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ABSTRACT

The azo compound, 1,1'-diphenyl-l-methylazomethane,
7., was synthesized and resolved to optical purity. Its
absolute configuration was determined by a stereospecific
synthesis of (-)-7 from (-)-y{-phenylethylamine. Optical-
ly active 1,1'-diphenyl-l-ethyl-l-methylazomethane, 29,
was also synthesized.

The.cage products from the decomposition of 7 and 29,
l,2-diphenylpropane, 13, and 1l,2-diphenyl-2-methylbutane,
35, respectively, were synthesized from optically active
precursors and their maximum specific rotations and
absolute configurations determined.

Decomposition of (-)-7 and (+)- and (-)-29 were
carried out in a variety of solvents in absence and
‘presence of a scavenger. The cage coupling products, 13
and 35, were isolated and their rotations measured. 1In
each case these products were shown to have been formed
from the parent azo compound with net retention of confi-
guration. |

The cage effects in the decomposition of 7 and 29
were determined in benzene in the absence of scavenger
from the product distribution. They were also measured
in a variety of solvents in the presence of a scavenger

from the product distribution.
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. The net retention of configuration was 10-15% and

the cage effects varied from 15% to 35% depending on the
solvent used. From the values for net retention of
configuration and the cage effects, the ratio of the rate
of coupling of the asymmetric radical with the counter
radical to its rate of rotation, ko/kKy., was calculated ané
was found to have values in the range 0.05 - 0.1. No
significant difference in the value of ko /k, was found for

the two systems studied.
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.INTRODUCTION

The stereochemistry of breaking and making of bonds to
an asymmetric carbon atom has been iatensively studied in
cases where the mechanism of the process has been ionic in
character. However, less attention has been paid to
corresponding radical reactions.

Of attempts to study this phenomenon, the earliest re-
ported was that of Brown, Kharasch and Chao (1), who
generated a radical at an asymmetric centre by the photo-
chlorination of optically active l-chloro-2-methylbutane.
The product, 1,2-dichloro-2-methylbutane, was found to be
comﬁletely racemized.

Skell and coworkers (2) found that the photochemical
bromination of l-bromo-2-methylbutane gave 1,2-dibromo-2-
methylbuténe as product and this had retained optical
activity. However, since neither the absolute configura-
ticin of the product nor its optical purity had been
determined, it is not known whether the reaction proceeded
with inversion or retention of configuration. The
retention of optical activity in this case has been
rationalized on the basis of a bridged bromine radical,

as shown in the following equation.



CH . H CH

3 3

I T 3
\s,

Bre Br2
\
H Br Br

An alternative explanation for'retention of optical
activity in the product obtained from the photobromination
of 3-methylpentanoic nitrile was proposed by Haig and Heiba
(3). They proposed that the abstracting.species is Brj* and
the resulting alkyl radical undergoes a cage reaction with

bromine before rotation can occur.

02H\5 ] CzH\s ‘1 C2Hs
CH,, °® CH, CHy, "
[2] 3\}C-CH2—CN s | ™eocmy-on| ——> O ™e-cry-cn
H Br
*Brgy LHBr Br, Jcage

No data wére presented concerning the degree of optical
purity of the product or whether configuration was retained.

Photochemical hydrobromination of olefins at low
temperature (-80°C) carried out in the presence of a large
excess of hydrogen bromide results in a high degree of
s;ereoselectivity (4,5).

The free radical decarbonylation of aldehydes might
yield optically active prodﬁcts. However, the gas phase
photolysis of 2-methylbutanal in the presence of iodine
yielded racemic 2-iodobutane (6), and photolysis of 2,4-di-

methyl-2-ethylpentanal in.the liquid phase resulted in
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racemic 2,4-dimethylbutane (7). While decarbonylation of
aldehydes is a chain reaction it might be expected,
particularly in the presence of scavengers, that loss of
carbon monoxide from the acyl radical might block frontside
attack to some extent if hydrogen abstraction were
competitive with diffusion, with resulting net inversion
of configuration.

The Hunsdiecker reaction apparently proceeds by a
radical mechanism, since decarboxylation proceeds readily
at the bridgehead position of strained bicyclic systems (8).
Attempts to study the stereochemical outcome of this re-
action have led to a series of confusing and conflicting
results. Arcus and Kenyon (9) reported that optically
active hydratropic acid yielded ol-phenylethyl bromide in
good yield with 35% retention of configuration. This work
was repeated later by Arcus and Abbott(10) who qould not
isolate any bromide from the reaction despite repeated
attempts. These workers, however, obtained from optically
active 2-ethylpentanoic acid, the corresponding optically
active bromide, but of unknown optical purity and stereo-
chemistry. However, Bell and Smith had carried out this
reaction two years earlier and obtained completely racemic
product (11).

A major disadvantage to the study of the Hunsdiecker
reaction is the presence of silver bromide, bromine, and

inevitably, hydrogen bromide. These are capable of
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racemizing the alkyl bromide formed.

Tt has. been reported recently by Jensen and coworkers
(12) that the Hunsdiecker reaction on 4-£g££:butylcyclohexyl
c;rboxylic acids yielded the corresponding bromides with 5%
net retention of configuration. They envisaged this
retention as arising from a fraction of the acyl hypobromite

decomposing in the solvent cage while the remainder

proceeded by a chain reaction, as shown in Scheme I.
Scheme I
R-COyAg + Brj —> R-COyBr + AgBr
R-COZ—Br————> RCO,- + Br-
RCOz--—4> R + COz

R+ + RCO,Br——> R-Br + RCOp-

RCO,Br ——> [RCO?_' -Br]. ———->[R-c02-ar ——> RBr + CO3
cage cage
These results differ from those obtained by Eliel and
Acharya (13). They reported that the Hunsdiecker reaction

on cis- and trans—4-tert-butyldyc1ohexanecarboxylic acid

both yielded the same product mixture, 65% trans, 35% cis.
While the reaction conditions used by these workers were

more severe than those employed by Jensen and coworkers,
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control experiments indicated that the result could not
have been entirely due to product equilibration.

Lau and Hart (1l4) generated the 4-tert-butylcyclohexyl
radical from decomposition of the corresponding diacyl
peroxide. Product was formed by this raaical abstracting a
bromine atom from tetrabromoethane. Analysis of the products

revealed that the trans and cis bromides were formed in

relative yields of 52% and 48% respectively, regardless of
whether the diacyl peroxide had cis or trans geometry.
Greene, Chu and Walia (15) also generated this radical

from decomposition of dimethyl-cis- and trans-4-tert-

butylcyclohexylcarbinyl hypochlorite. These workers

obtained cis- and trans-4-tert-butylcyclohexyl chloride in

the ratio of 2:1 in both cases.

Decomposition of tertiary alkylhypochlorites yields
alkyl chlorides as products (16). The mechanism of
decomposition was believed to involve a chain reaction as
shown in Scheme II below. However, it was possible that all
or some of the product might arise by two-bond cleavage in
a solvent cage.

Two groups (17,18) independently studied the decompo-
sition of 2-methyl-3-phenyl-2-butylhypochlorite. Both
obtained ol-phenylethyl chloride with approximately 2%

retention of configuration.
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Scheme I1IIX

CHj CHj

R-C-0-C1 —————> R-C-0- + Cl-

CHg Hg

H3 H3

R-C-0+ =——> R+ + C==0

CHj ~ CH3

Hy CHy

—_)

+ R—T-O-Cl ——> RCl + R—T-O~
CH, CH,

CH,

R = CgHg—CH

Several insertion reactions of carbenes have been

proposed to involve abstraction followed by recombination

of radical pairs to yield optically active products. The

reaction of methylene with optically active 2-chlorobutane

yielded 2-methyl-l-chlorobutane with 10% retention of

configuration (19).

[3]

c1 CH,Cl

CHZ: + CH3-CH2—CH—CH3—9 CH3—CH2-CH-CH3 c—g;—g;——)

IHZC].

10% net retention
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Similarly, reaction of cyanonitrene with 1,2-dimethyl-
cyclohexane yielded product with net retention of

configuration (20).

cH3 ' CH3
» A
. '§-CN *NH-CN
CH3
-CN
Hj
H

major product

Reaction of dichlorocarbene with optically active bis-
2-methyl-l-butyl mercury yielded 2-methyl-l-butyl 2-methyl-
'2-dichloromethyl-l-butyl mercury with 10% net retention of

configuration (21).

H CHClz
sCCl
CH

CH CH

3 3 3

10% net retention

The systems most frequently studied in an effort to
observe the stereochemistry of radical reactions have been
acyl peroxides. The first study was carried out by Greene

(22). This was the decomposition of optically active
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hydratropoyl peroxide. Unfortunately, this compound was too
unstable to be isolated; so it was generated and decomposed
in solution at 0°C and at -15°¢. The details are shown in

Scheme III below. The'run at -15°C showed higher retention

of configuration.
Scheme III
CH3 H3

(CGHS-CH—COZ)Z —D [2 CGHS-CH-COZ. ]c;;e——>

CH, CH4 CHq CH,
C.H.-CH-CO,- CO, -CH-C_H ]-——-) [C H.-CH. 2 CO, -CH-C H]
[6 5 2 d{ 2 6°5 cage 6°5 2 65 cage
CH;  CHj ' Hy CH
CGHS-CH-Coz-CH—CGH5 CGHS-CH- H-CGH5
\[ meso and 41
CHq dl, 4-34% net retention
06H5-CH-OH

68-82% net retention

The hydrocarbon product, formed within the cage, was
composed of approximately equal quantities of meso and dl
jsomers. Examination of the dl portion showed it to have

been formed with 4-34% retention of configuration.
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Kharasch and coworkers (23) found that the ester,
2-butyl 2-methylbutyrate, isolated from decomposition of
optically active 2-methylbutyryl peroxide showed 78%
;etention of configuration in the alcohol moiety. No
hydrocarbon was reported. Also, DeTar and coworkers (24)
reported that the decomposition of 2-methyl-3-phenyl-
propionyl peroxide to the corresponding ester proceeded
with 75% retention of configuration in the alcohol portion.
Again no hydrocarbon was reported in this décomposition.

Recently, Walborsky reported that the decomposition
of optically active 2,2-dipheny1-l-methylcyclopropylcarboxy
peroxide in carbon tetrachloride gave a small quantity of
2,2-diphenyl-l-methylcyclopropane (25). This was interpre-
ted as having arisen by disproportionation within the
solvent cage, although the corresponding olefin was not

identified. The degree of retention observed was 31-37%.

g ¢ g 1 o o
(,co,) o H



- 10 -

One disadvantage of experiments on acyl peroxides is
that the decomposition may be occurring by more than one
mechanism. It is known, for example, that rearrangement of

the acyl peroxide can occur prior to decomposition (26).

[7] R-C-0-0-C-R ————> R-O-

¢
Il I | ﬂ
0 0 0

A cyclic mechanism has also been proposed for formation of

ester (23) as shown in the equation below.

If this were the case, no racemization at all would be
‘expected. In the case of the optiéally active hydrocarbon
obtained by Greene, it is difficult to envisage a mechanism
by which it could arise, other than by a radical mechanism
within a solvent cage.

Bartlett and coworkers have reported on the decompo-

sition of cis- and trans- tert-butyl 9-decalylpercarboxyl-

ate (27). Reaction between the two radicals generated
seemed to be entirely by disproportionation. Reaction of
the decalyl radical with oxygen gave the same product

mixture, 10% cis, 90% trans, starting with trans isomer at
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low and high pressures of oxygen and with cis isomer at low
pressure of oxygen. However, at high pressures of oxygen
(500 afmospheres) cis isomer gave predominantly cis
qugenated product. The authors, based on these results,
argued in favor of two types of radical intermediate. The
more stable one is planar so that cis and trans both attain
it at low oxygen concentrations. At high oxygen concentra-
tions, a different radical speéies is being captured before
it can change to ﬁhe more stable planar radical. These are

outlined in the equation below.

[°] /\/

tBu03C
03tBu =
/ *]
500 atm
02 cis product

cis and trans
products
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Decomposition of substituted tert-butyl percinnamates
(28,29) yielded vinyl radicals which become completely
equilibrated before capture by hydrogen donors can occur.

The Meisenheimer rearrangement of amine oxides to
hydroxylamines has been postulated to involve cleavage to
a pair of radicals, followed by recombination within the
solvent cage. Schollkopf and coworkers studied this reaction
using the amine oxide from N, N-dimethyl-¢{ ~deuteriobenzyl-
amine. The hydroxylamine obtained as product was
hydrogenolyzed to the corresponding alcohol which was

found to have 23-38% net retention of configuration (30).

C.H C.H. CH, CH
6 65 3 /53
+ CHj | \

[16] LI > 9\ '1‘”
wy o AN
<. : - cage
Cells Celis
Noon F3M2 \c-o-NpHP‘
/ »,
Hi , H, ‘cH3
D D

23-38% net retention

A similar rearrangement is the Wittig rearrangement of
metalated benzylic ethers. Among others, a radical cleavage
recombination reaction has been proposed as the mechanism.
This rearrangement proceeds with 60-80% retention of confi-

guration (31).
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l !
[11] CsHs-EH-O—T—Rz ——>| CgHg—CH_ -cllz-R2
| "3 "3 cage
0" Ry /
CGHS-CIEH-T-RZ
R3

The chromic acid oxidation of optically active 3-
methylheptane yielded 3-methyl-3-heptanol with 70-85%
retention of configuration (32). The reaction has been

proposed to involve a radical mechanism.

VE .
[12] R-H ——t > ~[R- +cr’ o+ H+] —> R
I
cage CrV
recombination
R-0-CrLV r*
leO 1}120
R-OH R-OH
active racemic
Tzﬂs
R = C4H9—?
CH3

The authors believe the 10-15% racemization to be due to

escape from the solvent cage.
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Decomposition of pyrazolines to the corresponding
cyclopropanes has been shown by Crawford and Mishra to
involve a diradical intermediate (33). The stereochemical
;esults, however, vary considerably from compound to com-
pound. Thus von Auwers (34) reports almost complete re-
tention of configuration for decomposition of cis- and
EggggrB,5-dicarbomethoxy-3,S-dimethyl—l—pyrazoline. Von
Auken and Rinehart (35), on the other hand, report only a
very small net retention of configuration for thermal
decomposition of 3—carbomethoxy—gi§-3,4—dimethyl—l-
pyrazoline.

Crawford and Mishra (36) found that 3,5-dimethyl-
pyrazoline gave net inversion of configuration. Thus,
starting from the cis-pyrazoline the 1,2-dimethylcyclopro-
pane was 66% trans, 33% cis. .

Since this research programme was commenced, several
reports of studies in the field of azo compounds have ap-
peared. Bartlett and McBride reported on the decomposition
of meso- and gl—azo—bis—3—methyl—2—pheny1—2-butane (37).
The product of recomwbination of the two 3-methyl-2-phenyl-
2-butyl radicals showed no stereospecificity at temperatures
above 0°C. This was due to the fact that the amount of
recombination within the solvent cage was extremely small -
about 2%. By decomposing the azo compound photolytically
in a.glass matrix at 77°K, where escape from the cage was

impossible, 100% stereospecificity was observed.
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A preliminary aécount of the decompositién of optical-
ly active 1,1'-diphenylazoethane has recently been pub-
lished by Greene and Berwick (39). The products isolated
from the decomposition were meso-, d- and 1-2,3-diphenyl-
butane. In the absence of a scavenger, a yield of 90% of
coupling products was achieved. On analysis, the product
mixture was found to be 49.3% meso. Of the non-meso coup-
ling products, 26.8% had retained configuration and 23.4%
had inverted configuration. 1In the presence of a scaven-
ger, the yield of coupling product was 28%. This was com~
posed of meso isomer, 48.1%, and non-meso, 31.3% of re- '~
tained and 20.6% of inverted configuration. These figures
correspond to 10% net retention of configuration for each
asymmetric centre.

In contrast to the low stereoselectivity observed for
the decomposition of this azo compound, recent work by
Bartlett and Porter (38) on the decomposition of 3,6-di-
methyl-3,6-diethyl-3,4,5, 6-tetrahydropyridazine yielded
the corresponding cyclobutane with 98% retention of
configuration.

From the foregoing results, it becomes obvious that
.the chances of observing retention of configuration are
extremely remote for those radical reactions which proceed
by a'chain reaction. Those reactions which generate a

pair of radicals simultaneously in a solvent cage have the

greatest chance of showing stereospecificity in the

\
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recombination reaction.

Azo compounds; therefore, seem to fulfill this ideal,
but it is necessary to examine the evidence to ensure that
decomposition is truly a radical process and not open to
question as in the case of acyi peroxides or the Wittig
rearrangement.

Azo-nitriles such as azoisobutyronitrile (AIBN) have
been known for a long time to decompose on heating, with
loss of nitrogen, to yield product resulting from coupling
of the two remaining fragments (68). Whether this coupling
product arose by a concerted process or by recombination of
two radicals generated in the decomposition was uncertain,
until it was demonstrated by several groups (40) that AIBN
could be used to initiate polymerization of vinyl monomers,
in the same manner as other compounds, such as benzoyl
peroxide, which give rise to radicals.

The radical nature of the decomposition is further
supported by the bleaching of stable free radicals such as

o ol-diphenylpicrylhydrazyl (DPPH) (41).

Overberger and Berenbaum showed that a radical process
rather than an intramolecular process was involved in the
decémposition of azonitriles by heating a mixture of
azobisisobutyronitrile and l-azobiscyclopentanenitrile and
showing that a cross-product was formed as well as the two
symmgtrical coupling products (44).

Rates of decomposition and the energies of activation
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for decompositibn are dependent on the degree of substi-
tution of the carbon atoms alpha to the nitrogen atoms of
the azo compound. Azobenzene does not decompose until
heated to greater than 600°C (42) while azotriphenylmethane
is too unstable to be isolated (43). Therefore, it would
appear that the rate of decomposition is dependent on the
stability of the radicals generated. This is borne out by
study of the rate of decomposition of a large variety of
azo compounds and is consistent with a free radical mechan-
ism for the decomposition. In Table I it can be seen that
in the series R-=CH3-,CH3CHj-, (CH3)2CH-, (CH3) 3C-, there
is a gradual lowering of the energy of activation, due to
increasing stabilization of the incipient radicals through
hyperconjugation at the transition state. By substituting
a phenyl, cyano or carboxy group on the f-carbon of an azo
compound, the radicals produced by decomposition are
stabilized by mesomerism. This provides much greater
stabilization of the radicals and as a result increases

the rate considerably. ‘

In order to observe retention of configuration in the
product arising frém radical recombination in the solvent
cage, it is important that the two radicals should be
generated simultaneously in the decomposition of optically
active azo compounds. This problem has received consider-

able study. Seltzer and coworkers studied the secondary
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TABLE I

Rates and Activation Energies for Decomposition of R-N=N-R

R Solvent Temp. Rat E, Reference
S¢c x10

CH3 gas 300 5.6 50.2 45, 46
CH3CH2 gas 49.5 47, 48
(CH3)ZCH gas 250 4.8 40.9 49
(CH3)3C gas . 44 50
CGHS'CHZ gas 36 51

CH3
CeHg—CH toluene 110 1.69 32.2 48, 52

T3
CgH5-C toluene 59.4 1.62 29 " 48

CH3
(CH3)2-C-CN toluene 80 1.55 31.1 53

(CgHs) 2CH toluene 64 3.40 26.6 54
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ol-deuterium isotope effects in the decomposition of the
series of azo compounds shown in Table II. In the decom-
position of 1,1'-diphenylazoethane-1,1'-d, and its protio
counterpart, the rate ratio kH/kD was found to be 1.27.
This corresponds to about a 12% decrease in rate per
deuterium atom and is in agreement with the results obtained
elsewhere (55). This implies that both carbon-nitrogen
bonds are being stretched to the same extent in the tran-
sition state. The results for gl-phenylethylazoisopropane
indicate that while both carbon-nitrogen bonds are being
stretched at the transition state, bond cleavage of ol-
phenylethyl-nitrogen bond is occurring somewhat faster than
the other. The results for ol-phenylethylazomethane indi-
cate that only the ol-phenylethyl-nitrogen bond is being
.broken at the transition state.

From these results, it would seem that where the two
groups have a reasonable ability to stabilize a radical both
bonds break simultaneously. Arylazotriphenylmethanes would,
therefore, be expected to undergo cleavage by a sequential
mechanism, cleaving to a triphenylmethyl and é phenyldiazo

radical which later loses nitrogen to give a phenyl radical.

[}:5] Arg-C-N=N-§ —> [arjc. -NeN-g] —> Arjc. + .N-N-g

age l

[Ar3C' + Nz '¢ N2+'¢

cage
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TABLE II

Isotope Effects in the Decompositions of Azo Compounds

IIIc X =H, ¥ =

[
o

Compound Isotope Effect Reference
CH, CHj
kIa
CGHS—?—N= -f-CGHS r = 1-27
X ' X Ib 55
Ia X =H
I X =D
CHB H3 kIIa
= 1.16
CGHS-?-N=N-?-CH3 Kr1p
X Y
ITa X =Y =H  kII 56
2 - 1.04
.IIb X =D, ¥Y=H kIIc :
IJIc X =H, ¥Y=D
i
Csﬂs‘f'N=N'CY3 Kr11a
= 1.12
X kIIIb
IIIa X =Y =H 57
k
IITb X=D Y=*H 12 | 0.97
Kirzc
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This was borne out by'the work of Pryor who observed -
a decrease in rate of decomposition of these compounds,
where the decompositions were carried out in increasingly
viscous solvents ‘58).' This can be explained on the basis
of a recombination of the initial radical pair to regen-
erate stafting azo compound. In more viscous solvents,
diffusion from the cage would be slowed down and recom-
binafion could competé:more effectively with diffusion
resultiﬁg in a decrease in the overall rate.

Use of activation energies might have been used.to
show that decomposition of azo compounds is a concerted
process, had there been data available for the decom-
position of unsymmetrically substituted azo compounds.
Unfortunately, the efforts of Cohen and Wang to synthe-
.siée methylazo- and benzylazodiphenylmethane were.
unsuccessful (59).

The mechanism of decomposition of azo compounds is
outlined im Scheme IV.

It can be seen that recombination and disproportion-
ation of the radical pair in the solvent cage may compete
with diffusion of the radical pair from the solvent cage.
After diffusion, the radicals may behave in the normal
manner, either coupling with each other at random or
reacting with the solvent, with added species such as
radical scavengers, or, for example, vinyl monomers,

initiating polymerization.
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Scheme Iv

20 ]
(1) R-N=N-R —™M> LR- Ny -R cage

ko
(2) BR- N, 'R]CEEE_"‘> R-R + disproportionation + N,
products
K3
(3)  [re N R] o> 2R+ N

(4) 2 R--—Ef——4> R-R + disproportionation products
The fraction of the radical pairs that couple before
diffusion can occur is a result of the cage effect (60).
The inefficiency in radical production resulting from
the cage effect was recognised as the cause of lower than
expected rate of initiation of wvinyl pdlymerization (61).
In 1954, Noyes gave a full theoretical treatment to the
phenomenon of the cage effect (62). Briefly, his theory
makes the following points:-
(1) The radicals from a specific decomposing molecule may
~undergo "primary recoﬁbination“ in the cage in which the§
are formed. This must happen before the two radicals have
attained a molecular diameter_separation and will take

11 seconds.

place within 10~
(2) If these radicals escape from the primary cage, they
undergo random diffusive displacements. During these

displacements these two radicals may reencounter each other
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and undergo "secondary recombination". Secondary recom-
bination will occur within 10~2 seconds, otherwise they
will have diffused so far apart that the probability that
they will reencounter each other is negligible. The sum
of primary and secondary recombinations constitute the cage
effect.
(3) Radicals escaping both primary and second recom-
binations may then couple with.radicals generated iﬁ other
decompositions or react with radical scavengers in the
solvent. If'the radical scavenger is of sufficient reacti-
vity and present in sufficient concentration, it may react
Qith ail the radicals outside the cage to the total
exclusion of radical-radical recombinations.
(4) If an extremely reactive scavenger is used, i.e. one
which will react with radicals with a rate constant in
excess of 107‘1_/1"'1 sec~l, then the écavenger is capable of
competing with secondary recombinations even at relatively
low concentrations of scavenger (i.e. 102 M or greater).
Putting this in its mathematical form, to a first approxi-
mation, the increased efficiency due to competition with
secandary recombination is proportional to the square root
of the scavenger concentration.

Waits and Hammond have attempted to substantiate the

theory by studying the decomposition of 1,1'-azocyanocyclo-
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hexane and ‘the related N—l—cy.anoéyclohexanepentamethylene-

keteneimine,

CN
using bromine and DPPH as scavengers (63) . They found an
approximately linear relationship betwéen'the square root
of scavenger concentration and increased scavenging ef-
ficiency at higher scavenger concentrations, but not at
10'25§ as predicted by Noyes. Waits and Hammond concluded
that either the caée effect is.ndt divisible into two
separate types of recombinations, or these are not dis-
tinguishable experimentally.

They accounted for the increased efficiency as being
due to interference of .scavenger molecules, which are
nearest neighbors, with primary recombination.

A furthei consideration in the study of the stereo-
chemistry of radicals is the conformation of the radical
jtself. There are a number of possibilities. The first
of these is that radical bearing carbon is hybridized with
the odd electron in a pure p orbital, i.e. a flanar con-
for@ation. A second consideration is an sp3 hybridized
carbon with one of the sp3 orbitals occupied by the odd
electron. This is a pyramidal conformation. Something
between these, namely a shallow pyraﬁid, is also a possi-
bility. A simple theoretical calculation based on the

percentage s charactér of the carbon-carbon bonds would
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favor a plan;r conformation (64), however, a more sophis--
ticated theoretical treatment would seem to fa&or a
pyramidal structure (65).

Direct observation of.methyl radicals by both ulfra
violet spectroscopy and by electron paramagnetic resonance
spectroscopy (e.p.r.) favors a planar or nearly planar
conformation (66,67).

Chemical evidence would seem to indicate that both
types of conformations are compatible with the generation
of a free radical centre. Thus apocamphane-l-carboxylic
acid ( 8) undergoes the Hunsdiecker reaction to yield the
correspénding bromide presumably via a radical intermediate.
Another strained system to behave in a similar manner is
apocamphyl peroxide which decomposes in.carbon tetrachloride
to yield l-chloroapocamphane together with some

biapocamphyl (69).

Similarly, another system which gives of necessity a
pyramidal radical is tryptoyl peroxide (70). It decomposes
in benzene to yield tryptycene presumably by abstraction of

a hydrogen atom from the solvent, or iodo-tryptycene when
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the decomposition is carried out in the presence of iodine.

5

benzene;

While pyramidal radicals are generated in these cases,
their rates of‘formation tend to be slow. For example,
apocamphyl and triptoyl peroxide decompose at a rate com-
paréble to that of acetyl peroxide; other tertiary substi-
tuted peroxides decoﬁpose very rapidly. The triptycyl
radical like the triphenylmethyl radical, has three phenyl
groups Etfached to the carbon bearing the odd electron, but
does not'show any of the great stability of the latter. 1In
fact, its great instability is evidenced by its ability to
abstract a hydrogen atom from benzene. Neither will
tryptycene undergo free radical chlorination by sulfuryl
chloride in the presence of benzoyl peroxide.

On the other hand, a triphenylmethyl radical con-
strained to be planar by virtue of two oxygen bridges ap-
pears to be quite stable as evidenced by the high degree of

dissociation of the corresponding hexaphenylethane (71).



- 27 -

Evidence in. favor of a planar radical is provided by
the experiments of Applequist-and Kaplan (72). ' They
-studied the decarbonylation of aldehydes in carbon tetra-
chloride with a view to trapping the acyl radical, as

outlined in the equation below.

16 .+ R=€=0 ~———3> R-C=0 —kl—> l.!-
i 7 -
H kz\l CCly : l
R-ﬁ-Cl . RH,RCL

o

The crux of the experiment is that the less stable R-
is, the slower the acyl radical may be in losing carbon
monoxide. Hence the ratio k1/k2 as measured by product
- analysis is a guide to the stability of the R- radical.
For the series l-adamantylcarboxaldehyde, bicyclo @,2,% -
octyl-l-cérboxaldehyde and l-ﬁorbornylcarboxaldehYde, the
ratio is 28.5, 15.0 and 0.08. Hence in the highly strained
bicyclic ring, where there is absolutely no chance for a
planar radical, the acyl radical shows some reluctance to
lose a molecule of carbon monoxide. Similarly, Humphrey,
Hodgson and Pincock (85) found that the bridgehead peroxy-
esters of these systems decomposed with relative rates of
1.00, 0.07 and 0.001 respectively. These rates can be in-

terpreted as a measure of the relative stabilities of the

radicals formed.

