salt 140 (Amax 320 nm) and 5.0

ml of freshly distilled DMSO. The solution was degassed

and photolyzed for five days using the Hanovia lamp and

a pyrex filter. The reaction was slow and was monitored

by the evolution of nitrogen bubbles. After the reaction

was completed, the reaction mixture was treated with 50

ml of saturated sodium chloride and extracted with 3 x 40

ml of ethyl ether. The ether layers were combined and

dried over MgSO4. After a few hours the mixture was

filtered and the ether was evaporated off using the rota-

ry evaporator, yielding a dark red oil. The oil was

analyzed using gas chromatography, showing the same four

products which had been found in the pyrolysis of 140,

but in totally different yields: 5,5- diphenyl -1,3- cyclo-

hexadiene, 206 (2.0%), 1-methylene-6,6-dipheny1-2-cyclo-

hexene, 210 (1.5%), 1-methylene-4,4-dipheny1-2-cyclo-

hexene, 209 (0.5%) and 4,4-dipheny1-2-cyclohexenone, 106

(45.1%) .

Synthesis of N,N-dimethyl-p-toluenesulfonamide

To a 100 ml three neck round bottom flask fitted

with a reflux condenser, a dropping funnel and a rubber

septum was added 13.5 g (0.071 mol) of p-toluenesulfo-

nyl chloride in 30.0 ml distilled H20. The mixture was

stirred at room temperature for ten minutes and then 8.0

g of 40% aqueous dimethylamine (3.20 g, 0.071 mol) was
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added slowly via the dropping funnel. After the addition

was completed the reaction was allowed to stir for an-

other two hours at room temperature. The product precip-

itated out of the reaction mixture and was filtered,

dried and recrystallized from 95% ethanol, yielding

10.4 g (0.052 mol, 73%) of the desired N,N-dimethyl-p-

toluenesulfonamide. The product showed the following

spectral characteristics: NMR (80 MHz, DMSO-d6): cS 2.30

(s, 6 H), 2.40 (s, 3 H, benzylic protons), 7.1 - 7.5 (m,

4 H, aromatic) ; IR (Nujol mull): 3020 cm
-1 (strong) ,

2920 cm
-1 (strong), 1660 cm

-1 (strong), 1340 cm
1

(SO2

asym., medium), 1190 cm
1

(SO
2
sym., medium), 830 cm

-1

(oop bending, para-aromatic); mass spectrometry: calcu-

lated MW = 199; found: M+ = 199, le 1 = 200; M/e

155, 139, 134.

Determination of k1.

To a 25 ml round bottom flask fitted with a rubber

septum and an outlet connected to a measuring burette,

were added constant amounts (0.45 g, 0.0011 mol) of the

tosylhydrazone lithium salt and (0.22 g, 0.0011 mol) of

the internal standard N,N-dimethyl-p-tolylsulfonamide

dissolved in 5.00 ml of freshly distilled DMSO. The mix-

ture was heated at 125°C and five 0.5 ml aliquots were

taken at different time intervals. The aliquots were
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quenched in cold empty test tubes set in an ice bath

(the test tubes were not left in the ice bath too long

since DMSO freezes at about 20°C). Then 0.5 ml of 10%

acetic acid in DMSO was added in order to convert the

tosylhydrazone lithium salt back to its tosylhydrazone,

since the latter is much easier to analyze on the HPLC.

The five aliquots were analyzed using HPLC and a

reverse phase column (Zorbax) and the following condi-

tions: eluting solvent = 60% CH3CN and 40% H20 UV =

250 and 260 nm for tosylhydrazones 137 and 138, respec-

tively. The following retention times were obtained:

internal standard = 3 minutes, tosylhydrazone 137 = 10

minutes and tosylhydrazone 138 = 8 minutes. The HPLC

analysis had to be carried out on the same day as the

experiment itself; otherwise too many unknown peaks

would show up, complicating the analysis.
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