Further evidence in favor of a planar conformation is
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provided by a study of secondary. e-deuterium isotope
effects carrled out by Seltzer and Hamilton (73). They
studied the decomposition of azobis- o(-phenylethane-@apﬁ -
d3 and its protio counterpart. The observation of an
isotope effect is based on stabilization of the developing
radical by hyperconjugaéion.

C6H5- He. ' CGH57CH

' CH,-H _CH,-H

A contribution from hyperconjugétion therefore implies
that the developing radical is approaching planarity at the
transition state. A 2% reduction of rate per D atom was
observed by these workers. g-Deuterium isotope effects
have been measured for carbonium iqn processes. In these,
rate reduction is somewhat larger, e.g., 7% reduction per
deuterium  was observed in the'solvolysié of d ~-phenylethyl-
g.p.p-ds chloride (74). "

That both hyperconjugation and resonance. stabilization
(Table I) are important in lowering the activation energy
for decompoéition of azo compounds is also in support of a
planar conformation.

. It seems that azo compounds are best suited for a
systematic study of the stereochemistry of radicals in a
solvent cage, on account of the fact that the two radicals
are generated simultaneously in close proximity. The

reaction is free from induced decomposition’ (75), and other
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mechanisms for decomposition appear to be absent. There
are, however, a number of criticisms that might be made.
-Use of symmetrical azo compounds as used by Bartlett (37)
and Greene (39) lead to complications. Since two optically
active centres afe invoived, the products will inevitably
be a mixture of diastereomers. These can often be very
difficulé to separate (37). While symmetrical tertiary
substituted azo compounds have the advantage of being easy
to prepare, freé from side reactions'such as isomerization
to hydrazone, and decompose at relatively low temperatures,
the size of the cage product can be very small (37). There
is also the problem of interconversion of product
diastereomers on attempted gas liqgid chromatography (g.l.c.)
separation (37).

For these reasons, it seemed that an unsymmetrically
disubstituted azo compound with one opticaily active centre
would yield the best results. Only one coupling product
will be formed within the solvent cdge and this productwill,

in general, be easy to isolate from any others formed.

’
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CHAPTER I

SYNTHESIS AND DECOMPOSITION OF -

1,1'-DIPHENYL-1~-METHYLAZOMETHANE, 7

The pﬁrpose of thi§ work is to observe the stereo-
chemistrx of the product proauced in the solvent cage by
the combination of the radicals generated by the decompo-
sition of an unsymmetrical azo compound.' The unsymmetrical
azo compound chosen should have one aéymmetric centre and
should decompose to give-a coupling product in the solvent
cage which shouid also be asymmetric. A further require-
ment for the azo compound is that it should decomposé at a
convenient temperature. It should.be reasonably easy to
synthesize and the two alkyl groups should be'sufficiently
gimilar so that decomposition of the azo compound will take
place with simultaneous fission of the two'carbon-nitrogen
bonds.

It seemed that 1,1'-diphenyl-l-methylazomethane

possessed most of these features.
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RESULTS
Synthesis of 1,1'-Diphenyl-l-methylazomethane, 7

This compound was synthesized by a modification of a
method used by Seltzer (56). The reaction is outlined in
Scheme V.

Acetophenone ketazine, 1, was synthesized by dissol-
ving stoichiometric amounts of hydrazine hydrate and aceto-
phenone in ethanol and adding a few millilitres of acetic
acid to catalyze the condensation. The reaction is
exothermic and is.compiete in about two hours at room
temperature, depositing bright yellow crystals of 1. This
compound was used directly without further recrystalliza-
tion.

Catalytic hydrogenatioh of 1 was carried out in ethyl
acetate using 5% palladium on charcoal and initial pressures
of 20-30 p.s.i. of hydrogen. Uptake of hydrogen was ﬁsually
very fast, one equivalent of hydrogen being taken up in ten
to fifteen minutes. The resulting acetophenone ol-phenyl-
ethylhydrazone, 2, was not isolated. After removal of
sol%ent, 2 was added to a stirred solution of oxalic acid
dihydrate in 95% ethanol-ether. ol -Phenylethylhydrazine
oxalate, 3, slowly separated as a white solid. Crude com-
pound 3 was obtained in good yield and was used directly in

the next step of the reaction sequence.
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Scheme V
65 f6¥s ?GHS .
' H,/5% Pd-C_
2 C=0 + NH,NH, ——> C=N-N=C >
CH3 = CH3 CH3
1
| CeHs
. (COOH) ,*2H,0 , KOH
c6H5-fH-§H-N;c > CgHg~CH-NH-NH, ¢ (COOH) , —
CHj CHj ' ;8
2 3
CgHs -C=0 H,/5% Pd-C
CgHg~CH-NH-NH,, hic > CgHg-CH-NH-N=CH-CH, 2/5% >
: l MgSO, l
4 _ L 5
H CH 02 H_-CH-N=N-CH,~-C_H
CgHg~CH-NH-NH-CH,~-C H, ——> .CG 5_' ~N=N-CH,-CH
CH4 : CH,
] 2
(cooH) ,

CGHS-TH-NH-NH-CHZ-C6Hg(COOH)2
CHj

8



- 33 -

Basification of 3 was carried out by adding it slowly
to a stirred 20% solution of potassium hydroxide. The
reaction mixture was extracted with methylene chloride, and
' qfter removal of the solvent, the residue was distilled
undér reduced pressure to yield gl-phenylethylhydrazine, 4,
-as a colorless liquid’in'good yield. The boiling poiht'
and refractive index were in agreement with those obtained
previously for this compound (77). The n.m.r. spectrum
obtained was consistent with the structure proposed for the
. compound.

After distillation of 4, a quantity of higher boiling
material remained in the pot. Distillation of this yielded
a, colorless, viscous.liquid, ‘which was identified as 1,2-
di-ol-phenylethylhydrazine, 21, by the n.m.r. spectrum.
.Only a small amount of this material was obtained and this
shows that hydrogenation of the first double bond of 1
proceeded at a much faster rate than the second one.

Due to the ease of oxidation of 4, all operations in-
volving it were carried out as much as possible under an
atmosphere of nitrogen.

‘-Freshly distilled benzaldehyde was condensed with 4
simply by stirring them together in 98% ethanol or anhydrous
ether in the presence of anhydrous magnesium sulfate. After
filtration to remove the drying agent and evaporation of the

solvent, the product benzaldehyde dl-phenylethylhydrazone, 5,
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was obtained as a yellow oil. Compoundié could be‘cfystal-
lized with some difficulty and in low yield frém ékellysolve
B, m.p. 50-54°C. The n.m.r. spectrum of the oil was iden-
tical with that of the solid. This suggests that the oil

is probably a mixture of syn- and anti- isgmers. The n.m.r.
spectrum of 5 was consistent with the structure proposed.’

Compound 5 could also be obtéined directly from thé
reaction of methyl lithium with benzalazine. The n.m.r.
spectrum was identical to that obtained by the method above.
This had a single advantage in that 5 is obtained in a
smaller number of steps. Unfortunately, it is difficult to
obtain free from benzalazine. Therefore, the former method
was used in subsequent syntheses.

Compound 5, dissolved in 98% etﬁanol or anhydrous
ether, was hydrogenated over 5% palladium on charcoal
catalyst and at an initigl pressufe of hydrogen of 20-30
p.s;i. Hydrogen uptake was fast and the reaction was
usually complete in two or three hours. However, in order
to ensure complete reaction of 5, the reaction time was
extended to twelve hours. The product, l-benzyl-2-¢, -
pheﬁylethylhydrazine, 6, had to be handled carefully
because of the ease of oxidation. Therefore, where pos-
sible, manipulations involving 6 were ;arried out in an
atmosphere of nitrogen. Compound 6 was distilled under

reduced pressure to yield a colorless viscous liquid.



- 35 -

Sealed in vials under nitrogen and refrigerated, 6 showed

a tendency to crystallize. However, no solid could be
isolated at room temperature. The n.m.r. spectrum of 6
was consistent with the structure, and showed no extraneous
peaks. Compound 6 was assumed free Qf hydfaZone on this
basis. Generally, 6 was stored eithér by sealing in vials
under vacuum or. reacting it with oxa1ic acid to form the
oxalate salt, 8.

Because of the instability of 6, no attempt was madé
to obtain an elemental analysis. However,‘an attempt was
made to obtain an elemental analysis on a derivative,
i-benzyl—z-ab-phenylethylhydrazine oxalate, 8. Unfortunate-
ly, after repeated recrystallizations (m.p. 183-4°C.) a
satisfactory analysis could not be obtained to fit either
a 1l:1 base:acid or a 2:1 base:acid salt. The carbon and
hydrogen analyses indicated a mixture of these two salts
in the ratio of 2:1 respectively. This ratio was confirmed
by the nitrogen analysis. Difficulty in obtaining a good
elemental analysis for hydrazine oxalates has been ex-
perienced by earlier workers (78).

" oxidation pf 6 to the corresponding azo compound,
1l,1'~diphenyl-l-methylazomethane, 7,.was attempted using
methods employed previously (77). However, both silvef
nitfate and mercuric oxide gave mixtﬁres of products. The

greater part of these impurities was undoubtedly due to the



- 36 - -

corresponding hydrazones, 5, and aéetophenohe benzyl-
hydrazone, 9. Air oxidation has been used to synthesize
3,6-diphenyl-3,4,5,6—tetrahydropyridazine in a pure state
(79) , whereas traditionallmethpds'of 6xidation yielded
largely corresponding hydrazone (59).

Oxidation was therefore carried out by passing oxygén
into an ethereal solution of 6. After oxidation, the
ethereal solution of the azo cémpound, 7, was extracted
with watef and driéd. The solvent was removed on a rotary
evaporator at reduced pressure. - Aféer several hours all
traces of solvent had been removed, as checked by n.m.r.

spectroscopy and refractive index. The product, 1, was
a yellow oil. Kﬁfgmpts,to recrystallize ‘this failed.
Since no ‘purification of 7 was available, it was essential
to make sure that the starting ﬁateria; was pure. For

this reason, isolated Q_Qas not used to generate 7. In-
stead 6 was generated from recrystallized 8 by treating;g
with aqueous sodium or potassium bicarbonate and extracting
6 into ether in which it was oxidized. The purity of 7 was
checked by n.m.r. spectroscopy. The spectrum, which con-
for&s to the structure proposea for 7, had no extraneous
peaks, particularly in the region expected for hydrazone.
The ultraviolet (u.v.) spectrum had an absorption in the
expected region, namely 3600°A (€=50). However, a second

absorption at 2800-3000°A was observed which was attributed
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to the hydrazones, 5 and 9. The expected extinction co-
efficient for these isbih the neighborhood of 15000 (795.
Based on this estimated extinction coefficient, the azo
compound 7 contained less than 1% of the hydrazoneé. A
satisfactory elemental analysis was also obtained for 7.

Compound 7 was found to be very sensitive and
deteriorated rapidly, particularly at room temperature.
Samples could, however, be stored for a week or longer, in
the refrigerator without serious deterioration. This
deterioration was believed to be due to rearrangement of 7
to the corresponding hydrazones 5 and 9. This rearrange-
ment can be catalyzed by acid, base and light. Therefore,
apparatus used during and after the oxidation step was
carefully neutralized and wrapped with aluminum foil to
exclude light.

Anhydrous magnesium sulfate used as a drying agent for
ethereal solutions of 7 caused isomerization to hydrazone
in a few minutes. Fortunately, sodium or potassium carbon-
ate could be used for this purpose without éppreciable
jsomerisation. Attempts to purify contaminated samples of
z_u;ing a short column of alumina resulted in recovery of 7
of about the same degree of impurity. This contrasts with
the behavior of l-ethyl-l-phenyl-1'-methylazoethane which
could be separated from the corresponding hydrazone by

elution from an alumina column (81).
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Resolution of 6

Resolution of 6 was achieved by formation and
fractional crystallization of the camphorate s#lt from a
solvent mixture of ethYl acetate-dioxane. After three or .
four recrystallizations resulting in a 15% yield of resolved
salt, the spécific rotation did not change appreciably and
any change observed was as a result of erf&r due to the
small observed rotation. This will be appreciated if it is
pointed out that the specific rotation of the salt at this
stage is [}ﬁ]gs = -2.5°. Hence any small amount of optical-
ly active impurity, e.g., azo compound, can effect the
rotation considerably. This resulted in rotations of -2.0°
to -4.5°being recorded for salt from the same recrystal-

lization.

‘Synthesis of (-)-7

Optically active compound 7 was generated directly
from the camphorate salt. This was done in the same manner
as when racemic azo-compound was obtained from oxalate salt,

%5 = -152°

8. Optical rotation of (Qlﬁl was taken, EKJ
(c 5.0 benzene).
The optical rotary dispersion (o.r.d.) spectrum was

measured and conformed to the typical Cotton curve.
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Determination of optical purity of (-)-7

It was necessary that the optical purity of azo com-
pound 7 be known, in order to assess the s‘tereoch‘emical
;:ourse of its decomposition to coupling product _]ﬁ

In order to find the opti;:al purity,- an approach which
is often used is to synthesize the azo compound from a
"pr,ecursor whose optical purity is known. This synthesis
ideally should not involve any step in which racemization
of the optically active centre is possible. Such a syn-
thetic sequence for (=)-7 is outlined in Scheme VI.

ol-Phenylethylamine, 10, was resolved by the method of
Thielacker (86). On hydrolysis of the tartrate salt, (-)-10
was recovered 95% optically pure, OL%S = -37.38°.

Amination of the amine was carried out by the method
of GBsl and Meuwsen (82). This involved treating a three-.
fold excess of (-)-10 with hydroxylamine-O-sulfonic acid
which yielded the ¢l -phenylethylhydrazine, (-)-4. The
reaction did not work as well as for those reported for
other substrates. However, amination of be_n;ylic amines
has not been reported. Due to the fact that a large excess
of amine must be used in these 'reactions, the unreacted
(-)-10 was separated from (-)-4 by fractional distillation
and subjected to the reaction again. ° Three cycles of tﬁe
amine were required to obtain a 10% yield of (-)-4. The

n.m.r. spectrum of (-)-4 was identical with that obtained
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Scheme VI

H
CGI-I _ 6 |_
| NH,0S0,H CgH5C=0
r’c-NHz "NH-NHZ —
H/ KOH MgSO,
CHy 3
S-(-)-10 s-(-)-4
25
OLD = -38.2° (neat, 1 dm) [QC] = -31°(c 0.9, benzene)
CH CcHe
R 1. (CHg),AL-H  ° N
C-NH-N=CH-CgH > C-NH-NH-CH,-CgH
U d 6 5 7, 2 6 5
wy 2. CH30H H'{
3. (coon),
§-(-)-5 s-(-)-8

-69.1°

ceqi

H"Z
CHj

1. NaHCOj3

2. 0y

[«

(¢ 3.31, benzene)

—N=N—CH2—06H5

§-(-)-1 "

2
> - _156° (c 1.06, benzene)
D
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for racemic 4.

The hydrazone,-( -)-5, was prepared as reported for
racemlc'g. Previously, this was hydrogenated to (-)-6.
The rotation of (-)-§ was taken neat and found to be
o(%s ;»—36.34 (neat, 1 dm). This compares w1th a rotation
of 0425 = -50.5 obtained for (-)-6 as isolated from an
optlcal resolution experlment."Tﬁese'figures must be
treated cautiously, however, since 6 is very sensitive to
air oxidation, so that the difference in the rotations
could be due, to a large extent, to varying degreee of
oxidation of 6.
| Oxidation of (-)-6 resulted in an impure sample of
(-)-7. which containé&d an estimated 7% of hydrazone based
on the u.v. spectrum assuming an extinction coefficient of
15000. The rotation of the sample was taken, however, and.
was found to be: bi]%s = -106.7 (¢ 5.7 chloroform). Even
considering the impurity, this falls far short of the
rotation obtained by resolution.

It was suspected that racemization might be occurring
durlng the hydrogenation step. Therefore, the experiment
was repeated using diisobutylaluminum hydride to effect
the reduction of (-)-5 to (-)-6. Compound (-)-6 was not
isolated, but was converted to (-)-8. The yield of (-);g
obtained was poor (30%). Hydrolysis of (-)-8 followed by

oxidation yielded (-)-Z. B*]%S = -139.82 (c 1.36, benzene).
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The u.v. spectrum showed that 5 and 9 were present in
negligible amounts. However, the n.m.r. spectrum showed
that about 7%% of the mﬁterial was (-)-4. By correcting
for.this and correcting for the fact that (-)-10 was not
optically pure, the rotation of optically pure (-)Fz_would
be LQJ%S = -156°. This is not significantly differenf
from the optical rotation obtained by optical resolution.

A second approach was used to determine the optical
purity of (-)-7. fhis was to degrade (-)-7 to a simpler
Eompaund, (-)-10, whose maximum opticai rotation is known.

Degradation of (-)-7 to (-)-10 gave an anomalous
result. (-)-7 of maximum rotation was hydrogenolyzed over
Raney nickel. Uptake of the first equivalent of hydrogen
was fast while it took several days for uptake of the
second equivalent. The products of the hydrogenolysis
were analyzed by gas liquid chromatography (g.l.c.) and
were found to be mainly ol-phenylethylamine and benzyl-
amine with small amounts of two other products whose
retention times corresponded to toluene and ethylbenzene.
The two peaks corresponding to the amines were overlapped
con;iderably. The best separation was achieved using an
SF 96 Column. Under the best conditions with this column,
two passes through the column were nécessary before (-)119
was obtained free of benzylamine. The optical rotation of

(-)-10 was taken, [o(,] ]2)5 = -31.3°(_c_ 5.4, dioxane). This
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was equivalent to about 80% optical purity for (-)-Z.
Since optical purity was approximately 100% as'determined
by synthesis, it would appear that some racemization must
have occurred with this method. Racemization could have
occurred by isomerization of the azo compound on the nickel
catalyst to hydrazone, 2, prior to reduction to (-)-6.

The possibility of racemization of (-)-10 was inves-
tigated by subjecting it to the reaction conditions. How-
ever, the optical rotation of (-)-10 after the experiment

was the same as before.

S?nthesis of hydrocarbon coupling products

Decomposition of 7 was expected to give rise to a
number of hydrocarbon coupling products. Since 7 decom-
poses to a benzyl and én Jd-phenylethyl radical, random
coupling of radicals would give rise to bibenzyl, 1,2-
diphenylpropane and meso- and glf2,3-diphenylbutane. Bi-
benzyl is available commercially. However, it was
necessary to have authentic samples of the other three.

Their syntheses are described below.

dl-1,2-Diphenylpropane, 13

Method A
This was synthesized as shown in Scheme VII.
Deoxybenzoin was treated with methyl magnesium iodide.

After neutralization of the reaction mixture with ammonium
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chloride solution, the crude alcohol, 1,2-diphenyl-2-pro-
panol, 11, was distilled. On distillation, 11 eliminated
the elements of water,_probably due to the presence of
iodine, and 1,2-dipheﬁyl—l-propene, 12, was formed. The
disfillate immediately solidified and was fecrystallized
from methanol. | |

Compound 12 was hydrogenated'over 5% palladium on
charcoal catalyst. Uptake of ﬁydroggn was fast and one
equivalent 6f hydrogen was taken up in less than one hour.
On evaporation of the solvent, the residue distilled over
és, a colorless liquid. This was jdentified as 1,2-di-
éhenylpropane by its n.m.r. spectrum and by comparison of

jts refractive index with that reported (83).

Scheme VII
. OH
1. CH4MgI_ ‘ '.[2 '
C6H5-Cﬂz—ﬁ—C6H5 2. NHiCL r CGHS-CHz—T_CGHS ——
o] CH3
1
CeHs CH _
H, /5% Pd-C
=2 S - —~CH-
\/C=\ > C6H5 CH2 CH CGHS
H CGHS . CHiy

12 3
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Method B

In order to obtain 13 optically pufe, it was necessary
-to start with an optically pure preeursor. This precursor:
was 2,3-diphenylpropionic acld, 15. The reaction sequence
from this compound is oﬁtlined in Scheme VIII. The reection
sequence was tested first on'racemic 1S.

d~Phenylcinnamic acid, 14, was synthesized in good
yield as a mixture of cis and trans isomers, from phenyl-
acetic acid and benzaldehyde by the ferkin reaction (84),

Compound 14 was hydrogenated over 5% palladium on
charcoal and one equivalent of hydrogen was taken up in
about two hours. After removal of solvent, crude d1-2,3-
diphenylpropionic acid, 15,.was recrystallized from hexane.
The n.m.r. spectrum of this compound was consistent with
the proposed structure. Its melting point also coincided
with that reported for this compound. .

Compound 15 was reduced using lithium aluminum hydride
in anhydrous ether. The reaction mixture was heated under
reflux overnight. After the aluminum complex was broken
up and solvent removed the crude 2,3-diphenyl-l-propanol,
lg,.ﬁas isolated by distillation under reduced pressure to
yield a very viscous, colorless liquid.

The structure of 16 was confirmed by the n.m.r.
spectrum and the coincidence of the refractive index and

boiling point with those reported for this compound (85).
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Scheme VIII
Et3N Hjp
c.H.-CH,-CO,H > C.H.-CH=C~C_H —_—
65 N 2 2 (CH3CO)20 6°5 | 65 5% Pd-C
(:_6H5-CHO COOH

cis- and trans- 14

C6H5—C

- resolution via
CGHS—CHZ-CH—C 6lls >

ephedrine salt H” -
COOH ) CeHy
a-1s . R(9)-15
[A]zs = -132.5°
D
C H -CH C_H_CH
1. Lial, 65 TsC1 6°5°% .
—> _C-CH,OH .f£-CHy~OTs
2. H30 H-" pyridine H-~
Ce'ls , Ce's
R-(-)-16 R-(-)-17
[04]25 = -88.47° ‘[&,‘]25 = -42.63°
D D
Cgl5CH)
LiAlH,
-C-CH3
H/
- Cetls
R-(-)-13
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Sulfonation of 16 was carried out by addition of
p-toluenesulfonyl chloride in pyridine to an ice cold
solution of the alcohol in pyridine. After normal wofk-up,
a white cyrstalline solid was obtained which was identified
as 2,3-diphenyl-l-propyl p-toluenesulfonate, 17, by its
n.m.r. spectrum.

An ethereal solution of the tosylate 17 was treated
with excess lithium aluminum hydride and the reaction
mixture was heated under reflux for-:a prolonged period.
After destroying the excess hydride and evaporating the
solvent, the residue was found to be composed entirely of
l; by g.l.c. analysis. The n.m.r. spectrum and refractive

index were identical to those obtained by Method A.

Stereospecific Synthesis of R-(-)-13

The first step in the stereospecific synthesis of
R-(-)-13 was the resolution of the acid 15. This was
carried out by the method of Pettersson (91). From the
resoiution, (-)-15 was isolated optically pure as deter-
mined by Pettersson. This material had a rotation of
[ol]gs = -132.5° (c 0.62, acetone). The rest of the
synthesis was carried out as described for the racemic
material. The optical rotations of the intermediate com-
pounds are shown on Scheme VIII. Isolation of (-)-13 was

carried out by preparative g.l.c.. The rotation of (-)-13



_ 48 -
was L& 25 _ _go.sY° (c 8.67, chloroform). A second
synthesis of. (-)-13 by the same route yielded material of
the same rotation, [OL]D = -80.5° (c 3.2, chloroform)
(-)-13 had an identical n.m.r. spectrum to that obtained by
Method A. It showed no extraneous peaks either in the
n.m.r. spectrum or in g.l. chromatogram. The refractive

index agreed-well with those reported by Method A and by

previous workers (83).

Absolute configuration of (-)-7 and (-)-13

In oxdexr to know whether decomposition of (-)-7 has
taken place with retention or inversion of configuration
it is necessary to know the absolute configurations of
(-)-7 and of (-)-13. In Scheme VI, the absolute confi-

» guration of (-)-7 is related to that of (-)-10. The latter
‘has been shown by Leithe (87) to hove the S configuration.
Therefore, (-)-7 will also have the S configuration.

The work of Barnes and Juliano (88) and Sullivan and
coworkers (89) has related the configuration of (-)-13 with
that of hydratropic acid. This is shown in Scheme IX.
(-)-13 is shown to have the R configuration since (+)-
hydratropic acid is known to have the S configuration (90) .

Included also in this scheme is the synthesis of the
(+)- isomer. This synthesis, after a certain point, is

similar to the one employed in this work. Comparison of
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Scheme IX
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rotations for intermediate compounds, although not always
in the same solventé, is of interest and will bé discussed
‘later.

The absolute configuration of (-)-15, had been
assigned as R by Petteréson on the Sasis of the method of
pseudo-racemates, and on the Ehange of rotation with change
.of solvent (92). The synthesis, therefore, of (-)-13 from
€-)~-15 establishes the absolute configuration of (-)-15 and
proves Pettersson's assignment to be'ﬁorrect.

Decomposition of (-)-7 is shown in Scheme X as pro-
ceeding with retention of configuration. If retenfion of
configuration then takes place, the isolated hydrocarbon

should have a negative rotation.

Scheme x.

Cellg 6Hs CeH
H7C-N=N-CH2-C6H5———> o //c -CH,CgHg| ——>  £-CHy-CgHg
ci, o CH, . | CH,
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Synthesis of meso- and dl-2,3-diphenylbutanes, 19 and 20

The symmetrical coupling products resulting from the
coupling of two ol-phenylethyl radicals generated in the
decomposition of 7 are meso- and d1-2,3-diphenylbutane, 19

and 20. The syntheses of these have been réported previously
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by Barber, Stack and Woolman (93). of-Phenylethyl chloride
was coupled using magnesium in anhydrous ether, and the |
mixture of 19 and 20 formed was separated by fractiénal
c;ystallization{ These two compounds gave n.m.r. spebtra

which were consistent with their structures.

Kinetics of .decomposition of 7

The decémposition of azo compouhds is known to follow
first order kinetics by a large number of studies. A
number of studies have shown that these compounds are also
free from induced decomposition((75). However, secondary
and primary azo compounds are known to rearrange as well
as decompose. Cohen and Zand (94) have pointed out that
1,1'-dimethylazoethane undergoes rearrangement to acetone
isopropylhydrazone and Williams and Lawrence (51) observed
'isomerization in the decomposition.of 1,1'-diphenylazo-
methane. It is not surprising, therefore, that 7 should
undergo a similar rearrangément under the conditions of the
decomposition. The driving force for such a rearrangement
must be the greatef stability of the benzylic hydrazones.
In actual fact, 7 was never synthesized entirely free from
these hydrazones. Since there is no purification process
available for this compound, the only approach that could'
be taken was to synthesize the azo compound as carefully as

possible.
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Several methods'of measuring the kinetics of decom-
position were attempted before one which was satisfactory
was found. Measurement of the rate of decomposition was
gttempted using n.m.r. spectroscopy. The methylene and
methine peak in the n.m.r. spectrum of 7 were wéli removed
from the area of the spectrum where peaks due to products
were expected. Disappearance ofrthese-peaks could be
followed. This method of following the. decomposition was
abandoned because a large number of readings could not be
taken due to the large time lapse, when the spectra were
being run. Secondly, the accuracy with which the measure-
ments could be made was not as high as was desired.

Disappearance of azo compound has been followed by
observing the disappearance of the absorption due to the
_nitrogen-nitrogen double bond in the u.v. spectrum (55,56).
A trial run of this method was fruitless because as |
hydrazone wés formed, the intense absorption due to it
overlapped the absorption due to the azo compound, so that
little change was observed in the intensity of the ab-
sorption with time.

" ghe method most frequently used to measure the rate
of decomposition of azo compounds is to follow the rate of
evolution of nitrogen. This can be done by observing
either the volume change or the pressure change.

Utilization of volume change with nitrogen evolution proved
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the most satisfactory.

Early attempts to calculate the rate constant for
decomposition by plotting log (q,ivé) versus time revealed
a curvature in the ploé. This was particularly fruevat
times greéter than one half life. This would seem to be
.due to formation of the hydrazone with autocatalysis. It
is eésentialy therefore, that the initial rate of decom-
position be calculated. It is necessary thaf the equip-
ment be such that thermal equilibration be fast. The
apparatus had to be constructed so that "dead space" within
the apparatus be eliminated as far as possible. This was
achieved by using capillary tubing.where possible.

Typical results obtained from these experiments are |
included in Tables III and IV, and graphical plots are
_shown in Figures I and II.

The results obtained in the measurement 6f the rates
of decomposition at two temperatures are shown in Table V.
From these results, the activation parameters were cal-

culated in the usual way (95).
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TABLE IIIX

" Rate Data for the Decomposition of

1,1 -Diphenyl-l-methylazoinethahe P A

Pemperature = 106.0°C Solvent: Cumene

(Voo = Vo) calculated = 16.30 ml

Time, Vo =V) . (Ve =V,) kg
© log ——— -1
seconds millilitres (Voo -Vt) . sec
1000 16.15 0.0040
2800 15.95 0.0094
5000 15.57 0.0200
8200 15.30 0.0275
12000 14.85 0.0405 8.05 x 10 *
18200 | 14.10 - 0.0630
24000 13.47 0.0828
30100 12.85 | 0.1033
39600 11.05 0.1349
50200 | 11.15 0.1649
86800 8.85 ~ 0.2653
92200 8.60 | 0.2777

280000 (c0) 5.35
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TABLE 1V
Rate Data for the Decomposition of

1,1'-Diphenyl-l-methylazomethane, 7

Temperature 127.9°C . Solvent: Cumene

(Voo =Vo) calculated = 11.45 ml

Time, ' (Vg =Vi) o (Voo -Vy) k3.
log —
seconds millitres (Veo "Vt) sec~1
250 11.05 0.0155
650 10.40 0.0418
1050 9.70 0.0720
1450 9.20 0.0950
1850 8.65 | 0.1218 1.24 x 10-4
2250 8.25 . 0.1423
2850 7.70 0.1723
3450 7.20 0.2015
4050 6.65 0.2360
4750 6.10 0.2735
.. 5450 5.60 '0.3106
6550 4.90 0.3686
7650 4.30 0.4253
. 8750 3.85 0.4733
10050 3.45 0.5210
11450 2.90 0.5964

35000 (o) 1.10
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TABLE V

Rates of Decomposition of 7 in Cumene

Temp., °c Conc., M Moles N2* k x 106, sec™!
106.0 0.084 0.59 8.84
0.15‘ 0.69 8.05
0.13 0.67 8.29
127.9 0.12 0.90 124
'0.18 0.83 120
0.15 0.86 111

* Moles N, per mole of 4
3
At 106°c AH = 35.9 + 1.0 kcal/mole,
CAS'= 12,5 + 2.2 e.u.
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PRODUCT ANALYSIS

In order to determine the.products'formed in the decom-
position of 7, 2 g of ;t were heated in refluxing ethyl-
benzene for forty hours. After evaporation of most of the
solvent, the résidue was analyzed by g.l.c; (SF 96 column).
Four products eluted at high retention times and these were
identified'aé'being‘bibenzyl} glf2,3-diphen§1propane, 13,
dl-2,3-diphenylbutane, 20, and meso-2,3-diphenylbutane, 19,
by comparison with the retention times of the aﬁthentic
materials.

becomposition of a sample of 7 in benzene for a
relatively short time of sixtéen hours at 106°C revealed on
analysis that styrene, toluene and ethylbenzene were also
products .of the decomposition but were present in much
smaller amounts than the coupling products.

Notable quantities of two other products were observed
in early runs. These had retention times intermediate be-
tween bibenzyl and styrene. These peaks "tailed" consider-
ably on the.chromatogram and were, therefore, probably
polar in nature. Comparison of the retention times of
theée two products with those o6f «-phenylethanol and
benzyl alcohol, jindicated that these were the probable pro-
ducts. These peaks persisted when the samples were de;
gassed and when 7 was decomposed in the injection port of

the chromatograph. This would seem to eliminate molecular
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oxygenvas the source of thése products. However, these
samples of 7 were found to have hydrbgen peroxide present
as an impurity. This was kﬁown to be formed on air
oxidation of hydrazobenzene (96): Its presence waé noted
because (a) the sample evolved a gas on édéition of
platinum black and (b) formed iodine on treatment with
potassium iodide. When the etheréal solution of 7 was
extracted with water in order Eo remove hydrogen peroxide,
these products were minimized but not totally eliminated.
Retention times by themselves are not definitive proof

of the presence of the expected products. Therefore,
éeparation of the components of the mixture was carried out
by column chromatography. Separation of the components was
sufficiently good so that 20, 19 and 13 were isolated from
different fractions and identified by their n.m.r. spectra.
No bibenzyl was identified in this separation. However,
g.l.c. analysis showed that it was present in the mixture
in low concentration. A crystalline solid was obtained in
a later fraction, but in too small a quantity to identif§
by its n.m.r. spectrum. |

) A quantitative study was imade of the product distri-
bution. The results can be seen in Table VI. The samples
were prepared by dissolving 7 in purified benzene. This
solution was then placed in tubes which were degassed to

1'1and sealed under vacuum. These were then decomposed at
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the desired temperature for at least six haif'lives and the
resulting product mixture determined by g.l.c. analysis.

As can be seen from Table VI, the product mixture sho@s

a concentration dependence. This will be discussed later.
Unfortunately, at lower concentrations of i, it was not
possible to estimate the relative amounts of toluene and
ethylbenzene to coupling p:oducts; because the solvent peak
on the chromatogram was so broad. However, at higher
concentrations of 7 in benzene, the amount of these lower
boiling products would seem. to be 20% or less. It should
be pointed out that when the reaction is run to completion,
little or no styrene is obser&ed. This is not surprising
since sufficient time is available for the styrehe to have

undergone polymerization.

Decomposition of 7 in the presence of butanethiol

.Since the main purpose of this work was to determine
the stereochemistry of the coupling product, 13, which is
" formed in the solvent cage, it was necessary to prevent
the formation of this compound outside the cage. In order
to stop radical-radical reactipns outside the cage, itlwas
necessary to add a radical scavenger. Such a scavenger
should be sufficiently reactive to trap all radicals Which
would escape from the solvent cage, but not so reactive

that it would interfere with radicals in the solvent cage.



- 63 -

- Another importént property of the scavenger should be its
ability to react irreversibly with the radicals.

Butanethiol seemed a good choice since it was known
to react with polystyryl radicals one hundred thousand
times more readily than.cumene does (97). Since the rate
of abstractlon of a hydrogen atom from a thiol by a benzyl
radical is known to be in the range 104 -10° M ‘1 sec™!
(98) , butanethiol can not compete w1th coupllng in the
solvent cage. The complete absence of bibenzyl, 19 and 20
from the products of the decomposition of 7 in the presence
of butanethiolrdemonstrates that it is efficiently
scavenging the radicals which escape the cage.

Butanethiol acts as a scavenger by donating hydrogen
atoms to ol-phenylethyl and benzyl radicals which escape
from the cage, yielding ethylbenzene and toluene as
products. |

A comparison of the relative quantities of ethyl-
benzene and toluene with that of 13 formed in the decom-
 position of 7 in the presence of butanethiol is a measure
of the cage effect. These experiments will be discussed

later in greater detail.

Decompositions of (-)-7

These were carried out in various solvents and at

different temperatures. Generélly, these egperiments were



- 64 - .

carried ouf in the following manner. About 1 g of optical-
ly pure (-)-7. E{]%S = -152°, was dissolved in 50 ml of
solvent. This solution was placed‘in>a 75 mllstainlesé
steel bomb, flushed with nitrogen and sealéd. The decom-
position was carried out at the desired temperature for at
least six half lives. On conclusion of the decomposition
the solvent was evaporated and the coupling product 13
jsolated. The isolation of 13 was accomplished sometimes
by column chromatography followed by preparative g.l.c. and
sometimes by g.l.c. only. Occasionally, it was necessary
to make a second pass of the hydrocarbon through the
chromatograph in order to get the desired degree of purity.
Sufficient hydrocarbon was isolated in all cases in order
to obtain the rotation of 13. The isolated hydrocarbon 13
was found to be largely racemic. It did have, however, a:
negative optical rotation. This corresponds to net
retention of configuration as shown in Scheme X. Details

of the decomposition of (-)-7 are shown in Table VII.

Control Experiments

Since the hydrocarbon, 13, isolated from the decom-
position of (-)-7 was almost 90% racemic, it was necessary
to know if this racemization was due entirely to ioss of
asymmetry on the part of the of-phenylethyl radical in the

solvent cage, or whether some other processes were going on
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TABLE VII
Stereochemistry of (-)-13 from

the Decomposition of S~(-)-7

Solvent Tegg., ZET, C4§§§H *, Bi];s**, Rete;tioy
Benzeﬁe 132. 0.13 0 - 3.28 4.1
132 0.12 1.7 - 9.29 11.5
110 0.082 0 - 4.49 5.6
110 0.13 1.2 - 8.27 10.3
110 0.13 4.8 -13.5 l6.7
Butanethiol 110 0.19 9.3 -13.9 17.3
132 0.14 9.3 -11.7 - 14.5
Chlorobenzene 107  0.27 0 - - 6.60 8.2
107 0.33  1l.1- -11.5 13.0
Cyclohexane 115 0.089 0 - 5.10 6.3
115 0.089 1.3 - 8.8 10.9

* Not corrected for volume expansion

** Rotation of R-(-)-13 taken in chloroform, ¢ 1-5
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which could racemize either the starting azo compound oxr
the product hydrocarbon.

The most probable route by which these compounds could:
be racemized is by absfraction of a hydrogen atom from

(-)-7 or (-)-13 by a thiyl radical as shown in the equations

below.

[15] (-)-i RS°, CgHg-C~N=N-CH,-CgHg RSHy ()7
CH3

[16] (-)-13 B85 CGHS-?-CH2-06HS&L>(1)-£ |
CH,

The radicals generated could react with a molecule of thiol
to give racemized starting material.or product. |

That such a process is pqssible is supported by the
'findings of Bickel and Kooyman (95). They found that
acetophenone azine is generated when 1,1'-diphenylazo-
ethane is decomposed in the presence of octanethiol. The
most probable route for the formation of this compound is
successive hydrogen abstractions from the stérting material.
It is also supported by the finding that a_ yellow compound
with a slightly longer retention time than the coupling
product 13 is observed on the g.l.c. chromatogram when 7
is decomposed in the presence of butanethiol. This com-

pound has not been identified. However, it is possible .
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that it is the mixed azine, acetophenohe benzaldehyde azine.

Control experiment on (-)-13

In orxder to carry.thié'experiment out, it was necessary
to generate butanethiyl radicals in the presence of (-)-13
under conditions which resemble, as closely as possible,
those in which (-)-13 is formed from (-)-Z in butanethiol
solution. Therefore, a compound was sought which would
generate radicals aﬁ about the same rate as 7. 1,1'-Di-~
phenyl-l-methylazomethane, 22, was the closest to the ideal
that could be obtained conveniently. This compound was
synthesized by the method of Seltzer (55) except for the
oxidation step which was carried out by the oxygenation
technique already described.

Therefore, 22 was decomposed iﬁ butanethiol in which
‘optically pure (-)-13, lbL]is = -80.5°, had been added.

The ol-phenylethyl radicals abstracted hydrogen aﬁoms from .
the butanethiol to yield the thiyl radicals. After decom-
posing 22 for approximately ten half-lives, (-)-13 was
isolated and its rotation taken, Eg]is = -64.1°. This

represents 20% racemization of the product.

Control experiment on (-)-7

Azo compound, (-)-7, LL];S = -152°9, was heated in
butanethiol for five hours at 110°C. In order to recover

(-)-7 from the reaction mixture, it was reduced to (-)-6
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~with diimide. Diimide was chosen as the reduéing agent,
since it was known to reduce non-polar bonds faster than
polar bonds (100). This was an advantage since reduction
of the hydrazones and the azine would give racemized pro-
duct. (-)-6 was extracted from the reactian mixture with
dilute sulfuric acid, which was then basified and 6
extracted into ether solution. Tﬁe ethereal solution was
then oxygenated to yield azo cdmpound, (-)=7, again.

An n.m.r. épectrum of the product showed it to be a
mixture of 71% of (-)-7 and 29% of the hydrazone, 5. The
rotation of the mixture was B{];S = -101.4°. The rotation
6f azo compound was calculated on the basis of 5 being
optically pure and the corrected rotation was EL];S =
-114°; This corresponds to 24% racemization of (-)-7.

The hydrocarbon, (-)-13, recovered had a rotation of
Eg]gs = -13.93°, which was the same as the rotation ob-
tained after 100% reaction.

The results of these control experiments indicate that
while some racemization observed in the recqvéred hydro-
carbon, (-)-13, may be due to racemization of the starting
matérial, (-)~7, before decomposition, and of the hydro-
carbon, (-)-13, after its formation, most of the
racemization is due to loss of asymmétry on the part of
the ol-phenylethyl radical through rotation in the solvent

cage.
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DISCUSSION

Synthesis of azo compound 7 was straightforward and
presented no difficulties. However, the chief problem was
in obtaining 7 pure, as no purification process was avail-
able. It was hoped that 7 would be a solid as 1,1'-di-
phenylazoethane, 22, is a solid melting at 72° and
1,1'-diphenylazomethane is a solid, m.p. 30°. The more
unsymmetrical 7 would be expected to have a lower mélting
point than 22. Attempts to oﬁtain 7 as a solid at low
témperatures failed.

.Theré is no evidence in the literature that 22
undergoes any isomerization to acetophenone od-phenyl-
ethylhydrazone. However, 1,1'-diphenylazomethane is
reported'to undergo extensive isomerization (51). It
would appear,.therefore, that isomerization in 7 would be '
more likely to occur toward the benzyl group than the |

ol-phenylethyl group.
| Due to the fact that no purification process is
available, great care was taken to eliminate any impurities
in its synthesis. Glass-ware was neutralized and the
ethereal solution of 6 was kep£ under an atmosphere of
nitrogen until transfer to the oxygenation flask had taken
place. .

" Since Woodward-Hoffman rules predict that 1,3 sigma-

tropic shifts can be effected photolytically (101), flasks
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containing 7 were wrapped in aluminum foil.

The yields of nitrogen obseived in the decomposition
of 7 (Table VI) show the extent to which isomerization to
hydrazone was occurring. Isomerization seems to have been
much'more important at the lower temperature than at the
higher, since yields of nitrogen at these temperatures
were 65% and 85%, respectively. Examination of the
graphical plots in Figures I and II shows that deviation
from linearity is much less at the higher temperature and
is not evident until much later in the kinetic run.

The deviation from linearity in the graphical plots
of log (V,, -Vi) versus time shows that the isomerization is
not occurring solely by a first order kinetic mechanism,
since with such a mechanism the data would still give a
linear plot. Therefore, it would appear that the isomeri-.
zation may be autocatalytic. No simple kinetic equation
can be applied to the data that would make a correction
for this. Therefore, value of (Vg -Vo) was calculated in
order that the rate may be calculated from the initial |
slope.

From Table I, it can be seen that the activation
energies for the decomposition of 1,1'~-diphenylazomethane
and 1.1'-diphenylazoethane are 36 and 32.6 kcal/mole,
respectively. If decomposition of both is a concerted

process, then there is a lowering of the activation energy
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of 1.7 kcal per methyl group on the of -carbons. From.this
the activation energy for the decomposition of 7 would be
expected to be 34.3 kcal/mole.

Due to the dlfflculty of obtaining as good values for
the rate constants as would otherwise be expected, the
accuracy of the activation parameters are less certain. A
value for the activation energy of 35.9 + 1.0 kcal was ob-
tained. This is somewhat higher than expected. However,
the value of 36 kcal for the activation energy for the
decomposition of 1,1'-diphenylazohethane might also be in
error since extensive rearrangement also occurs in that
system ( 51).

The enthalpy of activation is, however, suff1c1ently
different from that obtained for the decomp031tlon of 1,1'-
diphenylazoethane to support the hypofhesis of simultaneeus
two bond cleavage for the decomposition of azo compound
7., otherwise an enthalpy close to 32.6 kcal would have been
expected.

_ The decomposition of c[-phenylethy1a201sopropane was
shown by Seltzer to involve a concerted mechanism. It

is reasonable to expect that 7 will also undergo a concer-
ted decomposition since there is less difference in sta-
bility between & -phenylethyl and benzyl radicals than

between ®/-phenylethyl radicals and isopropyl radicals.
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Mechanism of product formation

Product analysis has shown that all the expected
products of the decomposition of 7 were obtained. The
mechanism by which these products arise is shown in Scheﬁe
XI.

Equation (1) of this scheme shows the simultaneous
generation of the radical pair in a solvent cage. No
distinction is made between thé cage in which the nitrogen‘
molecule is includéd and one f£rom which the nitrogen
molecule has diffuséd, nor is any attempt made to differ-
entiate between primary and secondary recombinations.

The two radicals in the solvent cage may either react
together as shown in equations (2) and (7), or they may
diffuse apart. |

Radicals that have diffused from the cage may undergo-
random radical reactions on their diffusive excursions
through the solvent. Hence an cL-phenylethyl radical can
couple with another of-phenylethyl radical to generate 19
and 20 or with a benzyl radical to give 13 and a benzyl
radical can react with another benzyl radical to give
biﬁénzyl. Also, an ol-phenylethyl radical can react with
another ol-phenylethyl radical by a disproportionation
process to yield ethylbenzene and st&rene and an gl-phenyl-
ethyl radical and a benzyl radical can disproportionate to

yield toluene and styrene.
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Scheme XI

x .

CH, CH, ‘cage
. ko
6H5—C|!H- . cnzc 6H5 —_— CGHS -(‘:I-I-CH2 -C 6H5 (2)
Cl-l3 cage CHj3
k3 .
[CGHS-TH- -CHZCGHS] ——— CGHS-TH- .+ CGHSCHZ' (3)
CH3 : cage CH3
k4 :
CGHS-CI':H- + CGHS-CH2° C e—— CGHS-(IZH-CHz-CGHS (4)
CH3 CH3
kg
2 CGHS-CIEH° ———p (:6H5-CH--CH-C6H5 (5)
CH3 CH3 H3
k6 .
2 CGHS—CHZ- —_— CGHS'Cﬂz’CHz'Ce»Hs (6)
ky
CH3 cage CH,
kg
c6H5-c|:H- + ~CH2-CGH5 — CGHS-ﬁH + CH3-CGH5 (8)
kg
~CH.- . - ——— - + -
CG, 5 ?H + TH CGHS > CGHS ﬁH THz CGHS . (9)
CH, CH ) CH, CHj
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!

The rate constants for the three couéling reactions.
outside the cage Qill, in all probability, be the same.
The rate constants for radical radical coupling have been
measured in only a few cases. Thus, for methyl radicals,
the rate constant for coupling has been measured at 3.6 x

1010 gfl sec™l (102), for benzyl radicals, 3 x 10° gfl sec™

(98 ), and for triphenylmethyl radicals, 3.6 x 103 Qfl sec ™
(104) . Bartlett has estimated.the relative rate constants
for the self coupling reactions of d-tetralyl, diphenyl-
methyl and cumyl radicals ( 38 ). He found that the rate
constants for these are slower than the rate constant for
methyl coupling by less than a factor of 102. From these
results, it would appear that rate constants for radical -
reactions are all extremely fast, éxcepf in cases like
triphenylmethyl radicals where a large steric efféct makes
coupling difficult.

Since there is little difference between the rates
and activation energies for a wide series of radical
radical coupling reactions, it is a safe assﬁmption that
k4=kg=kg for the three coupling reactions in Scheme I,
sinée the difference betweeh the radical pairs, of-phenyl-
ethyl and oL—f‘nenylethyl, ol-phenylethyl and benzyl, and
benzyl and benzyl is so slight. )

Since the radicals will react with each other in a

random manner, they should give rise to a statistical
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distribution of products. Assuming the disproportionation
reactions to be negligiblé, ratio of bibenzyl: 13 « 19 + 20.
formed outside the cage was expected to be 1 : 2 : 1.
. The data in Table VI show that at high concentrations
of 7 the relative amount of bibenzyl is much too small. 1In
these cases, the benzyl radicals must be consumed by an
'altefnate~pathway. It is probable that the benzyl radicals
are reactihg with molecular spécies in the solvent. These
may inélude‘l from which hydrogen abstraction occurs
relatively easily (99). They may also include the reaction
produéts, particularly styrene to which the benzyl radicals
would add Qery rapidly. The faster rate of disappearance
of benzyl radicals as compared with gL-phenyleth.yl
radicals must be a measure of a greater degree of reactiv-
ity and/or rate of diffusion of benzyl radicals.

Reduction of the concentration of 7 would tend to
make these radical-molecule reactions less important. This
has the effect of increasing the amount of bibenzyl formed,
so that the ratio of 19 + 20/bibenzyl decreases from 2.5
to a limiting value of 0.9. Since the ratio is now less
than one, this indicates that about 10% of ol-phenylethyl
radicals are disappearing by disproportionation.

It is interesting to note that at 132°c the ratio’of
19 + 20/bibenzyl is close to one in spite of a fairly high

concentration of 7. Since a much smaller amount of
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isomerization to the hydrazones occéurs at higher tempera-
tures, it is possible that the hydrazones may haQe been
‘responsible for the disappearance of the benzyl radicals
-in the low témperature runs. '

The amounts of toluene-and ethylbenzeﬁe formed could
not be measured when low concentrations of 7 were decom-
posed, because the solvent peak in the g.l.c. chromatogram
was so.broad that it overlappea the peaks due to these
products. At a concentration of 0.5 M at 110°¢, the
relative yields of toluene and ethylbenzene were 18% and
12%, respectively. This compares with yields of 2% for
éach at 132°C. The difference between the results at the
two temperatures may be due in part to hydrogen abstréction
from hydrazone which was formed in'greater amounts at the
lower temperature. It might also be due in part to a
differenée in the activation energy for the coupling and
disproportionation reactions. Bartlett and Nelson (48)
found that the activation energies for coupling and dispro-
portionation in the reactions of cumyl radicals were for-
tuitously equal. Bartlett and McBride (37 ) found that
thé”activation,energy for disproportionation was greater
by 2 kcal than that for coupling in the reactions'of
3-methyl-2-phenyl-2-butyl radicals. "It is not impossible
that the activation energy for the disproportionation

reactions in decomposition of 7 could be smaller than that
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for coupling. In any event, it is unlikely that the ratio

of disproportionation/coupling would be greater than 10%.

Cage Effects

Since coupling of radicals ogtside the cage is a
random process, a new method-is available for measurement
. of the cage effect without recourse to scavengers of'any
kind. The ratio of the products outside. the cage wili be
bibenzyl : 13 : 19 + 20 =.1 : 2 : 1. By subtracting the
sum of bibenzyl, 19 + 20 from 13, the amount of 13 formed
in the cage is found. This is summarized in the following

equation:

13 - (Bibenzyl + 19 + 2
13 + (Bibenzyl + 19 +

% cage effect =

This has to be corrected for disproporfionation products
and the equation becomes:

(13 + A) - (Bibenzyl + 19 + 20 + B) 100
(I3 ¥ A) + (Bibenzyl + 19 + 20 + B) ~

% cage effect =
Where A = amount of disproportionation between benzyl and
ol-phenylethyl radicals,

and B = amount of disproportionation between ol -phenylethyl
radicals.

Cage effects based on the data in Table VI, using the

above equation, are to be found in Table VIII. Values of
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TABLE VIII

. Cage Effects Calculated from Product Distribution

- Cage Effects, %

Temp. , 7, M ¥R=0%  A=0% A=10%  A=10%
oc **B=0% B=10% B=0% B=10%
110 0.5 28 . 25 33 30
0.03 30.6 27.8 35 32.3
41.8% 39t a6t 43.5"
0.0063 26.6 24 31.4 29.1
28.0  .25.4 32.4 30.2
0.0013 31.2 28.7 35.8 33.6
26.4  24.0 31.2 28.9
132 0.13 2.8
22.8

*A= fraction of benzyl and o{-phenylethyl radical pairs

that react by disproportionation.

*%B= fraction of Ofl-phenylethyl radical pairs that react

by disproportionation.

+  Anomalous result.
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the'cage.effect_based on different estiﬁates for the
extent of the disproportionation reactions are presanted.

Since radicals outside the cage are disappearing by
routes other than radical-radical reactions, an estimate
of the cage effect by thlS method is expected to be hlgh,
particularly’ whan the concentratlon of 7 is high. However,
chanée ia'éstimated'cage effect with concentration is not
as,dra@atic as might be expected. 1In fact, errors in
measurement Of peak areas seem to be.the critical factor.
This error arises because of the closeness of the four
peaks on the chromatogram even under the best g.l.c. con-
ditidﬁa.' The sample size had to be kept small, otherwise
an overlap in peaks occurred when large samples were used.
With small peaks, the errors in tha measurement of.the
areas are naturally increased.

Measurement of cage effects without uaing a scavenger
has been performed by Seltzer and Hamilton (73). By
decomposing a mixture of azobis-~ d.—phenylethane—f, B4 p- d3.
and its protlo counterpart and analy21ng for the products
including the cross product by mass spectrometry, the cage
effect is calculated based on the fraction of cross-product
obtained. The cage effect gbtained was 29% in toluene at
105°c. This compares with a value of 28% found by Greene
for 1,1'-diphenylazoethane in benzene at 105%¢ (39).

Another method of calculating the size' of the cage
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effect in the present system was to use butanethiol as a
scavenger. This scavenger operates by donating a hydrogen
atom to radicals which escape the cége. This is.shown in
Scheme XII.

It becomes apparent that coupling product 13 and
styrene are a measure of ¢l -phenylethyl radi.cals which
react inside the solvent cage and ethylbenzene is a measure
of ol-phenylethyl radicals which escape from the cage.
Therefore, the cage effect is obtained from the following

formula: v

13 + styrene % 100

% cage effect = 137, gtyrene + ethylbenzene

The guantity of styrene formed cannot be measured directly,
but was not likely to exceed 10%. These cage effects have
been calculated in Table IX assuming no disproportionation
and 10% dispropoftionation. This makes oﬁly a small dif-
ference in the values obtained. The values obtained are
reasonably close to those obtained in the absence of
scavenger. The cage effect in pure butanethiol is consid-
erably lower than those ébtained for the other solvents.
This is not interpreted as being due to interference with
radicals in the solvent cage, but just a solvent effect.
The cage effects, therefore, in pure benzene would be
expected to be a little higher than those for a 1 M

butanethiol solution.
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Scheme XII

X
CgH5-CH-N=N-CH;-CHs —> E:GHS-cI:H- N, -CHz-CGHﬂ
cage

CH, CH4
kcage
[CGH5-1H- -CHZ-CGHEEI —_— CGHS-CH_CHZ-CGHS + C6H5-CH=CH2

kajfe |
FGHS- H. .CH,-C(Hy| ——> CgHy-CH- + CgHg=CHy:

5 2
CH, -l cage CH,
C 4H98H
C 4H98H
A\ 4
C6H5-CH2-CH3 CGHS—CH3 4
+ C4H98 . + C4H95 .
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TABLE IX
Ratio of Ethylbenzene to 13 Formed on Decomposition of 7,

in the Presence of Butanethiol. Calculation of Cage Effects.

Tegp., Solvent E4Hgsé] Ph-Et Cage *Corrected
c , M 13 Effect Cage Effect
110 Benzene 0.98 2.81 26.3 28.3
2.69 27.0 29.0
2.86 25.9 27.8
2.86 25.9 27.8
1.4 3.08  24.5 26.4
3.08 24.5 26.4
3.34 23.1 24.8
3.1 3.38 22.8 24.6
3.10 24.4 26.2
3.44 22.5 24.2
3.44 22.5 24.2
Butanethiol 9.7 4.5 18.2 19.7
4.75 17.8 18.8
5.75 15.0 16.1
5.0 16.7 18.1
115  Cyclohexane 1.3 2.4 29.4 31.5
108 Chlorobenzene 1.1 2.30 30.3 32.4
132 Benzene 1.1 3.5 22.2 22.2

3.7 21.3 21.3

* Assuming 10% disproportionation in the cage reaction.
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. Ih fact, by going to larger conéentrations of butane-
thiol in benzene, a range of cage effects should be ob-
served. Since the ratio of ethylbenzene to 13 was
measured for a number of concentratibns of butanethiol, it
was decided to test this by plotting cage effect against
mole fraction of benzene. This is shown in Figure IIX.

It would be necessary to have many more points at higher
butanethiol conpentrations before it could be definitely
said that the relationship of mole fraction of benzene to
cage effect is a linear one. The points obtained, however,
deviate from the straight line by less .than 1% in the cage
effect. The cage effects for the other two éolvents are
not much different from those observed for benzene.

In using this method to calculate the cage effect. it
_is assumed that butanethiol will react with all radicals
escaping the cage by donating a hydrogen atom to them. It
is further assumed that the butanethiyl radicals produced
will be sufficiently stable that they will only undergo
coupling reactions with each other.

‘The rate constant for abstraction of hydrogen from
beﬁéyl mercaptan by benzyl radicals was calculated to be
5.1 x 104 ﬂfl sec™! (98). This is very much slower than
the rates of the radical coupling reactions but the dif-
ferences in concentration between the radicals and butane-
thiol should ensure that all radicals escaping the cage

are captured.
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o cage effect

15}

1 () 3
0.2 0.4 '0.6 0.8 1.0
Mole fraction of benzene

Figure III. variation of cage effect in benzene-
butanethiol solvent with change in the

mole fraction of benzene.



- 85 -

In the case of the decomposition of 7, scavenging of
the radicals by 1 M butanethiol is efficient. This is
known since none of the three symmetrical coupling products
ghat are formed exclusively outside the cage are present
in the reaction mixture.

Bartlett and Nelson used this method to calculate the:
cage effect in the .decomposition of azocumene (48). They
used thiophenol as scavenger and obtained the same results
with it as they got from ofhe? methods.

Hammond and coworkers (105) found butanethiol to be
an efficient scavenger of radicalé generated in the decom-
position of AIBN, even when the butanethiol is used in
stoichiometric amounts.

while it appears that butanethiol may be a good enough
_scavenger to consume all radicals escaping the cage it is
still necessary to know whether or not the thiyl radicals
are undergoing reactions other than coupling with each
other. It is necessary to know this since cglcﬁlation of
the cage was based on product analysis. It has already
been stated that thiyl radicals can abstract a hydrogen
atom from the ol-carbon of an azo compound (99). It is
also known that butanethiyi radicals generated by
photolysis will abstract a hydrogen atom from cumene (106) .,
and less readily from ethylbenzene and toluene. It is

therefore possible that butanethiyl radicals will abstract
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a hydrogen atom from toluene, ethylbenzene or coupling
product in the decomposition of 7. In the presence of a
large excess of butanethiol, it is probable that such a
radical would quickly ebstraet a hydrogen atom from a
molecule of butanethiol. However, a fraction of the radi-
cals generated in this way could give rise to other -

‘ products by coupling with, e.g., a thiyl radical. Loss of
some of.the product through hydrogen abstraetion by thiyl
radicals would be expected to be insignificant. Even if
such a precess was going on loss of ethylbenzene and 13
would probably be in proportion to their concentrations so
that the error introduced in calculating the cage effect is

’

negligible.

Stereochemical studies

In the presence of butanethiol, only coupling product
13 is formed. This has been found to have been formed with
about 10% net retention of configuration. This figure is
based on the optically pure hydrocarbon having an optical
rotation of Edags = -80.5° as measured in this work.
Other values for the rotation of opﬁically pure 13 have
been reported as -76.7°, +76.3° (89) and -63.5° (88). The
value of -63.5° was obtained from the hydrogenolysis of
i,z-diphenyl-l-propanol which had been synthesized from

optically pure hydratropic acid as shown in Scheme XIII.
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Scheme XIIIX

* . * (a) %

CH, CHy OH CHj
(1)

CGHS—T-;CH-C eHs

CH, .

While the hydrogenolysis does not in principle affect
the asymmetric centre of hydrocarbon, it is possible that
the alcohol might undergo an elimination-hydroéenatibn
sequence as shown in route (b) of Scheme XIII. This would
lead to some racemization of 13. This is a plausible ex-
planatiog for.the jower rotation obtained if the severe
conditions used, (200°C, over copper chromium oxide), -and
the ease of dehydration of a substrate of this.kind are
considered. The rotation of [o(, ]2)5 = -76.3° was also ob-
tained by hydrogenolysis of 5252972,3-diphenyl-l-propanol.
In this_case the conditions used were much milder (Raney
nickel, refluxing ethanol). Nevertheless, the same |
argument holds. The value of [éb ;5 = +76.3° was obtained
by hydrogenolysis at an asymmetric centre (89). No case
has hitherto been reported in which hydrogenolysis has

proceeded with complete retention of configuration. The
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route by which (+)-13 was synthesized involved several
intermediates which were used in the stereospecific syn-
theses of (-)-13 carried out in this wéfk. (See”Schemes
VIII and IX.) The optical rotations of these inter-
mediates were close to those repcrted in thlS work desplte
the use of different concentrations and solvents. They
are, however, 6% and 14% lower thén those obtained in this
work. . |

The rotation of [oé] gs = -80.5° for optically pure
(-)-13 would, thergfore, seem to be the most accurate and
~was used to calculate the degree of retention of confi-
éuration of (-)-13 obtained from the decompoéition of (-)-7.

The results of the stereochemical experiments are
shown in ‘Table VII. While the net retention of confi-
guration in the presence of butanethiol is about 10%, it
was much smaller than this in the absence of scavenger.
This was because a fraction of (-)-13 had been formed out-
side the cage and, since this fraction resulted from freely
diffusing radicals, it was completely racemic.

By comparing the rotations of (-)-13 in the presence
of ;cavenger with the rotation obtained in the absence of
scavenger, the fraction of (-)-13 formed inside the cage,
F, is known. If we make the assumption made previously,
that radicals outside the cage couple in a random manner,

then amounts of products formed outside the cage would be:
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13, (1-F); bibenzyl, (1-F) /2; 19 + 20, (1-F) /2.
Therefore, total amount of product outside  the cage would

-be: 2(1-F), and

% cage effect = x 100

F
2(1-F) + F

e E¥]D without scavenger
whexre F = EL 25

with scavenger

Since some of'the radicals outside the cage are
consumed by processes other than radical-radical coupling,
the cage effect as calculated by this method will be

"anomalously high. This defect has already been noted -
earlier for the calculation of cage effects £rom product
distribution in the absence of scavenger. However, the
defect is worse in this case, ‘since the product distri-
butlon is based entirely on one coupling product, instead
of three. Since benzyl radicals are the ones which are
being consumed more rapidly, couplisg products which arise
from these will be more seriously effected. This means
that bibenzyl and 13 will be present in smaller quantities.
19 + 20 on the other hand will be present in greater than
expected yields, because some of the d-phenylethyl
radicals which should have combined with benzyl radicals
will give rise to 19 + 20 1nstead. The excess of 19 + 20

helps offset the shortage of bibenzyl and 13 in the
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previous method.. However, in the present method, tbis
excess of 19 + 20 cannot be taken into consideration. The
.cage effects ealculated by this method are presented in
Table X and are as expected, higher than obtained by the
other methods. ' .

It is interesting to note that the application of this
method te the data of Greene and Berwick (39) gives a value
for the cage effect of 32.8% in the decomposition of
1,1'-diphenylazoethane in benzene at 105°C. This compares
with 28% for the cage effect as calculated by Greene from
product analysis.

Another effect which would tend to make the cage
effect bigger, is racemizatioh of (-)-7 and/or (-)-13
during the scavenged reaction. If.this takes place, then
the specific rotatlon in the presence of scavenger will be
lower, e.g., 10% racemization of (-)-13 by this mechanism
will cause a 4.5% drop in "the cage effect in benzene at
110°c - from 37.3 to 32.8%. How much of the increase in
the calculated cage effect is due to each effect is not

known.

Control experiments

These were conducted to ascertain whether or not the
high degree of racemization was due simply to loss of

asymmetry on the part of the ol -phenylethyl radical or
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.TABLE X

Cage Effects as Calculated from

the Optical Rotations of (-)-13

Solvent ' Tempegature | Cage Effect, %
C

Benzene 132 21.7

Benzene 110 37.3

Chlorobenzene 107 40.5

Cycloﬁexane 115 ' 40.7
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whether it was due to any extent to reversible transfer of
the hydrogen atom from the asymmetric centre of (-)-7
and/or (-)-13 to a thiyl radical. This is outlined in the

following equations. In the hydrocarbon control experiment,

RS- . ' RS-H
(-)-7 ———> CgHg-C-N=N-CH,~CgHy —> (£)-1
H3
RS- . RS-H
(-)-13 ——> CgH;-C-CH,-CHg ——> (£)-13
' CH3

1,1'-diphenylazoethane was decomposed in butanethiol in the
presence of (-)-13. The decomposition of this azo compound
was used as a convénient method of generating thiyl
radicals. The recévered (-)-13 was found to be 20%
racemizeé. If we make the assumption that the reaction
conditions iﬂ the control weré the'same as in the original.
experiment in which (-)-13 was generated from (-)-7, this
means that the degree of.racemization of (-)-13 as a result
of reaction of (-)-13 with thiyl radicals wogld be 10%.

In the control experiment on (-)-7, the degree of -
racemization of (-)-7 was 24%. The reaction was stopped
after 22% reaction as determined from the rate constant for
decomposition. However, when the isomerization reaction is
taken into consideration, this corresponds to about 50%

reaction. The degree of racemization seemed to be high.
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However, this reaction waé difficult to carry out and it
3 is possible that some of the racemized azo compound may
have ariéén‘froﬁ racemic hydrazone and/or the mixed azine
thch was probably formed during the reaction.

The hydrocarbon formed in this control experiment was
isolated and was found to have the same degree of retéention
as that isolated after completion of the reaction.

If the degree of racemization had been as high as the
optical rotation of recovered (-)-7 would imply, the
hydrocarbon isolated from this control experiment would
be expected to have a higher rotation than that of hydro-
carbon isolated after decompoéition of azo compound had
reached completion. Since this is not the case, it would

appear that racemization was somewhat less than 24%.

Intergretatioﬁ of data of stefeochemical experiments

It is evident that the degree of racemization of the
recovered hydrocarbon, 13, is due largely to the loss of
asymmetry on the part of the y -phenylethyl radical in the
solvent cage. This means that in spite of the fact that
the,behzyl radical is ideally situated relative to the
ol-phenylethyl radical for coupling to occur with retention
of configuration, a large fraction qf the
ol-phenylethyl radicals can reorientate themselves so that
they present the opposite face of the radical before

coupling can occur.
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Racemization of the product could, therefore, arise in
two ways. If stabilization of the benzylic radical is
.negligible, racemization could occur by rotation about the

carbon-phenyl bond as depicted:

), \“én;;)

However, if internal rotation of this type is prevented
by partial double bond character of tﬁe bond in question,
due to conjugation, then racemization can occur by rotation
of the radical as a whole about an axis in the plane
of the conjugated radical. No data is avéilable on the
rate of internal rotation of benzylic free radicals about
the carbon-phenyl bond. However, for compounds, such as
formamides in which there is partial double bond character
due to conjugation, greatly feduced rates are observed
coﬁpared to those which would be predicted on the basis of
steric interference to rotapion (107).

Since the rate of internal rotation of freely rotating
compounds is not much different from the rates of molecular

rotation, the latter only need to be considered.
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Scheme XIV depicts the total behavior of the radical ‘
pair after generation and includes the racemization pro-
.cess. The ratio of (-)-13 to (+)=13 can be worked out in
terms of the rate constants for the various reactions.

This involves invoking the steady state approximation

for the radical pairs I and II.

dari '
';‘hus ac 0= kr[I] - (kp + ke + kgieg * Kaisp) [II]

[?] _ ke + Ko+ Kgigr + Kaigp
4 r |

(-)-13 kc[i] _ 14 ko + kaige + Kaisp
(+)-13 ke ‘II] . Ky

(-)-13 1 - ko + Kgier * Kdisp

(+) -_1_3_ . ' kr .

The rate constants, kgjefe and kdisp' can now be expressed
in terms of k., F, the cage effect, and £, the fraction of
disproportionation within the cage.' F and £ can be

expressed in terms of the rate constants thus:-

F = ke + Kaisp
ke + kgisp * Kaiff
Ky
_gaisp
and f = dis

kc + k_disp
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Scheme XIV

‘.csn\i

.C-N=N-CH2-C H

H;/ 65
CH3
kg
i 1
CeHg \
I ke
”X *CH,~CHg | —> R-(-)-13
J
H CHg
) I
Kaiff kaisp
A
06H5—CH2-CH3 x % CGHS-CH=CH2
. r r
+ CGHS-CH3 + C6H5-CH3
\\/
kdisp

kaiff -
65 4
K- °CH2-Cglis —> $-(+)-13

/
£

CH3 H
II
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Therefore, kgige = (ko + kdisp)(l;F) , and
)-13  _, _ ketkiisp , 1
(+)-13 . k.. F
, £
Since Kgjsp TF ke
Then (-)-__3_ 1 _ kc 1 1
(+)-13 ky F (1-£)
Therefore, k _ (-3 5 | pa-p
ky (+)-13

This ratio, kg/ky. determines the.degree of retention
that will be observed in any system. The results for the
system studied are presented in Table XI. It can be seen
that the ratio k./k, varies very little on going from 0%
to 10% disproportionation. These results indicate that

for each time the radicals couple, the (h-phenylethyl

radical will rotate ten to twenty times.

Activation energy for coupling

 Since we have the ratio of the rate of coupling to the
rate of rotation, it is possible to calculate the activa-

tion energy for coupling relative to that of rotation.
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TABLE XI

Relative Rates of Coupling and Rotation

of the ol-Phenylethyl Radical

Solvent Tetgg, F:age Effegt, % ko /kp*
Benzene 132 22 0.057

110 26.3, 28.3 0.061, 0.059
Butanethiol 110 16.9, 18.2 0.071, 0.069
Chlorobenzene 107 30.4, 33.4 0.091, 0.090
Cyclohexane 115 29.7, 31.7 0.071, 0.070
*

The first column assumes no disproportionation, the

second 10% disproportionation in the cage reaction.
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Thus the equation for activation of coupling is:

(k)2 - Eg  (T2-T1)
(kC)l 2.3R Tle

and for rotation is

. .
log (kr)2 - Eq . (T2-T1)

(k)7  2.3R T,T;

C r

(ko) 2 (ky)a _Ej - Ez (Tp-Ty)
log - log =

(ko) q (k)y 2.3k T
log Ked2 o0 (ke)y AE, | (Tp-Ty)

(k) , (k); 2.3R T,T,

Since the ratio ko/ky is known at two temperatures,
AEa can be found. This was found to be in the neighbor-
hood of 0.7 kcal. If the activatién energy for the
rotation process were known, one would then have an esti-
mate of the activation for coupling. The éctivation
enthalpy has been measured for molecular rotation for a
number of compounds by Pitt and Smyth (108). 'They find
values for AH* in the region 2.0 - 2.6 keal. If
‘racemization is taking place by bond rotation, the acti-
vation energy for free rotation is in the region of 3.0
kcal/mole. This means that the activation energy for
coupling would seem to be in the neighborhood of 2.7 - 3.3

kdal/mole.
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EXPERIMENTAL

All melting ppints and boiling points reported are
uncorrected. Nuclear magnetic resonance (n.m.r.) spectra
were recorded on a Varian Analytical Spectrophotometer,
Model A-60, using tetramethylsilane (TMS) as internal
standard. Ultraviolet spectra were recorded on a Bausch
and Lomb Spectronic 600 Spectrophotometer. Optical

.rotations were measured with a Rudolf Polarimeter Model 80,
and with a Perkin Elmer 141 Polarimeter. Optical rotatory
dispersion (o.r.d.) spectra were measured on a‘Model ORD/
UV-5 Japan Spectroscopic Company spectropolarimeter.
Refractive indices were measured on a Bausch and Lomb Abbe~-
31, Refractometer. Gas liquid chromatographic analyses were
done on an Aerograph A90-P3 fractometer using helium as the

carrier gas.

Purification of Solvents

Benzene

Commer&ial benzene was shaken with concentrated
sulfuric acid until the sulfuric acid layer was colorless.
The‘benzene layer was then washed with water and with
sodium carbonate solution; _The benzene was then dried
over anhydrous sodium carbonate. It was distilled from
sodium metal over a 6" Vigreux column. Finally, it was

redistilled over a Nester Faust teflon spinhing band
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column, a middle cut of the distillate being taken.

Cumene

The same procedure was adopted for the purification
of commercial cumene as for commercial benzene,‘except that
the final distillation was carried out on a four foot
Podbielniak column instead of a spinning band column. A
middle cut of the distillate was collected and stored in a

stoppered bottle at 0°C in the dark.

Chlorobenzene

Commercial chlorobenzene.was shaken with sulfuric
écid, washed and dried over anhydrous sodium carbonate as
reportéd for benzene. This was then distilled over a 6"
Vigreux column taking a middle cut of the distillate. This
fraction was redistilled over a spinning baﬁd column, again

taking a middle cut of the distillate.

Cyclohexane

The same procedure as used for benzene was employed.

l-Butanethiol

" A small piece of sodium was added to commercial.
l1-butanethiol and allowed to react with it. This reaction
mixture was then distilled over a 6" Vigreux column under
an atmosphere of nitrogen. A middle cut of fhe distillate

was collected and this was stored under nitrogen.
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Neutralization'of apparatus

All glassware employed in the oxidation of l-benzyl-
‘2-(i-phenylethylhydrazine and in the subsequent handling
of the azo compound, 7, was neutralized as follows. The
glassware was dipped in concentrated sulfufic'acid. It was
then thoroughly washed with distilled water after whiéh it
was immersed in concentrated ammonia solution for several
hours. It was left to dry for‘several hours in an oven at
110%c. "

The stainless steel bombs used in the decomposition
of (-)-7 were washed thoroughly with ether, ethanol and
fhen distilled water. They were then immersed in
concentrated ammonia solution, after which they were

rinsed with distilled water and baked in an oven at 110°c.

Synthesis of acetophenone ketazine, 1

To 121 g (1 mole) of acetophenone in 100 ml of

ethanol was added 30.5 g (0.5 mole) of 85% solution of
hydrazine hydrate and 5 ml of glacial acetic acid. Heating
the reaction mixture under reflux for a prolonged period
was found to be unnecessary since the product crystallized
out of the solution on standing. An alwost quantative
yield of the crude acetophenone azine as a yellow solid was
obtained (116 g, 98% yield), m.p. 116-22° (lit (109) 1229).

The product was not recrystallized but was used directly in
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the next step of the éynthetic sequence.

ol-Phenylethylhydrazine oxalate, 3

To a solution of 23.6 g (0.1 mole) of 1 in 230 ml of
ethyl acetate was added 1.0 g of 5% palladium on charcoal.
Hydrogenation of the solution was carried out at an initial
pressure of hydrogen of 30 p.s.i. on a Paar Hydrogenation
Apparatus. After the uptake of 1 mole equivalent of
hydrogen, hydrogenation was stopped. The reaction mixture
was filtered. Ethyl acetate was removed on a rotary
evaporator under reduced pressure. The yellow oily residue
was treated with 12.7 g (0.1 mole) of oxalic acid in 50 ml
of 95%‘ethanol and 50 ml of diethyl ether. Thelfeaction
mixture was stirred overnight. The product, ol -phenyl-
ethylhydrazine oxalate, 3, slowly precipitated from
‘solution. This was filtered off And washed with ether to
remove traces of unreacted acetophenone azine. The product
was a white solid, m.p. 162-70° (lit ( 77) 173°). The
yield of the crude oxalate was 15 g (66%). Compound 3

was used directly without further purification.

o-Phenylethylhydrazine, 4

To a solution of 12.8 g (0.23 mole) of potassium
hydroxide in 115 ml of water was slowly added 27 g (0.12
mole) of 3 over fifteen minutes under an atmosphere of

nitrogen. The reaction mixture was stirred for a further
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thirty minutes, and was then extracted with meﬁhyiepe
chloride repeatedly. The extracts were combined'and dried
.over anhydrous‘potassium.carbonate. The solvent was
removed and the residue distilled under reduced pressure
to yield a clear liquid, b.p. 74° (1 mm) n2® 1.5435 (1it
(77) b.p. 75° (1.1 mm), n2> 1.5436). The yield of 4 ob-
tained wés 11.8 g (87%). The n.m.r. spectrum (CC14)

had the following peaks: T2.80 (singlet, 5.0 H) due to
phenyl hydrogens, ¥6.4 (quarfet, 1.1'H, J = 6.5 Hz) due to
the methine hydrogen, ¥6.95 (singlet, 3.0 H) due to the
hydrogens on the nitrogens, ¥8.80 (triplet, 3.0 H,

J = 6.5 Hz) due to the methyl hydrogens.

Benzaldehyde ol-Phenylethyihydrazone, 5

To 6.8 g (0.05 mole) of 4 in 80 ml of diethyl ether
was added 6 g of gnhydrous magnesium sulfate. This was
stirred while 5.5 g (0.052 wmole) of freshly distilled
benzaldehyde in 20 ml of ether was gdded over thirty
minutes. The_reaction mixture was stirred overnight. It
was then filtered, and the ether evaporated off. A light
yellow oil was obtained. This was dissolved in pentane
and a white solid was obtained m.p. 50-4°. | |

The n.m.r. spectrum (CCly) of the oil was identical
to that obtained for the solid and showed the following

peaks: T2.5-3.1 (multiplet, 11.4 H) due to the phenyl
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hydrogens and the hydrogen on the carbon nitroéen double
bond, T4.6 (broad singlet, 0.93 H) due to the hydrogeh on

_ the nitrogen, 75.65 (quartet,0.93 H, J = 6.5 Hz) due to
the methine hydrogen and 78.57 (doublet, 3.0 H; J = 6.5 Hz)

dgé to the methyl hydrogens.

Alternative synthesis of benzaldehyde ol-phenylethyl

hydrazone, 5

[
——

To a one litre flask fitted with reflux condenser,
glass stirrer and a dropping funnel was added 5.5 g
of lithium metal in 100 ml of anhydrous ether and 50 g
(0.3mole) of methyl iodide in 200 ml of ether was added
dropwise over thirty minutes while the reaction flask was
being cooled in an ice-salt bath. To the reaction mixture
was addeé dropwise 42 g (0.19 mole) of benzalazine in
600 ml of ether. The reaction mixture was stirred for
twelve hours and then neutralized by the addition of an
jce-cold solution of ammonium chloride. There was rapid
evolution of gas initially. The ether layer was separated
and dried over magnesium sulfate. The ether was e&aporated
and the residue distilled unde? reduced pressure,b.p. 144-
148° (0.6-0.7 mm). The n.m.r. spectrum of 5 prepared by
this method was identical to that obtained by the method
above. The crude product before distillation deposited

crystals of the starting material benzalazine on standing,
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so the reaction was not complete. The yield obtained in

the reaction was 40%.

1—Benzy1—2-cL-phenylethylhydrazine oxalate, 8

Hydrazone, 5. (69 g, 0.31 mole) generated in ether
s6lution as described in Method A was hydrogenated directly
on a Paar Hydrogenation Apparatus using 1.5 g of 5%
palladium oﬁ charcoal until no further uptake in hydrogen
was observed. The reaction mixture was filtered under an
atmosphere of nitrogen and treated with 39 g of oxalic acid
in a minimum of hot etﬁanol (120 ml). The oxalate salt, 8.
precipitated immediately, yielding 72 g of product (74%).

After four recrystallizations, the melting point was 180-3°.

Anal. Calcd. for 1l:1 base: acid, C37HyoN204: C,64.54;
H,6.40; N,8.86

Caled. for 2:1 base: acid, C3H3gN404: Cc,70.82;
H,7.06, N,10.32 '

Found: ¢€,66.30; H,6.58; N,9.63

l-Benzyl—Z-uL-phenylethylhydrazine.‘§

To 28 g (0.5 mole) of potassium hydroxide in 125 ml of
water was added slowly 60 g of recrystallized oxalate,.g,
under an atmosphere of nitrogen. The aqueous layer was eX-
tracted repeatedly with methylene chloride and the combined
organic layers were dried over anhydrous sodium carbonate.

The methylene chloride was removed on a rotary evaporator
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and the residue distilled under reduced pressure, b.p. 135o
(0.5 mm) yielding 41.8 g (95%) of a viscous colorless
.liquid, n§5 1.5685. The n.m.r. spectrum (cc14) had these
peaks: T 2.83 (two overlapping singlets, 10.0 H) due to
the phenyl hydrogens,‘ré.ls (quartet, J = 7.0 Hz) and
76.28 (singlet, total 3.07 Hf due to the methine énd,
methylené hydrogens, and ¥6.95 (broad singlet, 2.0 H) due
to the hydrogens on the nitrogen atoms and 78.79 (doublet,

2.94 H, J= 7.0 Hz) due to the methyl hydrogens.

Resolution of;g

A solution of 108 g (0.48 mole) of 6 was added to a
hof solution of 96 g (0.48 mole) of camphoric aqid in 300
ml of ethyl acetate. The mixture was cooled to 5° over-
night. Crystals of the camphqrate precipitated. These
were filtéred off and washed with ether. The yield of
salt was 115 g and the rotation was [a{]gs = +11.2°
(¢ = 3.8, methanol). The salt was ;ecrystallized twice
more and the yields of salt and the rotations obtained
were 55 g, EL]%S = +2.73 (¢ = 1.7, methanol) and 30 g
m.p. 95-105° [o’;:] ZDS = -2.50 (¢ = 1.3, methanol). The
physical properties of the salt showed no appreciable
change on further recrystallization. |

To 0.7 g of potaésium hydroxide in 4 ml of water was
added 2 g of the camphorate salt under an apmosphere of

nitrogen. (-)-6 was extracted from the reaction mixture
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by methylene chloride. After drying and distilling off the

solvent, the residue was distilled, b.p. 110° (0.1-0.2 mm),
25
yield 0.7 g. The rotation of (-)-6 was measured, OLD =

-50.5% (neat, 1 1 dm).

1,1'-Diphenyl-l-methylazomethane, 7

All glass-ware used in this step of the synthesis was
neutralized in order to minimize the risk of isomerization
of the azo compound to the correéponding hydrazones.

To a 50 ml saturated solution of sodium bicarbonate
was added 5 g of recrystallized 1-benzyl-2- ¢l-phenylethyl-
hydrazine oxalate, 8, Pnder an atmosphere of nitrogen.
Evolution of carbon dioxide was observed and stirring was
continued until no further gas evolution took place. The
reaction mixture was extracted with ether. The ether
extracts were dried over anhydrous sodium carbonatg. The
ether solution was then placed in a flask which was stop-
pered with a serum cap. Oxygen was passed into the flask

‘by means of a syringe needle and a pressure of 5 p.s.i. of
oxygen was maintained in thé flask. Oxygenation was carried
out overnight. The ether solution was then extracted
several times with distilled water, and dried over sodium
carbonate. The ether was removed on a rotary evaporator
at reduced pressure. Rotating was maintained for several
hours. The resulting yellow oil was found to be 1,1'-di-

phenyl-l-methylazomethane by its n.m.r. spectrum (cpCly) .
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The peaks observed were: 7°2.80 (multiplet, 10.6 H) due to
the phenyl hydrogens, 75.18 (singlet) and 75.42 (quartet,
J=17.0 Hz) due to the methyleﬁe and methine hyarogens
(combined area 2.9 H) and T8.50 (doublet, 3.1 H, J = 7.0 Hz)
'dpe to the methyl hydrogens. No extraneous peaks were
found in the n.m.r. spectrum. The refractive index of 7

was found to be ngs 1.5598.

U.v. analysis

A u.v. spectrum of a benzene soiution of 7 was taken.
This showed two maxima. The one due to azo compound
occurred at 3580°A. The second absorption believed to be
due to the correspénding hydrazones occurred at 2800-3000°A.
The absorbance at 3580°A, at concentrations of 1.47, 0.735,
0.368, 0.184 and 0.092 x 10"2 M was found to be 5.88,
" 2.35, 1.53, 1.23 and 1.1 respéctibely. From these data, 7
was shown to obey Beer's Law and was found to have an
extinction coefficient of 50 at 3580°A. The absorbance at
2800-3000°A was comparable to that at 3580°A at various

concentrations.

Found: C,80.21, H,6.99, N,12.67
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(- ) 1, 1'-D:Lphenyl-l-methylazomethane, (=)-7

This was obtained from the camphorate salt of (-) 6

in the same manner as racemic 7 is obtained from the

oxalate salt. The optical rotation of (-)-7 was taken:

[oL 12)5 = -152° (c 1.06, benzene). The o.r.d. spectrum of

(-)-7 was taken in cyclohexane at a concentration of 1.79

x 1072 M.

[ﬂsoo -209° [ﬂmo ~1676° [-ﬂaso +726°
[8]s0 -277° [8)ag  -252¢° [8]35,  +2005°
8]0 - (8 2 [8ly w7

Synthesis of (-)-7 from o, ~phenylethylamine

Resolution of oi-phenylethylamine, 10

The resolution of 10 was car:ried out as reported by
Thielacker ( 86). From 250 g of dl- oL~phenylethylamine
was obtained 65 g of (-)-ol-phenylethylamine, (-)-10,
0512)5 = -36.6° (neat, 1 1 dm).

(- ) ol -Phenylethylhydrazine, (-)-4

This was synthesized by a modification of the method
used by G8sl and Meuwsen to synthesize simple hydrazines
(82). To a stirred mixture of 80 g (0.67 mole) of
(-)-’ol-phenylet'nylamine &12)5 = -36.6° (neat, 1 1 dm), and
500 ml of water was added 25 g (0.45 mole) of potassium
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hydroxide. Freshly prepared hydroxylamine-0-sulfonic acid .
(110) (25 g, 0.2 mole) dissolved in a minimum of water was
added dropwise. Heat was evolved and the temperature'of '
‘the reaction mixture rose from 25° to 50°C over the period
of addition (thirty minutes). The reaction mixture was
stirred for a further two hours. It was then extracted
with ether. The ether solution was dried over anhydrous
sodium carbonate and the ether evaporated. The residue_
was distilled through a 6" Vigreux column until most of
the amine had distilled over, (b.p. 80-90° (25-35 mm)).
The reaction sequence was repeated twice and the residues
combined. The residues were fractionally distilled. The
FSraction which was largely hydrazine was redistilled,

b.p. 70° (1 mm), E{]gs = -28.95° (¢ 0.78, benzene),

02 1.5436. The yield of (-)-4 was 4.8 g (8%).

(~) -1-Benzyl-2-nl -phenylethylhydrazine, (-)-6

(-) -2 -Phenylethylhydrazine, (-)-4, (6.8 g, 0.05 mole)
synthesized as described above was dissolved in 80 ml dry
ether to which 6 g of anhydrous magnesium sulfate were.
added. Freshly distilled benzaldehyde (5.5 g, 0.052 mole)
in 20 ml of ether was added dropwise with stirring over
thirty minutes. Stirring was continued overnighf. After
filtration and evaporation of solvent, 10.3 g of the

(-) -hydrazone, (-)-5, was obtained. This was dissolved in
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100 ml of 98% ethanol and hydrogenated in a Paar Hydrogena- g
_'tion Apﬁaratus using 5% palladlum on charcoal as catalyst.
. The reaction.mixture was filtered, the solvent removed and
the residue treated with 6.3 g of oxalic acid dihydrate in
12 ml of hot ethanol. a precipitate of the oxalate, (;)1§,
was obtained in a yield of 10.5 g. _

'00ﬁpound (-)-8 was converted to (-){g by addiné 5.5 g
of it to 2 g of potas51um.hydrox1de in 15 ml of water.
(-)-6 was extracted as before w;th methylene chloride whlch
was dried over anhydrous sodium carbonateT After removal
of solvent, distillation of the residue yielded (—Yﬁﬁl
b.p. 116-20° (0.3 mm), {2 = -36.3° (neat, 1 1 dm). The
n.m.r. spectrum was jdentical with that obtained for
racemic 6. ‘ |

Conversion of k-)fé into (-)-7 by'OXYgenation as
reported for racemic 6 yielded (-)-z_togefher with about
7% of the hydrazones 5 and 9 as estimated by u.v. spect-
roscopy (assuming &= 15000 for.these'compounds (79)).
The rotation of this mixture was [O(- 2DS = -106.7° (¢ 5.7,
cﬁlbroforuof Correction for the hydrazones still leaves
the optical rotation of the azo compound far short of that

obtained by resolution.

Method B
" since racemization of the asymmetric centre seemed

probable by the method used above, the experiment was
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repea£ed, but instead of using catalytic hydrogenation,
another method of reducing the double bond was attempted.
Hydrazone, (-)-5. (2.2 g, 0.016 mole), was synthesized
from (-)-10 , o425 = -36.6° (neat, 11 dm), as described in
Method A. The reaction mixture was filtered and 40 ml of
a 25% solution of diisobutylaluminum hydride in benzene
was added dropwise under an atmosphere of nitrogen. After
addition was complete, the reaction mixture was stirred for
two days at room temperature. It was‘theh cooled iﬂ an ice
bath and a solution of benzene-methanol (1:1) was added
dropwise until no further reaction was observed. This was
followed by 5 ml of water, 15 ml of 15% potassium hydroxidel
and then 5 ml of water. The aqueous layer was extracted
with ether. The organic fractions were conbined and dried
_ over anhydrous sodium carbonate and poured into a solution
of 2.6 g of oxalic acid dihydrate in 10 ml of 98% ethanol.
The oxalate precipitated immediately. Recrystallization
from ethanol of the 1.9 g obtained yielded 1.5 g. This
was converted directly to (-)-7 as reported for racemic 7.
U.v. analysis showed a negligible quantity of hydrazones
présent. However, the n.m.r. spectrum showed that the
product contained 7.5% of (-)-4. The optical rotation of
the mixture was[dw]lz)5 = -140o (c 1.36, benzene). Correc-
tion for the fact that the starting ol~-phenylethylamine
was 95% optically pure and for the (-) -4 present brought

2
the rotation to Eﬂ]ns = -156°.
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(+)-Benzaldehyde ol -Phenylethylhydrazone, (+)-5

From 100 g of (+)-d ~phenylethylamine, o(.2Ds = +35.1°
(neat, 1 1 dm), hydfazine was obtained by the method of |
.Ggél and Meuwsen ( 82). The hydrazone was prepared as al-
ready described. The rotation of the hydrazone was taken,
Bi %5 = +63.52° (c 3.3, benzene). Since the (+) -amine
was 92% optically pure, the rotation of optically pure
hydrazone will be [cl,]%s = +69.1°.

Hydrogenolysis of (-)-17

To 1.7 g of (-)-2, Ei]gs = -152°, in 40 ml of meth-.
anol was added 2 g of Raney nickel. The reaction mixture
was attached to a hydrogenation apparatus and hydrogenated
at atmospheric pressure. Tﬁe first mole-equivalent of
hydrogen was taken up quickly, but two days were required
" for the uptake of the second-mole'equivalent. The reaction
mixture was filtered and the solution analyzed by g.l.c.
The chromatogram showed the presence of four products. Two
of these comprised over 90% of the reaction mixture. These
were (-)-ol-phenylethylamine, (-)-10, and benzylamine. The
two minor products had the same retention times as toluene
and ethylbenzene. The reaction mixture was concentrated
on a rotary evaporator. (-)-10 was isolated froﬁ the
reaction mixture by preparative g.l.c. Under the best

g.l.c. conditions, complete separation of the two‘amines
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could not be achieved. However, using a high flow rate
'of helium and an SF 96 column (6% x %") and a column témg
perature of 160°¢, a sufficiently good separation was
achieved so that (-)-10 was obtained pure after two passes
through the fractometer. ;he optical rot;tion of (-)-10
was taken in dioxane, E%]gs =-31,4° (c 5.4, dioxane).

The specific rotation of ol-phenylethylamine does not
differ significantly in dioxane from the rotation of the

neat liquid (111); Therefore, this_corresponds to an

optical purity for (-)-7 of 80%.

Synthesis of hydrocarbon coupling products

1,2-Diphenylpropene, 12

To 2.4 g (0.1 g-atom) of magnesium in 150 ml of
anhydroﬁs etper was added dropwise 15.6 g (0.1l mole) of
methyl iodide in 50 ml of ether. After addition was
complete, the reaction mixture was stirred for a further
thirty minutes. A solution of 19.6 g (0.1 mole) of deoxy-
benzoinvin 100 ml of ether was added slowly in order to
produce a rapid rate of reflux. The reaction mixture was
stirred for a further hour. It was then poured into an
ice-hydrochloric acid mixture. This was extracted with
ether. The combined organic fractions were drie§ over
anhydrous sodium carbonate. The ether was evaporated and

the residue distilled, b.p. 124° (1.7 wm) (lit (112) 183°
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(26)) . The distillate solidified and was recrystalliéed
from ethanol, m.p. 77-80° (lit (112) m.p. 82°). The yield
;fter recrystallizaéiop was 10.1 g (52%). Tﬁe n.m.r.
spectrum (CClg) had the following peaks: 72.5-2.9 (multi-
plet, 10.3 H) due to the phenyl hydrogens,.1'3.21 (doublet,
1.0 H, J = 1.5 Hz) due to vinylic hydrogen and T7.75

(doublet, 3.0 H, J = 1.5 Hz) due to the methyl hydrogens.

dl-1,2-Diphenylpropane, 13

Compound 12 (8.5 g, 0.044 mole) was dissolved in 50 ml
of 98% ethanol. This solution was then hydrogenated on al
Paar apparatus using 0.5 g of 5% palladium on charcoal as
catalyst. The reaction was complete in several minutes.
The reactlon mixture was filtered, the solvent evaporated
on a rotary evaporator and the residue distilled to yleld
a colorless liquid, b.p. 108-9° (1.7 mm), ng7 1.5560
(it (113) b.p. 127-3¢° (8 mm) and n30 1.5585). The
n.m.r. spectrum (CCly) of 12 had the following peaks:
73.0-3.3 (multiplet, 10.1 H) due to the phenyl hydrogens,
77.0-7.5 (multiplet, 2.8 H) due to methine and methylene
hydrogens, and 18.7-8.9 (mult@plet approximating to a

doublet, 3.1 H) due to the methyl hydrogens.

oL-Phenylcinnamic acid, 14

This was synthesized by the Perkin reaction (84).

A mixture of 125 g of phenylacetic acid, 150 ml of
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benzaldehyde, 100 ml of triethylamine and 100 ml of acetic
anhydride were heated.uhder reflux for thirty-five minutes. .
The reaction mixfure was cooled and- 200 ml of concentrated
hydrochloric acid was added with stirring. Sufficient
ether was then added to dissolve the produét and this was
separated and washed with water. The ethereal solution
was thén extracted with a 3% soquion of sodium hyaroxide.
The alkaline solution was them made acid by the addition
of hydrochloric acid, and the product precipitated as a |

mixture of cis and trans isomers. This was filtered off

and used directly in the next step of the synthetic

éequence. The yield of crude acid was 180 g.

2,3-Diphenylpropionic acid, 15

ol-P'henylcinnamic acid, 14, (45 g, 0.2 mole) was
dissolved in 300 ml of 98% ethanol and hydrogenated in the
presence of 0.5 g of 5% palladium on charcoal. The
reaction was complete in two hours. The reaction mixture
was filtered, the ethanol evaporated on a rotary evapo-
rator. The yield of crude 15 was quantitative. The n.m.r.
spectrum (CDCl3) of 15 had the following peaks: “T2.82 and
T2.94 (two overlapping singlets, 10.0 H) due to the
phenyl hydrogens, 76.0-7.3 (multiplet, 3.03 H) due to thé
methine and methylene hydrogens. The downfield peak due

to the carboxyl hydrogen had not been recorded.



- 118 -

- Resolution of 2,3-dipheny1pfopionic acid

This was carried out as described by Pettersson (9l).
- A solution of 65 g (0.4 mole) of ephedrine in 450 ml of
acetone was added to a hot solution of 89 g (0.4 mole) of
15 in 500 ml of acetoné. On standing overnight 80 g of
crystals of salt formed. Tﬁese were filtered and 0.5 g of
the crystals were treated with dilute hydrochloric acid.
(-)-15 was recovered by extracting the reaction mixture
with ether. The product was recryséallized from ether-
pentane and its rotation taken. The rotation of the acid,
(-)-15, was found to be [0(,] 12)5 = =35°, The yields of salt
and optical rotation of the acid on successive recrystal-
lizations were: 36 g, E%]gs = -Blo, 22 g, -113.4°, 14 g,
-123.8°, and 7 g, -132°. This was optically pure (=)-15
as determined by Pettersson ( 91). By'evaporatiﬁg the
mother liquors and recrystallizing the sait obtained, a

further 5 g of optically pure product were obtained.

1-2,3-Diphenyl-l-propanol, 16

at—
———

‘A solution of 15 (11 g, 0.049 mole) in ether was added

to a slurry of 4.75 g (0.125 mole) of lithium aluminum
hydride in 180 ml of ether. Rate of addition was such as '
to maintain gentle reflux. The reaction mixturg was
sgirred overnight, cooled in an ice bath, and ice-water

added until all excess hydridé had been cogsumed. Then
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100 ml of 6 N HySOy was added to the reaction mixture. The
' ether layer was separated, washed twice with 10% sodium
carbonate solution and dried over anhydrous sodium carbon-
ate. The ether was evaporated and the residue distilled,

b.p. 140° (0.4 wm), n3°

1.5758 (lit. (114) b.p. 300-302°,
(89) b.p. 128° (0.2 mm) n3° 1.5742).

The n.m.r. spectrum (CDCi3) had the following peaks:
72.8-3.2 (multiplet, 10.0 H) due to the phenylihydrogens,
176.3-6.5 (multiplet, 3.0 ﬁ) due to the methylene adjacent
to the oxygen, T6.7-7.5 (multiplet, 3.0 H) due to the
methine and the benzylic methylene hydrogens, and 78.06

(singlet 1.1 H) due to the hydroxyl hydrogen.

(-) -2, 3-Diphenyl-l-propanol, (-)-16

This was carried out as described above. The re-
fractive index of the distilled pfoduct was n%s 1.5745
(1it. ( 89) n%s 1.5742). The optical rotation of (-)-16
was Eﬁ]gs = -88.47° (c 1.08, chloroform) (lit. (89)
[PQ]gs = +76.3° (c 5.3, chloroform)).

d1-2,3-Diphenyl-1l-propyl p-Toluenesulfonate, 17

To an ice-cold solution of 2.15 g (0.0l mole) of 16
in 7 ml of dry pyridine was added 3.18g(0.017mole) of
freshly recrystallized p-toluenesulfonyl chloride dis-
solved in 7 ml of ice cold, dry pyridine. - The reaction

mixture was left standing at room temperature for twenty-
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four hours. Then, 10 ml of water was added and the
reaction mixture was poured into 100 ml of ice,colﬁ 10%

_ hydrochloric acid. This was then extracted with ether.
The combined"organic fractions were extracted with
water and sodium bicarbonate solution and dried over an-
ﬂydrous potassium carbonate. The ether was removed aﬁd
the residue dissolved in ligroin-ether. The solution was
left to stand, and the product crystaliized out. The
yield was 2.8 g (76%) and the melting point was 79.5-
80.5°C.

The n.m.r. spectrum (CDClz) had the'folloWing peaks:
%2.2-3.4 (multiplet 14.0 H) due to the phenyl hydrogens,
5.8 and T5.92 (overlapping singlets, 1.83 H) due to the
hydrogens of the methylene group édjacent to the oxygen,
16.6-7.5 (mltiplet) due to the methine and benzylic
methylene hydrogens, and T7.65 (singlet) due to the
p-methyl hydrogens (combined area 6.0 H).

Anal. Calcd. for C,,H;,035: .¢,72.10; H,6.05; S,8.75
Found: c,72.34; H,5.88; S,8.96

(-)-2,3-Diphenyl-1-propyl p-Toluenesulfonate, (-)-17

This was synthesized as reported above for racemic
17. It was recrystallized.from ligroin-ether, m.p. 91-
03.5% [n] 25 = -42.63° (¢ 0.5, chloroform) (lit. (89) m.p.
89-90° [] 21)5 - +40.2° (c 2.9, acetone) ). .



- 121 -

dl-1,2-Diphenylpropane, i3

To a 100 ml three necked flask fitted with a reflux
condenser, dropping funnel and a magnetic stirrer and
containing a slurry of 1.0 g of 1ithium aluminum hydride
in 40 ml of anhydrous ether, was added a solution of 0.4 g
of 17 in 15 ml of ether. The reaction mixture was stirred
and heated uhder feflux for two days. Excess hydride was
destroyed using 50% hydrochloric acid. The ether layer
was separated, washed with water and dried over anhydrous
sodium carbonate. The ether was evaporated and the residue
analyzed by g.l.c. (SF 96 column). This showed only one
peak on the chromatogram and this corresponded in retention
time to that obtained for authentic 13 synthesized by the
previous route. -The n.m.r. spectrum and refractive index
~also were identical to those obtained from 13 synthesized

by the previous route.

(-) -1,2-Diphenylpropane, (-)-13

Synthesis of (-)-13 was synthesized from (-)-17
acco;ding to the method described above. The crude
product was purified by preparative g.l.c. The refractive
index was identical to that obtained for racemic 13, n%s
1.5572 (lit. ( 89) n%s 1.5558) . Other physical constants
are: m.p. 22-23°, [o]2® = -80.51° (g 8.67. chloroform)
(Lit. (89) [&]12)5 = -76.3° (¢ 2.2, chloroform) ( 88)

Ej,%s = -63.5° (c 2.34, chloroform)).
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A recheck of the rotation using another batch of
tosylate gave ELJ%S = -80.50° (c 3.21, chloroform) .
An o.r.d. spectrum of (-)-13 was recorded: concen-

tration 1.503 M in cyclohexane.

[ﬂsoo -167° [_ﬂ 300 -1666°
[§]450 -333° [_ﬂ 280 -2666°
[ﬂ 350 -833°

meso- and dl-2,3-Diphenylbutane, 19 and 20 (93)

To 1 g (0.04 g-atom) of magnesium in 10 ml of an-
hydrous ether was added 11.8 g (0.084 mole) of cL-phényl-
ethyl chloride in 100 ml of ether at such a rate that the
ether boiled vigorously. The reaction mixture was heated
- under reflux overnight. It ﬁas treated with ammonium
chloride solution to destroy any Grignard still remaining.
The ether layer was separated and dried over anhydrous
magnesium sulfate. The solvent was evaporated leaving
an oily white solid as residue. The solid was recrystal-
lizea from methanol, m.p. 124° (1it. ( 93) m.p. 126°)
This was the meso isomer. The mother liquor was concen-
trated and more meso isomer was obtained. When no more
crystals deposited on further concentration, the solvent

was removed and the residue distilled. The colorless oil
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was the dl-isomer (93) ngs 1.5540.

The n.m.r. spectrum (Cc14)~of 19 had the follow;ng
peaks: T2.90 (singlet, 10.0 H) due to the phenyl hydro-
gens, ~7.1-7.5 (multiplet, 2.09 H) due to the methine
hydrogens and T9.0 (multiplet approximating to a doublet,
6.1 H) due to the methyl hydrogens. cOmpound.;g‘wés also
pure by g.l.c. analysis. The n.m.r. spectrum (ccly) of
20 showed tbe presence of a small amount of 19. This was
borne out by g.l.c. analysis.

The n.m.r. peaks were at T2.7-3.3 (multiplet,

10.0 H)‘dﬁe to phenyl hydrogens, T6.9-7.5 (multiplet,
1.97 H) due to the methine hydrogens andfr8.77 (doublet,

6.0 H, J = 6.5 Hz) due to the methyl hydrogens.

Synthesis of 1,1'-diphenylazoethane, 22

Acetophenone azine, 1, (50 g; mole) dissolved in 300
ml ethyl acetate was hydrogenated over 2 g of 5% palladium
on charcoal until there was no further uptake in hydrogen.
The resulting solution of l,2-di-oL;phenylethylhydrgzine,
21, was filtered, the ethyl acetate evaporated and the
residue taken up in ether. The solution was oxygenated as
reported earlier and the resulting solution of 22 was
washed several times with distilled water. The ethereal
solution was dried over sodium carbonate, the solvent was

removed and methanol was added to the yellow residue.
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This solution was placed in the refrigerator and white .
cfystals of 22 separated, m.p. 68-710‘(lit.(52) m.p. 72.3-
72.9°C); The n.m.r. spectrum (CDCl,) of 22 had the
following peaks: T2.80 (singlet, 10.0 H) due to the phenyl
hydrogens, T5.32 (quartet, 1.9 H, J =7.0 Hz) due to the
methine hydrogens and T8.45 (doublet, 6.0 H, J = 7.0 Hz)

due to the methyl hydrogens.

Kinetics of decomposition of 7

The fates of decomposition of 7 were measured by
.observing the change in volume ovér the solution due to
the evolution of nitrogen. The apparatus used is shown in
Figure III. The decomposition was carried out in a 5 ml
flask fitted with a standard taper neck. This waé connec-
ted to a graduated buret by means of capillary tubing. To
" ensure that volatile products do hot distill over a small
condenser was inserted just above the reaction flask. To
minimize errors in measurement of volume due to local tem-
perature changes, the buret was surrounded by a water
jacket through which thermostatted water was circulated.
The reaction flask was stirred by means of a bar magnet.
This magnet was operated by rotating another magnet beside
the flask as shown in Figure III. Oxygen was removed from
the sample to be decomposed by opening the stopcock to
reaction flask only, the flask was cooled in a dry ice-

acetone bath and the apparatus was evacuated to 0.05 mm.
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Figure IV ' Apparatus Used to Measure

Rates of Decomposition of 7

Electric motor
Bar magnets

Condenser

Capillary tubing

Three-way stopcock

Thermostated buret
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The vacuum was released in such a way that prepurified
nitrogen passed into the apparatus. Three such evacuations
were performed and then the apparatus was closed by clbsing
stopcock E.

Decompositions were commenced by lowering the flask
into the bath and stirring commenced. Readings were gen-
erally commenced at 500 seconds or 1000 seconds after
immersion of the reaction flask in the bath.

Since initial rates were being measured, an estimate
of the time necessary to reach equilibrium temperature was
required. By performing a trial run, it was reckoned to
take 500 seconds at the higher temperature. Of this timé,
about 350 seconds were necessary for the temperature to
rise over the last ten degrees, so that a correction to
(Voo -Vo) can be easily made. This correction was usually
in the neighborhood of 1%. At the lower temperature, the
rate is sufficiently slow that no correction of this kind
was necessary. The results are presented in Tables III,

IV and V.

Decomposition of 7 in ethylbenzene

A solution of 1.83 g of azo compound in ethylbenzene
was heated under reflux for forty hours. The reaction
mixture was then cooled and the solvent evaporated. This

precluded the observation of low boiling products.. The
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residue was analyzed by g.l.c. to determine the higher
boiling products formed in the decomposition. G.l.c.
conditions were: Column, SF 96 on Chromosorb P; Injector
temperature, 250°; Detector temperature, 250°; Column
temperature, 180°; Flow rate (He) 80 ml/min. Four peaks
were observed at retention times relative to the air peak
of 10.5, 11.9, 13.8 and 15.0 minutes. Bibenzyl, 1,2-di-
phenyl propane, dl-2,3-diphenylbutane, 555272,3-diphenyl-
butane were found to have retention times of 10.6, 12.2,
14.0 and 15.4 minﬁtes'respectively under the same g.l.c.
conditions. These would, therefore, appear to be the
compounds formed. To verify that these are the compounds
being observed, an attempt was made to separate the con-
stituents by column chromatography.

A column of Grade I alumina (1.5 cm x 50 cm) was made
up in Skellysolve B. The residue from the decomposition
of 7 was placed in the column and eluted with Skellysolve
B (100 ml) and then 5% benzene - Skellysolve B. Using the
latter solvent mixture, a white solid began to elute almost
immediately. An n.m.r. spectrum showed this to be a mix-
ture of 19 and 20. This mixture was recrystallized from
carbon tetrachloride, m.p. 113-15°C. An n.m.r. spectrum
of the recrystallized material was identical with that
obtained for authentic meso-2,3-diphenylbutane, 20. The

next fraction eluted had an n.m.r. spectrum which was very
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cemplicafed in the methyl region of the spectrum and was
probably a mixture of 13, 19 and 20. The next fraction
was identified as 1,2-diphenylpropane, 13, by its n.m.X.
_spectrum. No bibenzyl was jsolated from the reaction
mixture. Further elution of the column with 10% benzene -

Skellysolve B produced trace amounts of oily solids.

Measurement of G.l.c. Response Factors.

A mixture of the following hydrocarbons was made up:
1,2-diphenylpropane (0.1207 g, 6.16 X, 10~4 mole), meso-
2,3-diphenylbutane (0.0226 g, 1.08 x 107 -4 1ole), bibenzyl
(0.0202 g, 1.11 x 10 -4 mole), and ethylbenzene (0.0792 g,

7.47 mole). Response factors were calculated from the

equation:
Response factor of A = Axrea of A % Moles of B
Response factor of B Area of B Moles of A

The results obtained are shown in Table XII. The response
factors of ethylbenzene were rechecked and tﬁat for
toluene calculated. This is also shown in ?able XI1I.

. The areas of the peaks were determined using the disc
infegrator and also by cutting out and weighing of the
peaks. This method was also used since in some cases, it
was necessary,.when calculatiﬁg the area of peaks in the

chromatograms of the decomposition of azo compound.
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TABLE XII

G.l.c. Response Factors

Compound Amount _, Responée Factors*
Mole x 10

Ethylbenzene | 7.47 61.5 59 66
1,2-Diphenylpropane 6.16 100 100 100
Bibenzyl 1.11 g81.5 84 90
meso-2, 3-Diphenylbutane 1.08 93 97
Toluene 1.925 52 54.5 54.2
Ethylbenzene 1.51 56.5 60 61.5
1,2-Diphenylpropane 0.47 100 100 100

* The response factors were calculated relative to
1, 2-diphenylpropane which was given the arbitrary

value of 100.
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Decomposition of 7 in benzene

Solutions containing various concentrations of 7 in
benzene were made up. .These solutions were placed in care-
fully neutralized glass-tubeé (about 1.0 ml in each). The
tubes were then sealed onto a vacuum rack, éooled in a dry-
jce acetone bath and degassed to 1 P by several freeze-thaw
cycles. The tubes were then sealed under vacuum and placed
in an oven preheated to the required temperature. Decom-
positions were carried on to ten half-lives. The sealed
tubes were then cooled in dry ice-acetone and opened. The
mixture was analyzed by injection onto the g.l.c. column.

The results are shown in Table VI.

Decompositions of 7 in the presence of butanethiol

e —

Solutions of 7 were made up in butanethiol-benzene

" mixtures. The solutions were 1.0;3.1 M with respect to
butanethiol in benzene and this was about ten times or
more, greater than the concentration of 7. These were
placed in tubes and degassed as described for benzene
solutions. After decomposition, the ratio of 13 to ethyl-
benzene was measured by g.l.c. analysis. Toluene was not,
in most caseé, estimated because of partial overlap with
the solvent peak. The same procedure was adopted for other
solvent-butanethiolImixtures. In the case of chloroben-

zene-butanethiol, the chlorobenzene peak on the g.l.c.
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chromatogram overlapped the ethylbenzene peak, and so the -

ratio of toluene/l,2-diphenylpropane was measured.

Decompositions of (;)11

These were carried out in stainless steel bombs.
Generally, the azo compound, (-)-Z, which had the maximum
rotation of Ei]gs = - 152°, was used. Solutions were
made up to 50 ml with solvent. Nitrogen was bubbled
through the solution for several minutes, the bomb was
gsealed and decompositions carried out by placing the bomb
in an oven preheated to the required tempeéature. Decom~
positions were carried out for at least six half-lives.
The hydrocarbon was jsolated from the reaction mixture
and its rotation determined. The following runs were
‘performed. |
"Run 1

Azo compound, (-)-7, (1.5 g) was dissolved in 20 ml
of chlorobenzene. A stream of nitrogen was passed through
the solution. Decomposition was then carried out at 108°C.
Solyent and low boiling products were removed by flash
distillation and the residue was chromatégraphed on an
alumina column (1.5 x 40 cm) using hexane as eluant. The
elution of coupling products was monitored by g.l.c. The
size of fractions collected were 10-20 ml. By fraction 9,

compounds 19 and 20 were eluting, by fraction 13, the
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coupling product, (-)-13, was eluting. Fractions 24-33
contained major coupling product, (-X-lg, only. These weré
conbined and solvent removed to yield 57 mg of coupling
product. The opticai rotation was taken |k£]§s = -6.6°
(c 2.84, chloroform). '
Run 2

To 35 ml qf chiorobenzene were added 2 g of (-)-7 and
3.3 g of butanethiol. Nitrogen was passed through
solution for several minutes.. The solution was then heated
for thirty-six hours at 108°c. Cdu?ling product was iso-
lated by chromatographing thé residue after evaporation
of solvent on a short alumina column. It was further
purified by preparative g.l.c. and the rotation was taken,
) [i]gs = -11.56 (¢ 4.24, chloroform).
. Run 3

Compound (-)-7 (1.5 g) was dissqlved in 50 ml of
benzene, placed in a 75 ml bomb which was then flushed
with nitrogen for several minutes. The bomb was'sealed
and decomposition carried out at‘132°c. After eleven hours
the bomb was removed, solvent evaporated and the product
jsolated from the residue by preparative g.l.c.,nrz)5 1.5569.
The optical rotation was found to be LL]%S = -3.28%

(c 9.27, chloroform).
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Run 4

Azo compound, (-)-7, (1.3 g) and butanethiol (7.7 g)
were made up to a 50 ml solution with benzene. Decom~-
.positibn was carried out at 132°c. Compound (-)-13 was
igolated from the residue by column chrométography, fol-
lowed by preparative g.l.c. The hydrocarbon, (-)-13, had
an optical rotation of Bﬁ]gs = =9.29 (c 2.69, chloroform) .
Run 5 ‘

Azo compound, (-)-7, (0.9 g) was dissolved in 50 ml
of benzene. Decomposition was carried out at 110°¢C.
Following removal of solvent, separation of (-)-13 was
‘carried out by preparative gll.c. and a second pass through
the fractometer was necessary. The rotation was

Ei]gs = -4.49 (c 2.49, chloroform).
Run 6

Azo compéund (1.5 g) and butanethiol (5.4 g) were made
up to 50 ml with benzene. Decomposition was caéried out
at 110°C; After evaporation of the .solvent, the residue
was chromatographed on an alumina column., Further purifi-
cation of (-)-13 was carried out by preparative g.l.c.

The rotation of the hydrocarbon was E{ 35 = -8.27
(c 3.4, chloroform) .
Run 7
To 30 ml of butanethiol was added 0.9 g of (-)-17.

Decomposition was carried out at 132°C for eleven hours.
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_ Following evaporation of solvent, ‘the préduct, (-)-13, was
isolated by column chromatography and preparative g.l.c.
‘The rotation was [d]3% = -11.74 (¢ 2.36," ¢hloroform) .
However, a check on the purity of (-)-13 by g.l.c. showed
that it contained some dibutyl disulfide. |
Run 8
To a mixture of 21 ml of beﬁzene ‘and 24 ml of butane-
thiol was added 1.4 g of (-) -i. Decomposition was carried
ocut at 110°%c. Following evaporation of solvent, isolation
of (-)-13 was achieved by preparative g.l.c. Again two. -
passes through the fractqmetgr were necessary. The
'optical rotation was [g(,_]lz)s = -13.54°. (c 3.84, chloroform).
Run 9 |
To 25 g of butanethiol was added 1.3 g of (-)-Z.
Decomposition was carried out at 110°C. The solvent was
removed and the hydrocarbon isolated from the residue by
preparative g.l.c., (-)-13, had a rotation of
[QL 12)5 = -13.93° (c 0.79, chloroform).
Run 10
| To 50 ml of cyclohexane was added 1.0 g of (-)=7.
De;:omposition was carried out at 115°C. The solvent was
removed. Isolation of (-)-13 from the residue was ach_ieved
by column chromatography followed by preparative g.l.c.,
ngs 1.5572. Optical rotation of (-)-13 was [7{,]12)5 = -5.1°

(c 3.2, chloroform).
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Run 11 ‘

Azo compound, (-)-Z. (1.0 qg) énd butanethiol (5.95 g)
. were made up'in 50 ml with éyclohexane. Decomposifion was
carried out at 115°C. After removal of the solvent, (-)-13
was isolated from the fesidue by column chromatography,
followed by preparative g.l;c.,ngs 1.5562. The opfigal

rotation was E{ 35 = -8.85° (c 4.0, chloroform).

Control experiment on (-)-13

To a solution of 1.2 g of 1,1'-diphenylazoethane,

m.p. 68—710, in 30 ml of butanethiol was added 80 mg of
1,2-diphenylpropane, (-)-13, ELJ%S = -80.5° (c 3.2,
chioroform). This solution was placed in a boub, which
was then flushed with nitrogen, sealed and heated to 110°¢
for twelve hours. After decqmposition the reaction mixture
showed the presence of (-)-13, and also 19 and'gg. Com-
pound (-)-13 was isolated by preparative g.l.c. and its

rotation measured, E*]gs = -64.1° (c 1.42, chloroform).

Control experiment on (-)-7

Azo compound (2 g), E¢]§5 = -152° (c 3.2, benzene)
waé dissolved in 30 ml butanethiol and placed in a bomb.
After flushing the solution with nitrogen and sealing the
bomb, (-)-7 was decomposed for five hours at 110°Cc. This
corresponds to about 22% reaction for the decomposition

process. The solvent was then removed on a rotary
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evaporator and the residue taken up in about 50 ml of
methanol. This was treated with 20 g of freshly prepared
dipotassium azodicarboxylate (1;5) and acetic acid was
Qripped.into the reaction mixture until evolution of nitro-
gen stopped. Ether was added to the reaction mixture which
was then extracted with dilute sulfuric acid. The ether
layer was saved, since it contained the hydrocarboh coup-
ling product. The acid layer was then extracted with more
ether. The acid solution was then made alkaline by the
addition of potassium hydroxide pellets under an atmosphere
of nitrogen. The alkaline solution was extracted with
ether and dried over sodium carbonate. The ether solution
was then oxygenated. The u.v. spectrum of the ether solu-
tion showed the presence of a substantial amount of hydra-
zone. After removal of the ether, an n.m.r. spectrum of
the prdduct was recorded. This showed that (-)-7 was the
major product (71%) but that hydrazone, (-)-5, was also
present (29%). The rotation of the mixture was taken,
Eilgs = -101.4° (c 0.91, benzene) .

The hydrocarbon, (-)-13, was obtained by evaporation
of the ether and (-)-13 was isolated from the residue by
preparative g.l.c. Its optical rotation was measured,

EL is = -13.9° (¢ 1.2, chloroform).
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CHAPTER II

SYNTHESIS AND DECOMPOSITION OF OPTICALLY ACTIVE

1,1'-DIPHENYL-1-ETHYL-l—METHYLAZOMETHANE

) In Chapter I, azo compound (-)-1 was synthesized and
decomposed to yield coupling product, (-)-13, in the sol-
vent cage with approximately 10% retention of configu-
ration. This corresponds to a ratio of the rate of coup-
ling of the ol-phenylethyl radical with a benzyl radical
to its rate of rotation, k¢/Ky, being equal to 0.06. In
other words, the ol-phenylethyl radical rotates about
sixteen times for each time it couples Qith a'benzyl
radical. .

It would be of interest to synthesize and decompose
a series of azo compounds in which the alkyl group
bearing the asymmetric centre was changed in such a way as
to alter the rate of rotation of the radical. If this
could be done in such a way that the rate of coupling would
remain unchanged, then this change in the ratio of the rate
of coupling to rotation, kg/Ky. would be reflected in a
change in the degree of retention of configuration of the
product. Hence the ratio, ko/ky, can be measured from the
degree of retention, the cage effect, F, and the fraction
of the radicéls that disproportionate, £, as calculated

from'the equation derived in Chapter I.
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In Chapter I, azo compound (-)-7 was decomposed to
give an ol-phenylethyl and a benzyl radical. It was
decided to extend the study b§ synthesizing an azo compound
which would give a tertiary benzylic radical and a primary
ﬁenzylic radical on decomposition; Such a system would be
exfected to give different cage effects, and rates of
rotation and.coubling, from those obtained for (-)-7. It
was anticipated that the rates of rotation and coupling
would be different, also the size of the cage, which would
be reflected in a change in the degree of retention.

In the decomposition of (-)-7 in the preseﬁce of
thiol scavengers, racemizétion of both starting material
and product was possible through hydrogen atom abstraction
from the optically active centre. In the case of a
tertiary alkyl radical, such a racemization would no longer
be possible.

The system chosen for study was 1,1'-diphenyl-l-ethyl-
methylazomethane.

Hy
CgHg-C-N=N-CH,—-CgHg
CoHg
Since this system was substituted on the ol -carbons to a
greater extent, decomposition will occur at lower tem-

peratures than was the case for (-)-7.
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RESULTS

Synthesis of l,1'-diphenyl—l—ethyl-l-methylazomethane

This synthesis was carried out as shown in Scheme XV.
This was the method devised by Overbergef and DiGiulio for
the synthesis of unsymmetrical azo compéunds (77).

Methyl ethyl ketone ketazine, 23, was synthesized as
reported (77.) and allowed to react with phenylmagnesium
bromide for five days to yield methyl ethyl ketone 2-
phenyl-2-butylhydrazone, 24.

Hyd:azone‘gg was not purified, but was hydfolyzed
directly with oxalic acid dihydrate to yield 2-phenyl-2-
butylhydrazine oxalate, 25. The oxalate, 25, was treated
with excess potassium hydroxide solution and following
extraction of the hydrazine into ether solution and evapo-
‘ration of thé solvent, the residue was distilled to yield
2-phenyl-2-butylhydrazine, 26. Compound 26 was identified
by its n.m.r. spectrum and comparison of its refractive
index with that reported (78).

Compound 26 was convérted to benzaldehyde 2-phenyl-2-
butylﬁydrazone, 27, by stirring stoichiometric amounts of
26 and freshly distilled benzaldehyde together in ether
solution in the presence of anhydrous magnesium sulfate.
The hydrazone was obtained as a yellow oil which was used

directly in the next step of synthesis.
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Scileme XV
Hy CH3 CHj
: | 1. CgHgMgBr
2 C=0 +NHp-NH; ———————> C=N-N=C ‘ >
| | . 2 . NH4C].
CyHg CaHg CoHg
23
CH3 . CHj3 : CH3
| \ ~ (coom)-28,0 KOH
CGHS-C-NH-N=i > csns-f-nn-mz-(coon)2 >
oHg  Colig CoHg
24 ' 25
H ' E CH
3 CgHg-C=0 3 Hy/Pd
C,H~C-NH-NH > C,He=C—=NH-N=CH-C Hp ————>
6515 65 65
C2Hs Cafl
26 27
H3 H3
0,
C6H5‘c—NH-NH-CH2—CGH5 “——9 CGHS-?—N=N-CH2-CGH5
CaHg CaHs
28 - 29

(COOH) 2

CHj3

CaHg
30
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Hydrogenatiqn of 27 proceeded smoothly in the presence
of 5% palladium on charcoal to yield l-(2—pheny1-2-5uty1)—
2-benzylhydrazine, 28. This result contrasts with that
for acetone 2;phenyl-z-butylhydrazone which could not be
hy@rogenated to the corfespondiné hydrazone in the presence
of various metal catalysts ( 81). |

The structure of 28 was confirmed by its n.m.r.
spectrum. Compound 28 could be converted to its oxalate
salt, 30, by allowing it to react with oxalic acid in a
minimum of ethanol. It could also be isolated by distil-
lation under reduced pressure, provided the proper pre-
cautions to avoid its oxidation were taken.

Oxidation of 28 to 1,1'-diphenyl-l-ethyl-l-methylazo-
methane, 29, was effected by the okygenation technique al-
ready described. Compound 29 was obﬁained as a yellow oil.
Its structure Qas confirmed by its n.m.r. spectrum. This
spectrum also confirmed its purity since no extraneous
peaks were in evidence. A u.v. spectrum of gé had a weak
maximum absorption at 3700°A, which is in the correct
region of the spectrum for azo compounds. Aﬁ absorption
was also observed at 2800 - 3000°A. This was undoubtedly
due to the presence of a minute quantity of the hydrazone,
27. However, the amount of 27 present was less than 1%
(assuming €= 15000 for 27). Azo compound, 29, also gave

a satisfactory elemental analysis. .
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Synthesis of optically active 29

In prineiple, compound 29 can be obtained optically
active either by preparing it from optically active 26,
er by resolution of 28. Resolution of 26 to 80% optical
pu;ity had been achieved by Cram and Bradsﬁaw (78)
through the formation of the dibenzoyltartrate salt and
fractionally crystallizing this from aqueous solution.
This method of carrying out the resolution was very slow
and very inefficient, so that another method of carrying
out the resolution of 26 or a method of resolving 28 was
sought. However, no better method was found for resolving
26 and none at all for 28 so fhat Cram and Bradshaw's
method was used.

Compound (+)-26 was recovered from the resolution in
poor yield. The optical purity of the recovered hydrazine,
(+)-26, was 26%. . Conversion of (+)-26 to (-)-29 was
carried out as described for racemic 29. The absolute
configurations and rotations of the optically pure com-
pounds are shown in Scheme XVI. Conversion of (+)-26 to
(-)-29 established that they belong to the same series
iﬁg:) the R series. The absolute configﬁration and the
optical rotation of optically pure (+) -26 was determined
by Cram and Bradshaw ( 78) by degrading (+)-26 to the .
corresponding (+) -2-phenyl-2-butylamine which in turn was

synthesized from optically pure (-) -2-methyl-2-phenyl-
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Scheme XVI
1. CgH5CHO
Cel
< g “ —NH-NHZ
CH3
R-(+)-26

ol25 = +13.6°(neat, 1 1 dm)
546

Hy,Pt
v
C6H
ic 1. socl,
P
. ,/ "NHZ <
C B / 2. HN,
CH3 3. A

R-(+) -2-phenyl-2-butylamine

25 _ o)
546 +18.2° (neat, 1 1 dm)

csrlK
SC-N=N-CH,~C-H

P 2-Cells.«

ctis

CHj
R-(-)-29
25 _ _49.8°
g = i
(c

5.4, benzene)

' [&]25 = -65.5°

(c

5.4, benzene)

ct-,ni |
_>e-cooH
CoHg
cil,

R-(-) -2-methyl-2-
phenylbutanoic acid

[o]23 = +30.2°

(c 5, benzene)
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butanoic acid by the Curtius reaction. The absolute con-

figuration of this acid had been established (109).

(+)-29

In the resolution of 2-pheny1—2-bﬁtylhydrazine, the
mother liquor from the first recrYstallization was evapo-
rated to near dryness and the dibenzoyltartrate was broken
up by the adaition of potassium hydroxide. The rotation
of the hydrazine, (-)-26, was taken, °c§ZG = -2.04° (neat,
11 dm). Therefore, it was 15% optically pure. Conversion
of (-)-26 to the dihydrazine, 28, was carried cut. This
was not isolated but converted directly to the oxalate. A
poor yield of the oxalate was obtained. This was converted
to (+)-29 whose rotation was taken, Engs = +27.96°.

(c 1.25, benzene). This was 56% optically pure. A
‘further batch of the oxalate, ég, was obtained but this

yielded almost inactive 29. The dihydrazine oxalate, 30,

had undergone spontaneous resolution.

Hydrocarbon coupling products

Decomposition of 29 gives rise to benzyl radicals and
2-phenyl-2-butyl radicals. If random coupling takes place
the products would be bibenzyl, 1,2-diphenyl-2-methyl-
butane, 35, and meso- and dl-3,4-dimethyl-3,4-diphenyl-
hexane, 42 and 43. Of these coupling products, bibenzyl is

avaiiable commercially and samples of the isomeric sub-
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stituted hexanes were ddnated by a colleague (103). The ‘
major coupling product, 1,2-diphenyl-2-methylbutane, 35,
was synthesized. As well as undergoing the coﬁpling
reactlon, a benzyl and a 2-phenyl-2-butyl radical can
dlsproportlonate to give toluene and three 1somer1c 2~
phenylbutenes. Also, a pair of 2-phenyl-2-butyl radicals
can give these olefins and 2-phenylbutane as the products

of a disproportionation reaction.

Synthesis of 1,2-diphenyl-2-methylbutane, 35

This compound had been synthesized previously by Cram
and Allinger (113). A modification of the reaction path-
way employed by these workers was used. An outline of
synthetic sequence is shown in Scheme XVII.

Methylation of 2-pheny1butanon1tr11e was carrled out
by using sodium hydride and methyl iodide (116). The
resulting 2-methyl-2-phenylbutanonitrile, 31, was isolated
and distilled. The structure of this compound was con-
firmed by n.m.r. analysis.

Compound 31 was converted directly to 1,2-diphenyl-
2-methyl-l-butanone, 32, by treating it with phenyl-
magnesium bromide. The yields of 32 were not good and a
substantial amount of unidentified side-product was formed.
However, 32 was separated easily from this by distillation.

The structure of 32 was confirmed by its n.m.r. spectrum
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Scheme XVII
] CH3y'
. NaH, CHyI . 1. CgHgMgBr
C6H5- H-CN > C6H5-C-CN >
. 2. NH4Cl
CaHg CaHg
31
CH3 ? CH3 OH .
l: 1. LiAlHy, \ i 1. K
CgH5-C-C=CgHs >  CgH5-C-CH-CgHsg >
f 2. Hz0" 2. TsCl
CyHg C,Hg ‘
32 33
CH3 OTs H3
\ L LiAlH,
CgHg-C-CH-CH, > CgHg-C~CH,~CHj
-~ CoHg 2Hg

34 - 35
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and comparison of its boiling point and refractive inde#
with those previously reported (113) .

The ketone, 32, was reduced with lithium aluminum
hydride to‘the diastereomeric mixture of alcohols, 1,2-di-
phenyl-z-methyl-l-butan61,133. The n.m.r. spectrum of 33
was consistent with the struéture proposed for the com-
pounds. The distilled product was a colorless and very
viscous liquid. The refractive index as.reported for this
mixture varies considerably and the fefractive index ob-
tained was fractionally differént from that reported (113).
The variation in refractive index is undoubtedly due to
different ratios of the two diastereomers being obtained
in the various reactions.

The alcohol, 33, was converted to the corresponding
1,2-diphenyl-2-methyl-1l-butyl Brtolueneéulfonate, 34, by
the method of Cram and Allinger (113). This consisted in
treating the alcohol with potassium metal .in refluxing
solvent, followed by treatment of the alkoxide with
Ertoluenesulfonyl'chioride. The crude tosylate was
jsolated, but was not purified. The crude tosylate was
treéted directly with lithium aluminum hydride for several
days. The product of the reaction was isolated and
purified by preparative g.l.c. The product, 1,2-diphenyl-
2-methylbutane, 35, was jidentified by its n.m.r. spectrum

and by comparison of its refractive index with that
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reported (113). The n.m.r; spectrum showed some '
extxéneous peaks at T 5.0-5.5 and 78.3-8.5, due to a
-small amount of impurity.

This method was used by Cram and Ailinger to syn-
thesize optically activé 35. However, it was felt that
the opfical purity of this coﬁpound was open to some doubt.

Thege are several possible routes by which
racemization might take place. 1In the formation of‘gé.
the alcohol, 33, was converted to the.alkoxide by treating
it with potassium in refluxing benzene. Alkoxides of this
kind are known to be capable of undergoing a cleavage-
recombination process (117) by a radical or an ionic path-

way as shown below.

CH3 O~ © CHy ?
c6H5¥-CH-CGH5 :_ | cghg-c~ ICH-CGHS
CoHg oHg, ]
CH3 O~ o Hy O i
Cels-C-CH-CgHs o> |CeHs=C- +CH-CgHs
2f5 CaHs i

If eitﬁer of these processes were going on, then some
racemization would be a possibility.
The conversion of the tosylate, 34, to the hydro-

carbon, 35, may also be accompanied with some rearrangement
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via a carbonium ion as shown below.

CHg | u//czns

- CH3 CyHs H3 CyHg
H-|- H-CgHy &— — +I;cn7c6H5 -
CgHs Hg
T+
C2Hs

' ;__CH2=C- H—CGHS
CeHs

A rearranged hydrocarbon would be J;.someric with 35 and may
be quite difficult to separate from it.’

An alternate route to hydrocarbon 35 which avoids
these possibilities was sought. One such route is outlined
in Scheme XVIII. '

2-Phenylbutanonitrile was alkylated with benzyl
chloride to yield 2-benzyl-2-phenylbutanonitrile, 36. The
nit;'ile, 36, was then hydrolyzed to the acid, 2-benzy1-2-
phenylbutanoic acid, 37. The n.m.r. spectrum of 37 was
consistent with the structure proposéd for the compoul;nd.

The acid, 37, was converted to the alcohol, 2-benzyl-

2-phenyl-l-butanol, 38, by treating it with'lithium
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Scheme XVIII

‘CN
CgH5-CH-CN >  CgHg-C-CH~CgHsg >
2. CgHg-CH,Cl 2. Hzot
2Hs CaHg
36
OOH HoOH
. 1. LiAlHg TsCl
C.H.-C-CH,-C Hx —————> CcH-C-CH,~C.H, —>
65 277675 2, H3O+ 675 I 27765 pyridine
285 CaHg
37 38
H2—OTS . CH3
L1A1H4
06H5—C-CH2—CGH5 — CgHg- | -CHy-CgHsg
35

39 ' 35
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aluminum hydride. The product Qas a colorless, viscous
liquid which was then treated with Ertolﬁenesulfonyl
chloride to yield 2-benzyl-2-phenyl-l-butyl p-toluenesul-
fonate, 39. Treatment of 39 with lithium aluminﬁm hydride
was expected to yield the hydrocarbon, 35. ﬁbwever, the
product was not 35 since its g.l.c. retention time did not
coincide with that of 35. The identity of the product'was
not pursued, but it was probably a rearrangement product
via a carbonium ion. Another possibility is the oxygen-
sulfur bond rather than the carbon-oxygen bond was broken
in the hydrogenoleis.

A third method of synthesizing the hydrocarbon, 35,
is outlined in Scheme XIX. 2-Methyl-2-phenylbutanoic
acid, obtained by the hyd;olysis of the corresponding
_nitrile, 23, was converted to the acid chloride. Treatment
of the acid chloride with diphenylcadmium yielded the
ketone, 32. Conversion of 32 to the alcohol, 33, was
carried out as already described. Alcohol 33 was converted
to its methyl ether by treating it with methyl iodide and
sodium hydride while cooling thé reaction flask in an ice-
bath. The product, 1,2-diphenyl-l-methoxy-2-methylbutane,
40, was isolated and was identified by its n.m.r. spectrum.

Compound 40 was treated with sodium-potassium alloy.
On addition of the alloy a reddish precipitate formed due

to the formation of the benzylic anion. The metallated
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Scheme XIX

: 1. socly - A 1. LiAlHy
_-¢-COOH > _£-C-CgHg —
CaHy 2. (CgHs)cd €25 . 2. Hyo"
3 | CHj
R-(-) -2-methyl-2- R-(-)-32

phenylbutanoic acid

[0(, §5= -29.60(_9_ 4.8,benzene) [d, 12)5= _51.090(5_ 6, benzene)

CeH - C CH
6 IH Nail GK? 3
_Je~CH-CgHg > _C-CH-CgHg
CoHE® CH3I CoHE /
cHs CH,
33 40
CeH
lo Na-K
> % -CH,~C H,
2. CH30H CoHE
CH,
S-(+)-35

[OL :’;5 = +78.33° (c 4.7, benzene)
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benéylic hydrocarbon was converted to l)Z-diphénleZ-
methylbutane, 35, by the addition of methanol. G.l.c.
analysis of the reaction mixture revealed that the ether
had been largely converted to the hydrocarbon. The hydro-
cqrbon was purified by preparative g.l.c. (SF 96 column).
The n.m.r. spectrum of this product was consistent with
the structure proposed and was almost identical with that
of the product obtained by the method of Cram and Allinger,
except that the extraneous peaks observed in that spectrum
were absent.

The stereospecific synthesis of (+)-35 was then
carried out starting from 98% optically pure 2-methyl-2-
phenyl butanoic acid, using this synthetic sequence. The
optical rotations and absolute configurations of the com-
pounds are shown in Scheme XIX. The rotations of 35
were measured at three wavelengths and were [05]12)? 546, 436
= +78.3°, +94.7° and +178.5° (c 4.7, benzene). An o.r.d.
spectrum of (+)-35 was also recorded. The optical
rotation of (+)-35 obtained by Cram and Allinger was
ctgs = +67° (neat, 1 1 dm). Since the conditions.under
which the two values were measured differed a direct com-
parison could not be made. However, if solvent effect is
negligible, there does appear to be a significant differ-
ence between these values, since the density of 35 will

be very close to 1.0.
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Correlation of absolute confiqurations

Since the configurations of both (-)-29 and of (+)-35
have been related to (-)-2-methyl-2-phenylbutanoic acid

(;chemes XVI and XIX ), the stereochemical outcome of the

reaction is readily found. Decomposition of (-)-29 to

coupling product with overall retention of configuration

would give (+)-35 as product as shown in Scheme XX.

Scheme XX =
CGHK Cﬁﬂi .
_2¢-COOH > _>C-NH,
CoHE czng‘/
CH3 CH3
(-)-acid (+) -amine

ol |

» ~N=N-CHy ~CgHs
4 C,HZ

A Ciiy
(+)-35 (-)-29
‘c63§\§ '
- .. 'CHz-CGHS



- 155 -

Kinetics of decomposition of 29

The rate of decomposition of 29 was followed by ob-
‘serving the rate of evolution of nitrogen. The equipment
and technique for meésu;ing the rate of decomposition of
29 was the same as that used in the decomposition of 7.
Typical rate data are presented in Tables XIII and XIV and
plots of these data are shown in Figures V and VI.

Since azo compound 29 is a more higﬁly'substituted
one that azo compound 7, it was expected to decompose at
a much faster rate. In fact, a tenfold increase in rate
was observed at»110°c. The temperatures of decomposition
used were lower than those for 7.

. The deviation from linearity in the plots of
log lfgL:!Ql versus time is less than that observed in the

(%o -V¢) .
decomposition of 7. This indicates that less rearrange-
ment is occurring during the decomposition of 29 than
during the decomposition of 7. This is also evident from
the yields of nitrogen obtained. Details of the decom-
positions are presented'in Table XV. From the sparse re-
sults obtained, activation parameters were calculated.
These values are tentative since little confidence can be

placed in activation parameters based on so few results.
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TABLE XI

II

Rate Data for the Decomposition of

1,1'-Diphenyl-l-ethyl-l-methylazomethane, 29

Temperature, 104°C

(qv =Vo) calculated = 13.2 ml

Solvent, Cumene

Time (%o -vt)‘ Jog (Y -V,) kg
(min.) (Ved Vi) sec-l
0 13.2 0.0
3.0 12.9 0.0100
9.0 12.35 0.0290
18.0 11.6 0.0561
24.0 11.15 0.0734
45.0 9.65 0.1361 1.13 x 10-4
54.0 9.1 - 0.1616 |
64.0 8.55 0.1886
74.0 8.00 0.2175
84.0 7.55 0.2427
114.0 6.3 0.3213
129.0 5.8 0.3572
144.0 5.4 0.3882
174.0 4.65 0.4531
210.0 4.1 0.5078
810.0 (&) 2.1




- 157 -

TABLE XIV

'Rate Data for the Decomposition of

Temperature, 86.6°

1,1 —Diphenyl-l-ethzi-l‘—me thylazomethane

Solvent, . Cumene

(Voo -Vo) calculated = 12.6 ml

(“m ’Vb)

Time (Ve -Vi) kg
S log .
(min.) (Voo -V¢) sec-1
7 12.6 0.0
21 12.4 0.007
40 12.2 0.140
60 12.0 0.0212
130 11.35 0.0454
180 10.90 0.0630 1.31 x 10°
255 10.25 0.0897
300 9.90 0.1048
360 9.45 0.1259
450 8.80 0.1559
570 8.10 0.1919
720 7.25 0.2401
960 6.25 0.3045
1290 5.20 0.3844
1470 4.75 0.4237
1650 4.35 0.4619
3500 (60 ) 2.95
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TABLE XV

Rate Constanté for the Decomposition of

1,1'-Diphenyl—1-ethyl—i-methy1azomethane, 29

Temperature 29 , M . Moles Nz*- k x 105, sec™!
Oc : '
103.7 0.16 0.85 11.3
0.17 0.93 12.3
86.6 0.16 0.85 1.31

At 103.7°C, AE = 33.1 kcal/mole, As = 14.7 e.u.

* Moles of N per mole of 2
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Product Analysis

It was expected that the decomposition of 29 would
yleld as products blbenzyl, 1, 2—d1pheny1 -2-methylbutane,
35 and meso- and d1-3, 4- dlmethyl -3,4-diphenylhexane, 42
and 43, as a result of random coupling of the benzyl and
2-phenyl-2-butyl radicals which are generated 'in the decom-
position. These same radicals can also undergo dispro-
portionation reactions to yield toluene, 2-phenylbutane
and the three isomeric 2-phenylbutenes, cis- énd trans-
2-phenyl-2-butene, and 2-phenyl-1-butene;

In order to f£ind out if these products were formed,
azo compound 29 was decomposeé and the resulting product
mixfure analyzed by g.l.c. Initially, analysis was carried
out at a high column temperature (200°) in oxder to observe
the coupling products at reasonab}e reteption times. In
the first instance, a benzene solution of 29 was decomposed
in the injection port of the fractometer. Three peaks ap-
peared on the chromatogram which had retention times iden-
tical to authentic samples of bibenzyl, 35 and meso-3,4-
dimethyl-3,4-diphenylhexane, 42. The same retention times
weré also obseryed when decomposed solutions of 29 in
cumene, benzene and pentane were injected onto the column.

The spent solutions of 29 from the kinetic runms wefe
fractionated by g.l.c. and the product, which gave a peak

" of the same retention time as 35, was isolated. &an
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n.m.r. spectrum of this éroduct was identical to that of
35. Temperatu;e programmed g.l.c. analysis (100-200°) of
.the benzene and pentane solution§ revealed the presence of
toluene and a.number of overlapping peaks. These peaks
héd the same retention times as 2-phenylbutane and the
isomeric 2-phenylbutenes. "

The relative quantities of the various products formed
in the.decomposition were calculafed.from g.l.c. analysis.
Because the peaks due to 2-phenylbutane and the isomeric
2-phenylbutenes were so crowded it was impossible to get
an estimate of the relative quantities of these materials.
However, a tentative estimate of the sum of these products
would be about 25% of the total. The relative quantities
of the coupling products formed in.the decompositign of
29 are shown in Table XVI.

It is interesting to note that the ratio of 42 + 43/
bibenzyl is equal to 1.8. This is a larger value than
that obtained for the corresponding ratio in the decom-
position of 7 which was equal to about 1.5 at this con-
centration. The quantity of toluene is not a reflection
of the amount of disproportionation between benzyl and 2-
phenyl-2-butyl radicals since a 1arge.amount of it
probably arises through abstraction of hydrogen atoms from

molecular species.
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TABLE XVI

Product Distribution* from the Decomposition of 29 at 110°

Solvent 29 , Bibenzyl 35 42 + 43 Toluene
Mx 10~2

Pentane 1.4 13.3 49.2 »21.6 16.0
Benzene 1.31 14.8 57.5 1 27.9

14.2 57.4 28.3

14.3 | 60.0 25.8

14.8 60.2 24.8

13.2 52.8 22 12.0

* About 20% of total products unidentified, distribution

expressed as relative yield in per cent.
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Decomposition of 29 in the presence of scavengers

The scavengers which were used in these ekperiments
were buténethiol and thiophenol. These scavengers were
léxpected to eliminate random reactions between benzyl and
thhenyl-z-butyl radicals outside the solvent cage, since
these qgmpounds react rapidly with radicals by donating a
hydrogen atom ﬁo them. | |

Decomposition of 29 in the presence of butanethiol
was perfbrmed and g.l.c. analysis of the broduct mixture
showed that peaks due to the symmetrical coupling products
are absent, as expected, from the chromatogram.

The analysis’also revealed that toluene and 2-phenyl-
butane were present in considerable amount as a result of
reaction .of the radicals with the scavenger. Also present
was the unsymmetrical coupling product, 35, which was
formed in the solventlcage. Unfortunately, a large number
df other products were formed. Mdst of these eluted
between 2-phenylbutane and 35. Among these was one which
had thé same retention time as 35 when an SF 96 column was
used. This unexpected product was isolated by g.l.c.
using a Carbowax 20M column. It was a white solid and was
identified by its n.m.r. spectrum which was identical with
that reported for trans-stilbene (118). A discussion oﬁ
the possible routes by which this and other unexpected

products arise will be given later.
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When thiophenol was used as a -scavenger, the relative
amounts of these by-products were reduced by about one

half.

Stereochemical results

The procedure by which optically active‘gg was decom-
posed and optically active 35 recovered from the product
mixture was more or less the same as that reported for
(-)-7 in Chapter I. However, since (+)- and (-)-29 are
very difficult to obtain, the experiments were carried out
on about half the quantities used in thé decomposition of
(-)-7. In all the experiments involving scavenger, Butane-
thiol was used and was present in about a one molar
concentratién.

Sinée the optical purity of the starting material, 29,
was low and yields of 35 were.also low, it became apparent
that a notable error might exist in measuring the sﬁecific
rotation. Therefore, this was measured at three different
wavelengths.

The results obtained from these experiments are
presented in Table XVII. It can be seen from the table
that (-)-29 gave (+)-35. Theréfore, the decomposition
proceeded with net retention of conf%guration. The net
retention of configuration was calculated for the result
at each wavelength and an average taken. The spread of

results usually does not exceed 10% of the average.
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DISCUSSION

Kinetics of decomposition of 29

The rate constants for the decomposition of 29 were

calculated in the same way as described for the decompo-
(Vw -VO)
(Voo -Vy.)
against time, where (Vg -V,) was the calculated rather than

sition of azo compound 7. Log was plotted

the observed value. The rate constant was then found from
the initial slope of the plots. Typical data are presented
in Tables XIII and XIV and the plots are shown on Figures
V and VI. The deviation from linearity in these is less
than was observed in the plots obtained from the daté on
the decomposition of 7. The yields of'nitrogen are also
higher in these decompositions. These are presented in
Table xv; The higher yields of nitrogen indicate that
isomerization is less importaﬁt during the decompoéition
of 29 than it was during the decomposition of 7.

The rate constants for the decomposition of 29 are
.presented in Table XV. Tentative values for the
activation parameters were calculated and are includéd
in this table.

The question now arises as to whether decomposition
of 29 is a concerted process in which a pair of radicals
and a nitrogen molecule are generated simultaneously, or

‘'whether it is a stepwise process in which one carbon-
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nitrogen bond is broken in the rate determining step, f&l-
lowed by a rapid loss of a nitrogen molecule from the
resulting diazoalkyl radical.

In Table XVIII are listed compounds which have certain
features in common with 29, and their rateé of decompo-
sition and activation energies. For a concerted decom-
position, the alkyl groups substifuted on both garbon atoms
alpha to the nitrogen atoms contribute to the lowering of
the activation energy for decomposition. 1In a stepwise |
decomposition the alkyl groups on only one of the two
A-carbons would be instrumental in lowering the acti-
Vation energy. .

Seltzer and coworkers ( 55) have pointed out that, in
the case of symmetrical azo compounds, decomposition pro-
ceeds by a concerted pathway. They have also pointed out
that the greater the difference in stabilities of the
incipient radicals, the more probable a stepwise mechanism
for decomposition becomes ( 56, 57). Therefore, 2-phenyl-
2,2'-azopropane is the most likely compound~listed in
Pable XVII to decompose by a stepwise mechanism. If this
compound does decompose by sgcﬁ a mechanism, then clearly
29 cannot, since there is a large difference in activat;on
energy for decomposition between these two compounds.
Also, the activation parameters for 29 and 1,1'-diphenyl-

azoethane would be expected to be similar, if decomposition
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TABLE XVIII
Rates and Activation Enthalpies for

Structurally Related Azo Compounds

ﬁ

Compound kg * sec™l AuT Reference
kcal/mole
CH3 CHj |
CgHg-C- =N—?-CGH5 3.06 x 1072 29.0 48
Hy CHy -
Hy . |
=4 .
C,H_-C-N=N-CH,-C_H . 1.2 x 10 33.1 This
675 2765 , g
C2H5
CHj Hy
CgHg~CH~N=N-CH-CgH5 8.1 x 107° 32.2 52
CH3 H3
CgHg-C-N=N-CH 1.5 x 10~°  36.0 119
. CH3 CH,

* gpecific rate constants extrapolated to 103.7°%¢
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of 29 is éoncerted, siﬁce the total of substituents on the ,
ol-carbons is the same in each case. This is indeed the

~case as can be seen in Table XVIII. The conclusion to be
drawn from these comparisons is that decémposition of 29

is most probably a concerted process. -

Product distribution from decomposition of 29

Compound 29 decomposed to yield all of the expected
products. These arise from the various radical-radical
reactions which téke place as outlined in Scheme XXI.

The benzyl and 2-phenyl-2-butyl radicals generated
in the decomposition may react in the solvent cage to give
1,2-diphenyl-2-methylbutane, 35, by coupling and toluene
and a mixture of isomeric 2-phenylbutenes by dispropor-
tionation. They may, however, diffuse to generate two
.free radicals which then react in a random manner with
other radicals to yield 35, bibenzyl, and meso- and dl-3,4-
dimethyl-3,4-diphenylhexane, 42 and 43, by coupling re-
actions outside the cage. Two disproportionation reactions
can also occur outside the cage yielding toluene, 2-phenyl-
butane and three isomeric 2-phenylbutenes. The rate
éonstants for the coupling reactions outside the cage are
not known. However, they were expected to be similar.

It might be expected that the rate of coupling of

2-phenyl-2-butyl radicals would be slower since these are
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Scheme XXI
02H5 kl 02H5
CGHS‘ -N=N-CH2-CGH5 C6H5-C|!- Ny -CH2-C6H5
) CH3 CH3 cage
28y CoHg
ky
i CH, _J cage CHjy
215 1
T k3 :
CGHS'f' -CH2-c6H5 —— C6HS-CH3+06H5-C=CH—CH3+C6H5-Ci-C2H5
. ‘CH3 J cage H3 CH2
2Hs [ CoHs
4 |
CGHS-'C' 'CHZ-CGHS _é C6H5-|' + CGHS-CHz'
i CH3 | cage CHjy
Hy CH; CHj
k
5
2 C6H5’c' —_—— CGHE;C-T—CGHS
CaHg CoHg CpHg
kg
2 CgHs~-CHy» > CgHg-CHy-CHy-CgHg
CH3 X H3
7 s
CoHg CoHg
CH3 C2Hsg
. ka '
2Hsg CH3 CHgy CH2
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tertiary benzylic radicals and are, therefore, stabilized
by resonanée and hyperconjugation. There was also a
possibility of‘steric hindrance to recombination. However;
it has been reported recently (120) that the rate of
coupling of cumyl radicals is faster than that of benzyl
radicals so that other factors besides stability of the
radicals and-poésible steric effects are involved in these
reactions.

Completely random coupling outside the solvent cage
should give a ratio of 42 + 43/bibenzyl which should be
equal to ohe. Decomposition of 29 in benzene and pentane,
however, on g.l.c. analysis revealed that this ratio was
instead close to two. The data for the decomposition are
presented in Table XVI. The reasons for the deviation of
this ratio from the expected value are not quite clear.
Presumably, the same effect as was observed in the decom-
position of 7 is present here, namely, that the benzyl
radicals are being consumed by reacting with molecular
species in the solvent. This was not checked, however, by
studying the decomposition at different concentrations.

" The degree of disproportionation between benzyl and
2-phenyl-2-butyl radicals cbuld not be determined from the
product analysis, since some of the toluene observed may
have.arisen by abstraction of hydrogen atoms from molecules

in the solvent. The degree of disproportionation between
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2-phenyl-2-butyl radicals could not be determined either,
since the g.l.c. peaks due to the products from this
reaction were overlapped on the chromatogram.

The formula derived in Chapter I from calculating

the cage effects from the product distribution is:

35-(bibenzyl + 42 + 43}
35+(bibenzyl + 42 + 43)

% cage effect = x 100

However, the value of calculating the cage effects from

the product distribution obtained is questionable since

the product distribution is seen ndt to be statistical in
nature and the relative amounts of products from the two
disproportionation reactions are not known. The values for
the cage effects based on the coupling products, relative
yields of bibenzyl; 35, 42 and 43, were found to be 17.3%
for pentane and an average value of 18.1% for benzene at

110°c.

Cage effects calculated from the product distribution

obtained from scavenged decompositions

Decomposition of 29 in the presence of a thiol
yielded 35 in the solvent cage. Radicals escaping the
cage were expected to react with thiol molecules by
abstracting hydrogen atoms from them. This generated

toluene and 2-phenylbutane.
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The cage effect is calculated according to the

equation derived in Chapter I:

% cage effect = x 100

[l
o {lbn

+ 2-phenylbutane

The results obtained are presented in Table XIX. The
accuracy of these results are dependent on the scavenger
reacting in £he manner which was predicted for it. The
thiol was expected to donate a hydrogen atom to the radi-
cals escaping the cage. The resulting thiyl radicals wéré
then expected to couple to generate the corresponding
disulfide.

In actual fact, a large number of products were
formed besides those expected. Theée abnormal proaucts
" were not identified except for one which had the same re-
‘tention time as 35 when the SF 96 g.l.c. column was used to

fractionate the mixture of products. This was isolated

and identified as trans-stilbene by comparison of its
n.m.r. spectrum with that of authentic material (118).

These additional products might have arisen through
reactions of the thiyl radicals. The generation of aceto-
phenone azine in the decomposition of 1,1l'-diphenylazo-
ethane in the presence of octanethiol has been rafionalized
by Bickel and Kooyman (99 ) as being due to successive

abstractions of hydrogen atom from the azo compound by
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TABLE XIX

Product Distribution* and Cage Effects

from the Decomposition of 29 at 110°¢

Solvent EMio%} Toluene 2-Phenyl- 35 Cage Effects,
| M butane ” %
Pentane- 1.2 36 35.5 6.5 15.5 (15.3)%
thiophenol , +
39.5 37.5 6.2 14.2 (13.5)
30.2  29.2 4.4 13.2 (12.7*
Benzene- 0.97 14.3 4.3 23
thiophenol
32.0 9.5 23
Pentane- 0.85 20.4 4.7 18.8
butanethiol
’ 38.7 9.7 20
21.3 4.6 17.8
37.0 9.7 20.8
Benzene- 0.84 12.7 6.9 35
butanethiol
12.6 7.2 36.4
Butanethiol 9.7 33 9.8 23
38.4 13.4 25.9
34.6 12.7 26.8
33.4 10.6 24.1

* Relative Amounts

+ Calculated from the relative amounts of 35 and toluene
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thiyl radicals. If this rationalizatidn is correct, this
would mean that the radical generated after the abstraction
of the first hydrogen atom must be particularly stable
otherwise it would not survive sufficiently long in the
presence of octanethiol so that a second hydrogen
abstraction could take place.

The radical generated.in this way from 29 would also
be quite stable, and furthermore, it cannot undergo a
second hydrogen abstraction. Dimerization of two su&h

radicals would give the following compound.

CH,
06H5-%3-N=N-CH-CGH5

c, H
2Hs ity

CGH - H-N;N-E-CGHS

2Hs

Decomposition of this compound could give rise to the
trans-stilbene observed.

This radical might also couple with a thiyl radical
to yield

CH3
CGHS-C-N=N—?H-CGH5

_ C,Hs SR

Decomposition of this compound would give at least two

other products.
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A change of scavenger to thiophenol'was undertaken to
try to eliminate the abnormal products since the thiyl
radical from this would be resonance stabilized and:~there-
fore, less likely to abstract hydrogen atoms. 1In actual
fact, a decrease of about 50% in the amounts of these pro-
dﬁcts was.observed. However, it is felt that in order to
get precise data for the cage effects, a scavenger of a
different nature is required.

In Table XIX, it can be seen that the relative
yields of toluene and 2-phenylbutane are almost the same.
Toluene and 2-phenylbutane are formed qutside the cage as
a result of the radicals abstracting hydrogen atoms from
the scavenger. Toluene, however, can in principle, be
formed inside the cage by a disproportionation reaction.
Since the yields of toluene and 2-phenylbutane are almost
equal, ‘it follows that the disproportionation reaction is
negligible.

A large difference in the cagé effects using the
different scavengers is observed. 'Since the amounts of
abnormal products are less in the case of thiophenol, the
results using this scavenger are probably more accurate.

This cage effect can also be calculated by a com-
parison of the rotation of the hydrocarbon recovered from
product mixture of the decomposition of 29, in the presence

and absence of scavenger.
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The formula for this was derived in Chapter I and is:

. .
% cage eff?ct =355 X 100

o],
no scavenger

EC]A scavenger

For the one pair of rotations available (see Table XVII)

where F =

the cage effect was calculated'to 5e 33%. This must be
considered a high estimate since no account is taken of
consumption of radicals outside the cage by processes other
than radical-radical reactions. The assumption is also
made that the radical-radical ;eactions outside the cage

give a statistical distribution of products.

The ratio of coupling of the 2-phenvl-2-butyl radical

with a benzyl radical to its rate of rotation, ke /Ky

This ratio can be calculated from the degree of
retention of configuration observed in 35 recovered from
the decomposition of optically active 29 and from the
cage effects. The formula for calculating ko/k,y derived

in Chapter I is:
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The fraction of digproportionétion in the solvent
cage, £, is assumed to be zero in this calculation. The
values of ko/Ky are presented in Table XX. It can be
seen that the value of the ratio depends to a large extent
on the size of the cage effects. The results indicate that
the 2-phenyl-2-butyl radical rotates ten to twenty-five
times for each time it couples with benzyl radical under
these conditions. This result'is not gignificaﬁtly
different for that obtained for the ¢l -phenylethyl radical
generated from (-)-7.

Since the studies carried out in this Chapter are
preliminary in nature, any conclusions that are to be
drawn from it must be tentative. Much work must be done
in an effort to clean up the reaétions, so that more
meaningful results can be obtained. This is pafticularly
true with respect to measurement of the cage effects, and
of the degree of disproportionation in the solvent cage.
However, the conclusion can be drawn that no radical
difference is observed in the rate of rotatioh in changing

from ¢.-phenylethyl radical to 2-phenyl-2-butyl radicals.
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TABLE XX

The Ratio of Coupling to Rotation (k./ky)

in the Generation of 35 at 110°C

Solvent Scavenger Cage Effect Retention kc/kr
% %
Benzene thiopheﬁol 23 12.6* | .0.067 .
" Benzene butanethiol 35.5 12.6 0.1
Pentane thiophenol 14.1 11.5% 0.038
Pentane butanethiol 19.4 11.5 0.051
Butanethiol | 25.0 12.0  0.069

* Tt is assumed that the optical rotation of 35, which
is formed in the cage, will not be affected by the

change in the scavenger.
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EXPERIMENTAL

Methyl ethyl ketazine, 23

This compound was synthesized by the method described
previously ( 77). To 846 g (12 mole) of ﬁethyl ethyl
ketone dissolved in 800 ml of ethanol was added slowly
368 g (6 mole) of an 85% solution of hydrazine hydrate.

The reaction mixture waé heated under reflux overnight.
.The reaction mixture was then'distilled through a 6" Vigreux
.qolumn. Water generated during the reaction and unreacted
methyl ethyl ketone distilled over as an azeotropic mix-

ture. When most of the water had been removed, about 100 g
‘of methyl ethyl Ketone was added and the distillation
repeated. The residue was then distilled, b.p. 162-5°

(700-710 mm), n2> 1.4523 (lit (78) n2> 1.4538.

The n.m.r. spectrum (CCl,) had the following peaks: T7.7

(quartet, 2.05 H, J =7.5 Hz) due to methylene hydrogens,

T8.0 and T8.2 (singlets, 3.0 H) due to the vinylic ﬁethyl
hydrogens andT8.5 (triplet, 2.9 H, J =17.5 ﬁz) due to

hydrogens of the methyl adjacent to the methylene group.

2-Phenyl-2-butylhydrazine oxalate, 25

This was synthesized as reported previously (78 ).. A
solution of phenylmagnesium bromide was made by adding
340 g (2.1 mole) of bromobenzene to 56 g of magnesium in

950 ml of dry ether. A solution of 140 g of 13 was slowly
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added while the Grignard solution was stirred. Whep
addition was complete (1.5 hours), the reaction was stirred
under reflux for three déys. ‘The reaction mixture was |
cooled and added to 400 g of ammonium chloride suspended
in ice. The ofganic layer was extracted with ether seye;al.
times. Evaporation of the solvent &ielded the crude .
2-butanon§ 2-phenyl-2-butylhydrazone, 24. This was not
purified but was added to a solution of 127 g of oxalic
acid dihydrate in 450 ml of 95% ethanol and 450 ml of
ether; The reaction mixture was stirfed and 2-phenyl-2-
butylhydrazine oxalate, 25, precipitated as a white solid.
After ten hours the crude oxalate was filtered off and
dried. The yield of crude oxalate was 142 g (56%). The
crude oxalate was not purified but was used difecfly in

the next step of the synthetic sequence.

2-Phenyl-2-butylhydrazine, 26

To a solution of 13.2 g of potassium hydroxide in
100 ml of water was added 25.4 g of 24 under an atmosphere
of nitrogen. The reaction mixture was extracted with
methylene chloride several times and the combined organic
fractions were dried over anhydrous potassium carbonate.
The solvent was evaporated and the residue distilled under
reduced pressure to yield a colorless oil, b.p. gg® (1 mm),

n3® 1.5358 (Lit ( 78) b.p. 81-84° (0.4 mm), n25 1.5354)).
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The n.m.r. spectrum (CCl,) had the following peaks:.1r2.5-
3.0 (multiplet, 5.0 H) due to the phenyl hyd;ogené, T6.91
.(broad single#, 2.91 H) due to the hydrogens‘on the nitrq-
gen atoms, 17 8.4 (quartet,'J = 7.5 Hz) and T 8.67 (singlet).
(qombined areas 5.2 H),.due to methylene hydrogens and
hydrogens of the methyl groué on the benzylic carbon, and
v9.3 (t£iplet, 3.0 H, J = 7.5 Hz) due to methyl hydrogens
of the ethyl group.. | ;

Optical Resolution of 26

The method of Cram and Bradshaw (78 ) was modified
in that the solutions of the salt were concentrated during
recfystallization rather than allowing them to stand for
several weeks. Dibenzoyltartaric acid (79 q) wés dissolved
in 23 litres of boiling distilled water. To this was
added 36 g of racemic 26. The solution was allowed to cool
to room temperature. it was then filtered and the clear
solution was left to stand at about 5°C for about a week
during which crystals’of the salt slowly formed. The yield
of product obtained was 60 g. On concentration of the
mother liquor a further 13 g of product was obtained. The
two amounts were combined and recrystallized from distilled
water and on gradual concentration of the solution 56 g of
crystals were obtained. A further recrystallization

carried out in the same way yiélded 22 g of product.
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Another recrystallization with concentration of solgtion
yielded 13 g of product.. This was treated with excess po-
.tassium hydrqxide solution, and the reaction mixture was
then extracted with ether sevefal times. The combined
ether layers were dried.over anhydrous potassium carbonate,
the ether evaporated and the residue distilled under re-
duced préssure, b.p. 862 (0.4 mm), yield 4.5 g. The
optical rotation of 26 was taken and was found to be

oL:Zé = +3.52 i.o.oé° (neat, ;_1 dm); 26% optically pure

( 78). The original procedure ( 78), although time con-

suming, is better since 80% optically pure 26 is obtained.

Benzaldehyde 2-phenyl-2-butylhydrazone, 27

Compound 25 (16.4 g, 0.1 mole) was dissolved in 50 ml
of ether and about 10 g of anhydrous magnesium sulfate was
added. The reaction mixture was stirred and 10.6 g (0.1
mole) of freshly distilled benzaldehyde added. The re-
action mixture was stirred for several hours and then fil-
tered. The solvent was removed on a rotary evaporator and
a yellow oil was obtained. No further attempts were made
to purify this compound. The crude hydrazone had a refrac-
tive index of n%s 1.5530 and the n.m.r. spectrum (CDCl3)
had these peaks: 72.4-3.0 (multiplet, 11.2 H) due to the
phenyl hydrogens and the vinylic hydrogen, 7 4.42 (broad
singlet, 0.94 H) due to the hydrogen on the nitrogen atom,

78.03 (quartet 2.3 H, J = 7,0 Hz) due to the methylene
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hydrogens, 1(5.45 (singlet, 3.2 H) hydrogens of the
benzylic methyl group, T9.25 (triplet, 2.94 H,.J = 7.0 Hz)
.due to the methyl hydrogens of the ethyl group. .

l-Benzyl-2-(2-phenyl-2-butyl) hydrazine, 28

2-Phenyl-2-butylhydrazine (2.5'g, 0.015 mole) was dis-
solved in 20 ml of anhydrous ether and treated with 1.6 g .
(0.015 mole) of freshly distilled benzaldehyde as described
above. After filtration of tﬁe ethereal solution of hydra-
zone, 27, it was hydrogenated over 5% palladitm on.charcoal””m
(0.4 g). After uptake of hydrogen wés complete, the re-
action mixture was carefully filtered under an atmosphere
of hitrogen. The ether was removed and the :esidue dis-
tilled under reduced pressure to yield a colquéss viscous
liquid, b.p. 130-2° (0.2 mm), n2> 1.5562, yield 2.7 g
(67%) . |

The n.m.r. spectrﬁm (CCl4) of the product had the
following peaks: 7 2.6-2.9 (multiplet, 10.1 H) due to the
phenyl hydrogens, 7°6.20 (singlét, i.8 H).due to the
benzylic methylene hydrogens, ¥ 6.77 (singlet, 2.0 H) due
to hydrogens on the nitrogen atoms, T 8.3 (quartet, J =
7.5 Hz) and T8.56 (singlet) due to the methylene hydrogens-
of the ethyl group and the benzylic methyl groups, res-
pectively, (combined area 5.2 H) and T9.32 (triplet,
3.1 H, J =7.5 Hz) due to the methyl hydrogens'of the

ethyl group.
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1-Benzyl-2-(2-phenyl-2-butyl) hydrazine oxalate, 30

This was prepared'simply by adding a solution of
oxalic acid in a minimum of ethanol to an ether solution
of 28. No ox#late formed directly, but’bn standing iﬁ the
»reﬁrigerator for several days a white solid formed,

mop . 160-30 L]

1,1'-Diphenyl-l-ethyl-l-methylazomethane, 29

The hydrazine, 28 (C.6 g), was dissolved in 50 ml
of ether and placed in a.neutralized flask which was then
stoppered with a rubber septum through which oxygen was
-passed. A pressure of 5 p.s.i. of oxygen was maintained
'ovef the ethereal solution for twenty hours. The ethereal
solution was washed with distilled water and~dried over
anhydrous potassium carbonate. The ether was then removed
on a rotary evaporator leaving.a yellow oil (0.45 g),
ngs 1.5538. The n.m.r. spectrum (CDcl3) had the following
‘peaks: T'2.66 (singlet, 10.0 H) due to the phenyl hydro-
gens, V4.97 (singlet, 2.04‘H) due ts the benzylic
methylene hydrogens, 7 7.98 (quartet, 2.1 H, J = 7.5 Hz)
due . to the methylene hydrogens of the ethyl group, T 8.57
(singlet, 3.1 H) due to the benzylic methyl hydrogens,
9.30 (triplet, 3.0 H, J = '7.5 Hz) due to the methyl
hydrogens of the ethyl group.

A u.v. spectrum of gg_waslrecorded. This showed a



- 187 -

maximum absorption at 3700°A which is due to the azo com-
pound. Another maximum was observed at 2800-3000°A due to
‘a trace of hydrazone.
Anal. Calcd. for Cy HpoN,: C,80.91; H,7.99; N,11.10
' Found: . ¢,80.46; H,7.67; N,11.06
. ¢,80.66; H,7.68 '

(-)—l,1'-Diphenyl-l-ethylél-methylazometﬁane, (-)-29

This was synthesized as described from (+)-26,

o‘:iﬁ = +3.52° (neat, 1l 1 dm), 26% 0ptiéally pure. Com-

pound 27 was not isolated but converted directly to 28
which was distilled but its rotation was not taken.
Oxygenation was carried out as described above to yield |

(-)-29, ngs = 1.5528. Its rotation was taken:

[06 25 = -12.88°, -16.60°, -66.88°, (c 2.95

benzene). Corrected to optical purity the rotations

: 25 = _ O _ec na® - o
would be [OL]D, sa6, 436 = -29-23°, -65.08%, -259.92°. an

o.r.d. spectrum of the azo compound, (-)122, was taken.

[6]550 -165° EQ:375 20°

[@]500 -230° [& +1680°

=350

[§]450 ~460° [Q:soo +755°

[@ ]400 -1280°
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2-Methyl-2-phenylbutanonitrile, 31

.Tb a solution of 10'g (0.069 mole) of 2-phenylbutano-
‘nitrile in 1oqu1 of dry dimethoxyethane was added 10 g
(0.07 mole) of methyl iodide. This reaétion'mixture was
cqoléd-in an ice-bath aﬁd 2 g of sodium hydride was added
to the stirred solution in sﬁall amounts. Evolution of
hydrogen‘ﬁas observed. On completion of addition, the re-
action mixture was stirred for three hours. The mixture
was first treated with a small quantity of ethanol and then
added to water and the organic fraction extracted with
ether. The combined ether fractions were extracted with
water, and dried over anhydrous potassium carbonate. The
ether was evaporated and the residue 'distilled, b.p. 62°
(0.4 mm), 03> 1.5034 (Lit (113) n25 1.5036). The yield
was 8.4 g (77%). -

The n.m.r. spectrum (CCly) had the foilowing peaks:
T2.4-2.9 (multiplet, 5.0 H) due to the phenyl hydrogens,
T8.18 (quartet, J = 7.0 Hz) due to the methylene hydro-
gens, T8.46 (singlet) due to hydrogens of the benzylic
methyl group, (combined areas 5.0 H) and T9.15 (triplet,
3.1.H, J = 7.0 Hz) due to the methyl hydrogens of the
ethyl group.

1,2-Diphenyl-2-methyl-l-butanone, 32

The method used to convert 31 to 32 was a modification

of a method used previously (121). A solution of phenyl-
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magnesium bromide was prepared by addition of 6 g (0.038
mole) of bromobenzene to 1 g (0.04 g-atom) of magnesium in
‘50 ml of ether. Compound 31 (5.5 g, 0.035 mole) dissolved
in 20 ml of ether was added over fifteeﬁ minutes. The
reacfion mixture was stirred under reflux overnight. The
mixtufe was then poured into;an ice-hydrochloric mixture.
This was stirred for several hours to hydrolyze the imine.
The reaction mixture was then extrgcted'éeveral times with
water and dried over anhydrogs potassium carbonate. The
solvent was evaporated and the residue distilled. Two
fractions were obtained. The first distilled at 70-75°
(0.3-0.5 mm), ngz 1.5272. This was not the desired product
and its identity is not known. Thg second fraction dis-
tilled at 110° (0.3 mm), ngz 1.5723 (1it (113) b.p. 132°

25
(1 wm), nj

1.5700)). The yield of 32 was 4 g (44%). The
n.m.r. spectrum (CCl,) had the following péaks: 72.4-3.0
(multiplet, 10.0 H) due to the phenyl hydrogen, T 8.0
(quartet, 2.14 H,‘J = 7.5 Hz) due to the methylene hydro-
gens, ‘rs.5 (singlet, 2.9 H) due to the hydrogens of the
benzylic methyl group and T9.25 (triplet, 3.2 H, J =

7.5 Hz) due to the methyl hydrogens of the ethyl group.

Attempted conversion of 32 to 35

A solution of 1 g of 32 in 50 ml of methanol was

treated with 5 g of Raney nickél and hydrogenated. The
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uptake of hydrogen appeared to be about 70% of the gXpecfed
2 mole equivalents. The reaction mixture was heated uﬁder
.reflux for oﬂg'hour. The mixture was then tested for the
presence of the hydrocarbon by g.l.c. analysis. .No peaks
appeared on the chromatégram at the retention time of 35.
However, a peak did occur at.longer retention time. This
was idenéifed by its retention time as being due to fhe

alcohol, 1,2-diphenyl-2-methyl-l-butanol, 33.

1,2-Diphenyl-2-methyl-l-butanol, 33

This was prepared by the method of Cram and Allinger
(113). To 1.6 g of lithium aluminum hydride in 100 ml of
ether was added 4.0 g (0.017 mole) of the ketone, 32. The
‘reaction mixture was stirred under reflux overnight and
was then neutralized with 1 ml of water followed by 3 ml
of 15% potassium hydroxide solution and again 1 ml of
water. The ether solution was decanted,.aried over
potassium carbonate and the solvent'evaporated. The rxesi-
due was distilled under reduced pressure, b.p. 125° (0.4
(0.4 mm), n22 1.5725 (lit (113) b.p. 164° (4.5 mm),
ngs 1.5719. The yield of the very viscous product was
3.1 g (75%). The n.m.r. spectrum (CClg) had the following
peaks: % 2.5-3.4 (multiplet, 10.2 H) due to the phenyl
hydrogens, T 5.5 (2 singlets, 0.8 H) due to the methine

hydrogen, T7.7-9.6 (series of overlapping peaks, 8.9 H)
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due to ethyl hydrogehs, benzylic methyl hydrogens and
hydroxyl hydrogen.

.1,2-Dipheny1-2-methyl-l-butyl.R-Toluenesulfénate, 34

. This was synthesized as described previously (113).
The alcohol, 33, (1 g) was dissolvea in 20 ml of dry ben-
zene. A piece of potassium metal (0.25 g) was added and
the reaction mixture heated undef reflux.for four hours,
~during which an atmosphere of nitrogen was maintained above
the reaction mixture. The mixture was then cooled in an
ice-bath and p-toluenesulfonyl chloride (0.85 g) was added.
The reaction mixture was stirred for about an hour. It
was filtered and the solvent evaporated to yield the crude
sulfonate. -This was not purified but was used directly

in the next step of the synthetic sequence.

1,2-Diphenyl-2-methylbutane, 35

Crude tosylate, 34, from the experiment above, was
added to a slurry of 1 g of lith;um'aluminﬁm hydride in
30 ml of ether. The reaction mixture was stirred for
about twenty hours. Excess hydride was destroyed by
addition of an ice-sodium hydroxide solution to the
reaction flask. The ether layer was separated and dried
over sodium carbonate. After removal of the ether, the
residue waslanalyzed by g.l.c. and seve:al peaks appeared

on the chromatogram. The main product was isolated by
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g.l.c. (50 mg) apd was identified by n.m.r. analysis as
being 35. The following.peaks were obsé;védA}n.tbe.n.m.r.
spectrum (CCl4): T2.5-3.5 (multiplet) due to the phenyl
hydrogens, 1;7.2 (a pair of doublets, J = 13 Hz) due to
the benzylic hydrogens, 'V7.7-8.6_(mu1tip1et) due fo the
méthylene hydrogens of the ethyl group, 1°8.8 (singlef)
due. to the benzylic methyl hydrogens and T 9.3 (tripiet)
due to the methyl hydrogen of the ethyl group. The ratio
of the areas of the phenyl hydrogens to the rest was
"10.0 H ¢ 9.2 H. There were some extraneous peaks in the

n.m.r. spectrum at 1°5.0-5.6 and at “1’8.2-8.5.

2-Benzyl-2-phenylbutanonitrile, 36

" B stirred solution of 29. g (0.2 mole) of pﬁenyl-
‘butanonitrile and 26.5 g (0.21 mole) of benzyl chloride
in 120 ml of dimethoxyethane was placed in an ice bath and
treated with 5.4 g (0.225 mole) of sodium hy&ride which
was added in small amounts over a two hour period. When
addition was complete, the ice bath Qas removed and stir-
ring was continued overnight at room temperature. It was
then stirred under reflux for three hours. The reaction
mixture was cooled and ethanol was added to destroy excess
hydride. Water was added to the reaction mixture which was
then extracted wiéh ether. The ethereal solution was dried
over anhydrous sodium carbonate. The ether was evaporated

and the residue distilled, b.p. 146-9° (0.5 mm),
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n25 = 1.5576, (lit (122) b.p. 201° (17 mm)). The yield
was 37 g (85%). The following peaks were observed in the
n.m.r. spectrum (CCly) of the compound: T 2.5-3.1 (multi-
plet, 9.5 H) due to the phenyl hydrogens, = T76.9 (singlet,
2.0 H) due to the benzyiic methylene h}drogéns, T7.95
(quartet, 1.9 H, J = 7.0 Hz) aue to the ethyl group
lmethylene hydrogens, and T 9.1 (triplet, 3.3 H, J =

7.0 Hz) due to the methyl hydrogens.

2-Benzyl-2-phenylbutanoic acid, 37

To 31 g (0.8 mole) of potassium hydroxide in 120 ml
of diethylene glycol was added 37 g (0.16 mble) of 2-
benéyl-z-phenylbutanonitrile. The reaction mixture was
heated under reflux for forty hours. It was then cooled
and 600 ml of water added. Thg reaction mixtu;e was then
extracted with ether to remove unreacted nitrile. The
aqueous layer was acidified‘with concentrated'hydrochloric
acid and 37 separated as a white solid. This was filtered
off and dried yielding 36 g (90%) of 37. A small portion
was recrystallized from heptane, m.p. 140.5-143° (lit (122)
m.p. 140°C). The n.m.r. spectrum (CCl,) had the following
peaks: 7 -2.3 (broad singlet, 1.0 H) due to the carboxylic
hydrogens, % 2.6-3.3 (multiplet, 10.3 H) due to the
phenyl hydrogens, %’6.68 (singlet, 2.06 H) due to the
benzylic methylene hydrogens, .1'8.05 (quartet 2.0 H,
J = 7.0 Hz) due to the methylene hydrogens of the ethyl
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group‘and 1 9.07 (triplet, 3.06 H, J = 7.0 Hz) due to

the methyl hydrogens.

2-Benzyl-2-phenyl-l-butanol, 38

To 1 g of lithium aluminum hydride in 50 ml of ether
was added 2.5 g (0.01 mole) of 37. .The reaction mixture
was stirred overnight. The excess hydride was destroyed
by addition of ice, followed by sufficient 6 N.sto4 to
dissolve the salts formed. The ether layer was separated,
washed with water, sodium carbonate solution and dried
over anhydrous sodium carbonate. After evaporation of
solvent the residue was distilled, b.p. 106° (0.5 mm),
n%5'1.5750, yield 38%. The n.m.r. spectrum (ccly) had
the following peaks: T 2.4-3.3 (multiplet 10.6 H) due to
the phenyl hydrogens, 1V6.32.(singlet,,2.0 H) due to the .
hydrogens of the methylene group adjacent to the oxygen, |
76.98 (doublet, 1.8 H) due to the benzylic methylene
hydrogens, 7" 8.1-8.6 (quartet + singlet, 3.0 H) due to
the methylene hydrogens of the ethyl group and the hydroxyl
hydrogen and T°9.22 (triplet, 3.0 H, J = 6.5 Hz) due to

the methyl hydrogens.

2-Benzyl-2-phenyl-l-butyl p-Toluenesulfonate, 39

An ice-cold solution of 2.4 g (0.0l mole) of 38 in
7 ml of dry pyridine was added to an ice-cold solution of

3.2 g (0.017 mole) of freshly recrystallized p-toluene-
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sulfonyl chloride in 7 ml of dry pyridine. The mixtufe
was allowed to stand at room temperature for .twenty-four -
hours. Water was added and the mixture was poured intd
10% hydrochloric acid. This was extracted with ether.
Thg ether extracts were.combined, washed with water anq
sodium bicarbonate solution and dried over potassium
'qarbonaté. The ether solution was concéntrated and ligroin
was added. This solution was pléced in the refrigerator
and crystals of 39 formed, yielding 3.4 g of product,
m.p. 105-109° decomp. The n.m.r. spectrum (cpclj) had
these péaks: T2.1-3.5 (multiplet, 14.0 H) due to the
phenyl hydrogens, T 5.9 (singlet, 1.9 H) due to the
hydrogens of the methylene group adjacent to the oxygen
atoms, T 7.05 (singlet, 1.7 H) due to the benzylic
methylene hydrogens, T 7.6 (singlet, 2.9 H) due to the
p-methyl hydrogens, T 8.3 (quartet, 2.1 H; J = 7.5 Hz)
due to the methylene hydrogens of the ethyl group and
79.42 (triplet, 2.7 H, J = 7.5 Hz) due to the methyl

hydrogens of the ethyl group.

Attempt to synthesize 35 from 39

A solution of 1 g of 39 in 10 ml ether was added to
a slurry of 1 g of lithium dluminum hydride in 20 ml of
ether. The reaction mixture was stirred for two days, and

' then treated with crushed ice, followed by 6 N H,S0,.
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The ether layer was separated, washed with water and dried
over potassium carbonate. The solution was then analyzed
by g.l.c. for 35, but no peak occurred on the chromatogram

at the retention time for this product.

1f2-Dipheny1-2-methyl-l-methoxybutane, 40

1,2-Diphenyl-2-methyl-1-butanol, 33, (2.1 g, 0.009
mole).was dissolved in 30 ml of dry dimethoxyethane and a
solution of 2.5 g (0.017 mole) of methyl iogide in 50 ml
of dimethoxyethane added. The stirred mixture was cooled
in an ice-bath and 0.3 g of sodium hydride'was added
slowly. Stirring was continued for four hours at room
temberature, followed by three hours under reflux. The
reaction was cooled and water added. It was tﬂen extracted
with 100 ml of ether which was washed with water and dried
over anhydrous potassium carbonate. The solvent was evapo-
rated and the residue distilled, b.p. 94° (2.5-3 wm),
ngs 1.5495, yield 1.7 g. The n.m.r. spectrum'(b014) of
this diastereomeric mixture had the following peaks: T 2.5~
3.4 (multiplet, 9.6 H) due to the phenyl hydrogens, T5.94
and ?‘5.97 (two singlets, 0.9 H) due to the methine hydro-
gens, 76.86 and 76.96 (two singlets, 3.0 H).due to the
methoxy hydrogens, T 7.6-8.6 (multiplet), due to methylene
hydrogens, T8.77 (singlet) due to the benzylic methyl

hydrogens, and T9.3 (quartet) due to the methyl hydrogens
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of the ethyl group. Combined areas 8.2 H.

1,2-Diphenyl-z—methylbuténe, 35

" Compound 40 (0.8 g, 0.003 mole) was dissolved in 100
ml of anhydrous ether to which was added 2 ml of sodium
potassium alloy synthesized by the method of Gilman (123).
The reaction was stirred under an atmosphere of nitrogen.
The reaction mixture became a reddish color and began to
depbsit a white precipitate. The mixture was stirred for
twenty-four hours at room temperature. It was then cooled
an@ an ice-cold ether-methanol mixture was added slowly to
decompose remaining alloy. Water was then added and the
ethér layer was separated. The ethereal solution was
dried over anhydrous potassium carbonate. G.l.c. analysis
of the ethereal solution showed that the mixture was
composed of 70% of 35 and 30% of 40. The hydrocarbon, 35,
was isolated by preparative g.l.c. (SF 96 column), 100 mg,
ngs 1.5563 (lit (113) n%s 1.5550) . The n.m.r. spectrum
of §§_prepared this way was closély similar to that ob-
tained by the method of Cram and Allinger (113) except that
none of the extraneous peaks observed in the n.m.r.

spectrum of 35 prepared by that synthesis were present.

Stereospecific synthesis of 35

(-)-1,2-Diphenyl-2-methyl-l-butanone, (-)-32

To 1 g of (-) -2-phenyl-2-methylbutanoic¢ acid,
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L* 35 = -29.6° (c 4.8, benzene) in 15 ml of anhydrous
ether was added 3 ml of thionYl chloride. The reaction

. mixture was allowed to stand for four hours and then heated
under reflux for a further four hours. The solvent and
excess thionyl chloride were removed on a rotary evaporator
and the crude acid chloride Qas used directly in the next
step.

Diphenylcadmium was synthes;zed by a method previously
reported (124). To a solution of dipﬁenylcadmium,
synthesized from 7 g of bromobenzene, in benzene was added
a solution of 41 from the experiment above in benzene
solution. The reaction mixture was stirred under reflux
overnight. The reaction mixture was cooled and ice was
‘added to it. This was followed by addition of sufficient
6 N sto4 to ensure solution of the cadmium salts. The
benzene layer was separated and the aqueoué layer extracted
with a further portion of benzene. The combined benzene
fractions were washed with water and sodium carbonate
solution, and dried over anhydrous potassium carbonate.

The benzene was removed on a rotary evaporator and residue
distilled. Two fractions distilled over, the first of
which solidified. This was readily identified as biphenyl.
The second fraction was a liquid, b.p. 80-90° (0.5 mm).
Oowing to the small quantity, purification of this was per-

formed by chromatographing it on 60 g of alumina using
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pentane as eluant until all biphenyl had been removed. The
ketone was then washed from the column with ether. The
ether was removed from the ketone by rotary evaporator at
reduced pressure. On removal of solvent, 160 mg of (-)-32
was obtained, [OC] ]2)5 = -61.09° (c 6, benzené) ngs 1.5705
(1it (113) ol>° -63.7° (neat, 1 1 dm), n2> 1.5700) .

(+) -1, 2-Diphenyl-2-methylbutane, (+)-35

Compound (-)-32 syntheéizgd using the method above
from 3 g of (-)-2-phenyl-2-methylbutanoic acid was con-
verted to the alcohol 33 as reported already. One gram of
this alcohol was converted to the ether, 40, as described
already and this was conve}ted to the hydrocarbon by
sodium potassium alloy as described for the racemic
material: The crude hydrocarbon obtained Qas distilled,
b.p. 87°c (0.2-0.3 mm). G.l.é, analysis, however, revealed
that it contained a small amount of the ether, 40. There-
fore, final purification was carried out by preparative
g.l.c., ngﬁ's 1.5584. The rotation of the hydrocarbon was
[g(, 2135 546, 436 +78.3°, +94.7°, and +178° (c 4.7,
benzene), (lit (113) oLgs = +6?°, (neat, 1 1 dm)).

An o.r.d. spectrum of the hydrocarbon, (+)-35, was
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recorded, solvent, benzene; concentration, 0.21 M.

[Q] 6;)0 +118° Lﬂ w00 +500°
[& ] 5o 167° [ﬂaso +880°
[ @] o0 +224° [@]300 +1835°
[f@] 250 +326°

Kinetics of decomposition of 29

These were carried out in exactly the same manner as
for the decomposition of Z.in Chapter I. By carrying out
the reactions at lower temperatures, the rates of
evolution were about the same as for 7. The data and
plots for the decompositions are shown in Tabies XIII and

XIV.

Products of decompositions

The products of decomposition of 29 were identified
in the following manner. A few microlitres of 29 dissolved
in bepzene were injected directly into the injection port
of the g.l.c. fractometer. The fractometer conditions
were: Injector temp, 270°; Detector temperature, 250°;
Célumn (SF 96) temperature 200°; Helium flow rate.85 ml/
min. Due to the high column temperature, low boiling pro-

ducts came off the column at the same time as solvent.



- 201 -

However, three peaks at retention times of 4.2, 8.2 and
19.1 minutes were observed. By comparison of these with
the retention times of_authentic samples, these were found
to be bibenzyl 35 and 42 and 43, respectively. Spent
tsolutlons of 29 in cumene from the kinetic runs were also
analyzed and were found to have these peaks. The compound
giving.rise to the peak at é retention time of 8.2 minutes
was collected as it eluted_from the column and an n.m.r.
,spectrnm was taken of this material. The spectrum was
identical in all respects with that of 35 obtained by

synthesis from 2-phenylbutanonitrile.

Determination of product distribution

Benzene Solution

Azo compound, 29, (0.363 g) was dlssolved in 110 ml
of redistilled benzene. This was placed in a steel bomb
which was then flushed with nitrogen #or several minutes.
The bomb was sealed and decomposition was carried out at
110° for twenty hours. A sample of this solution was then
analyzed for product distribution. Results are shown in

Table XVI.

Pentane Solution

Azo compound, 29, (0.068 g) was dissolved in 20 ml
of pentane, placed in a bomb which was then flushed with

nitrogen for several minutes, sealed and the decomposition
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carried out at 110° for twenty hours. The solution from
this decomposition was analyzed directly by g.l.c. The '

results are shown in Table XVI.

Decomposition of optically active 29 in the presence

of scavengers

Optically active azo compound 29 of bdth positive and
negative rotations were decomposéd. The solvent was re-
moved by flash distillation and the product, 35, was
isolated in each case by preparative g.l.c. using a 10%
Carbowax 20M on 60/80 Chromosorb W Column (6' x %"). Run
1 was performed on (+)-gg. Runs 2-6 were performed 65

(-)-29 of rotation [&]12)5 = -12.88°, 26% optically pure.

Run 1

Azo. compound (+)-29 (0.97 g), B*]gs = +27.96° (c
(c 1.25, benzene), 56% optically pure, and butanefhiolff
(4.7 g) were dissolved in 50 ml of benzene. This was |
placed in a bonb which was then flushed with nitrogen and
sealed. The bomb was heated at 102°C for about thirty
hours. The bomb was then cooled and opened. The solvent
was.evaporated and the residue fractionated by g.l.c. on
an SF 96 column. Material that had the retention time of
35 was collected. This was found to consist of a mixture
of a white solid and a liquid. 1In order to separate these

a new column was required. A satisfactory one was Carbo-
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wax 20M operated under the following conditions: He flow
rate, 80 ml/min; column tempefature,'zoooc; Injector tem-
peréture, 250°¢C; Detector temperature, 250°C. Under
these conditions the liquid, 35, had a retention time of
four minutes and the solid had a retention fime of seven
minutes. The solid was collegted and its n.m.r. spectrum
taken. This was equivalent to thét reported for trans-
stilbene. Compound (~)-35 was Eoilected and its rotation

measured E#]D 436 = -4.64 , -10.1° (c 1.8, benzene).

Run 2

Azo compound (-)-29 (0.46 g), EL];S = -12.88° (g
(c 2.95, benzene), ngs = 1.5527, and butanethiol (3.48 q)
were dissolved in 50 ml of benzene and placed in a bomb.
This was flushed with nltrogen and sealed. Decomposition
was carried out at 110°C for flfteen hours. The bomwb was
cooled and opened. A sample of the solution was saved for .
analysis and the remainder was taken and solvent evaporated
off. The coupling product, (+)-35, Qas isolated from the
residue by preparative g.l.c. using Carbowax 20M at a tem-
perature of 200° and a helium flow rate of 85 ml/min.
Under these conditions, the retention time of the coupling
product was about five minutes. Forty milligrams of (+)-35
was isolated. This was dissolved in 1 ml 3f benzene and
rotations taken at three wavelengths, [OL‘D? 546, 346 =
+2.45°, +3.2° and +5.8° (c 4.0, benzene).
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Run 3 | |

Azo compound (-)-29.(0.45 g),band butanethiol t3.9 qg)
were made up to 50 ml with pentane. This was placed . in a
bomb which waé flushed with nitrogen before sealing. The
deFomposition was carried out at 110°C. After decompo-
sition was complete and the sblvent}removed, (+)-§§:w§§
_isdlated ﬁy préparative g.l.c. (+)-35 had rotations of

[06]12)5 ca6. 436 " +2.42°, +2.83°, +5.07°(c 2.3, benzene).

Run 4

Azo compound, (~)-29 (1.17 g), dissolved in 40 ml of
butanethiol was decomposed at 110°C for twenty hours. The
solvent was evaporated and (+)-35 isolated from the residue
by preparative g.l.c. as described for the earlier runs.
The isolated hydrocarbon had a refrgctive index of
ngs 1.5565. Its n.m.r. spectrﬁm was taken and waé found
identical with those obtained for synthesized material.
The optical rotations were measuredq. &iJg? 546, 346 =
+2.23°, +2.87°, +5.16° (c 6.38, benzene). A second pass
through the fractm;leter was then performed and the

. . 25 _
rotation of collected material was ﬁiJIL 546, 436 —
+2.39°, +3.03° and +5.54° (c 4.2, benzene).

Run 5 _
Azo compound, (-)-29 (0.36 g)d'was dissolved in 110

ml of redistilled benzene and placed in a bomb which was



- 205 -

flushed with nitrogen and sealed. The bomb was thel:l
heated for twenty hours at 110°C. The reaction mixture
'was then concentrated and the hydrocarbon product, (+)-35,

isolatéd by preparative g.l.c. The optical .rotations were

measured [cL]D’ 546, 436

(c 3.9, bgnzene).

= +;.37°, +1.52°, +2.67°

Run 6 |
P:.zo.comp'ound, (-)-29 (0.6 g), and butanethiol (4.2 g)
were disgolved in 45 ml of benzene and heated for three and
one half days at 86°C. The coupling producf, (+)-35, was
iso}ated from the reaction mixture by preparative g.l.c.
Tiae rotations were '[OL]D' 546, 436 +2.09°, +2.95°, +5.11°

(c 4.2, benzene).

Product distribution in scavenged runs

In runs 2, 3 and 4, samples of thé decomposition mix-
ture before evaporation of solvent were saved in order to
determine by g.l.c. analysis (Carboﬁax 20M column) the
relative quantities of 2-phenylbutane and coupling product,
§__E_>_.~ This was done by temperature programmed analysis.

The initial column temperature was 100° rising to 200°
over thirty minutes. The results of these experiments are

shown in Table XIX.
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Decomposition in presence of thiophénol

Azo compound 29 (0.28 g) and thiophenol (2.65 g) were
dissoived in 25 ml of benzene. The bomb was flushed with
1nitrogen and sealed. The solution was heated for twenty
hours. Analysis of the‘reaction'mixture was by tempe;gture
programmed g.l.c. (Carbowax 20M column). A similar pro-
cedure'waé adopted for thiophenoleentane solvent. The

results are shown in Table XIX.
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CONCLUSION

These investigations into stereochemistr& of the cage
recombination.in the decomposition of azo compounds show
thgt cage products were'85-90% racemic. A similar study
by Greene and Berwick (39) on the decomposition of optical-
ly active 1,1'-diphenylazoethane confifmed these findings.

' These results contrast with those obtained for the
decomposition of optically active diaéyl peroxides by
Greene (22 ), Kharasch and coworkers (23 ) and deTar and
coworkers (24 ). They found 15-30% racemization in the
alcohol moiety of the esters produced.

A mechanism proposed for ester formation in .the decom-
position of diécyl peroxide involvés cleavage to two acyl
radicals followed by loss of carbon dioxide from one to
form an alkyl radical. This alkyl radical then combines
with the other acyl radical in the solvent cage.

Since the results indicate a high degree.of retention
of configuration, this implies tﬁat the alkyl radical
formed had retained its asymmetry. For thishto occur, the
coupling of the alkyl radical with the acyl radical must
be very fast relative to itg rate of rotation and it must
have been éenerated in close proximity to the acyl radical.
This implies that loss of carbon dioxide from the acyl

radicals must be very fast. If this is the‘'case, then it
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is surprising that.more hydrocarbon coupling product is

not formed in .these reactions. Rapid loss of éarbon
dioxide does not seem probable in view of Martin and
Taylor's finding that there is a high degree of recombi-
nation of acjl radicals to regenerate the startiﬁg
material in the decomposition of acetyl peroxide (125).

It wouid seem, therefore, that"the ﬁiéh degree of retention
observed might be due to an alternate méchanism for the
formation of ester product formed in these decompositions.

Decomposition of meso- and dl1-3,6-diethyl-3,6-di-
ﬁethy1-3,4,5,6-tetrahydropyridazine yielded the correspon-
ding cyclobutaneé with 98% retention of configuration
(38). The difference between these azo compounds and
cyclic azoalkanes is in the geometry of the nitrogen-nitro-
gen double bond. 1In acylic azoalkanes, the two alkyl
groups are in a trans conformation. Therefore, as they
decompose, the carbon nitrogen bonds stretch and alkyl
groubs move so as to permit overlap of the nitrogen
orbitals. The result of this is the two alkyl radicals
| when formed are an estimated 7 ©A apart and are separated
by a molecule of nitrogen (37).
On the other hand, the substituted tetrahydropyrid-

azines have cis geometry about the nitrogen-nitrogen
double bond. Decomposition should bring the two gl-carbons

closer together. This may explain the much higher degree
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of retention of configuration. However, it would be ex-
pected that orbitals of the trigonal carbon atoms would be
parallel to each other immediately folléwing decomposition
so that it would appear that inversion and retention of
configuration are equally probable. |

R-

N==N —,

transition state

<L
A

transition state

A stereochemical study of this kind could be used to
investigate the nature of the cage effect since product
arising from primary recombinations would be expected to
yieia product of higher retention of configurations than
that arising from secondary recombinations. However, the
scavenger, butanethiol, used in this study, was of low

reactivity so that interference with secondary recombi-
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nation was neither anticipated nor gbserved. The rgsults
indicate, however, that some diffusion in the solvené

cage is possible..‘Since the lifetime of a collision (126)
(10'11 seconds) is of the same order of'magnitude as the
relaxation time for rotation and since the rate of coupling
to rotation, ko/ky indicates.that the radicals can rotate
ten to twenty times faster than they couple, some
diffusion by radicals, which contribute to the cage effect,

may occur.

b\
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