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GENERAL INTRODUCTION
The thesis is divided into two parts. Part I presents
the mechanistic study of the aromatic Sgy1 reaction using
competitive reaction kinetics and initial relative rates.
Part II presents absolute rate constants for the coupling of
phenyl radical with various nucleophiles determined by

competitive reaction kinetics.




PART I. MECHANISTIC STUDY OF THE AROMATIC Sgy?
REACTION USING COMPETITIVE REACTION KINETICS




INTRODUCTION

General Background
It was discovered in 196612 that p-nitrobenzyl chlo-
ride reacts with the sodium salt of 2-nitropropane yielding
the carbon alkylated product (1) via a free radical chain
reaction (Equation 1). Earlier results had shown that the
sodium salt of 2-nitropropane reacted with alkyl halides to

yield the oxygen alkylated product (gLB

CF%C!
Q

- hv ;
e s YR Y o
O2N OoN
N2 1 2

Kornblum et al.! discovered that when a good electron
acceptor, such as p-dinitrobenzene, was present in the
reaction mixture, the yield of the carbon alkylated product
decreased to 6% while the oxygen alkylated product increased
to 88% (Equation 2). Also observed was that the reaction
depended on the ieaving group and the presence ©
nitro substitutent.

CH2CI

+ e + OB+
O-N (2)

' P o 88°%

NO» ) .

Russell and Danen2 also observed that the reactions of




4

p-nitrobenzyl chloride with 2-nitro-2-propyl aﬂion and 2-
chloro-2-nitropropane with 2-nitro-2-propyl anion were
catalyzed by light (Equation 3). The electron spin reso-
nance spectrum of the 2-(p-nitrobenzyl)-2-nitropropane
radical anion (3), which results from coupling of the

radical and nucleophile, was recorded.

cidne, + D=nNoy b 0N =H=No,

o™
02N
3

(3)

Considering the experimental results, a radical chain
mechanism involving a single electron transfer and radical
anion intermediate was proposed (Scheme 1). The important
features of this mechanism are that p-nitrobenzyl chloride
(4) accepts an electron from the 2-nitro-2-propyl anion (5)
to vield the p-nitrobenzyl chloride radical anion (6) to
nitiate the chain reaction (Equation 4). Radical anion 6
then dissociates yielding the p-nitrobenzyl radical (7) and
chloride ion (Equation 5). Radical 7 is then trapped by the
2-nitro-2-propyl anion (5) to yield 2-{p-nitrobenzyl)-2-
nitropropane radical anion (3) (Equaticn 6). Radical anion

3 then transfers its odd electron to 4 to yield § and the




substituted product, 2-(p-nitrobenzyl)-2-nitropropane (1)
(Equation 7).

Scheme 1.
G >=rnoz ,©/\C’ + >—No, (4)
O2N OoN 2
4 =1 -
O — O e
o= ON
=] z

Equation 5, is similar to the classical SN1 mechanism
where the leaving group departs yielding an interamediate, 2
radical in this case, which is then trapped by a nucleophile

(Equation 6), yielding eventually the substituted product.




Due to the similarity of this mechanism to the Sy1 mech-
anism, the Sgy1 or Substitution Radical Nucleophilic,
Unimolecular term was coined to describe the mechanism.4
Kim and Bunnettr? studied the reaction of sodium

amide with 5- and 6-halo 1,2,4-trimethylbenzenes in liquid
ammonia. When the halide was either a chloride or bromide,
the ratio of the substituted products 8 and 9 was equal to
1.46 (Scheme 2). This result indicated a singie inter-
mediate, independent of the halide. The intermediate

involved in this reaction was benzyne (10).

Scheme 2.

X=Cl,Br

L)

However, when the halide was an iodide, for example, 6-
iodo-1,2,4-trimethyl-benzene (11). the major product was
2,3,5-trimethylaniline (8) along with some 2,3,4-trimethyl-

aniline (9)(Scheme 3). The ratio of 8/39 was 5.9 (Equation




8). The same reaction but with 5-iodo-1,2,4-trimethyl-
benzene (12) resulted in a ratio of 8/9 equaling 0.59 (Equa-
tion 9). Thus, when the halide is iodide, substitution
without rearrangement predominates. Addition of an inhibi-

tor brought the ratio of 8/9 closer to the ratio obtained

for the aryne mechanism.

Scheme 3.

! +*NH LN + (8)
2 NH3 HaN
H2

i g
hv H2N
+ “NHp —I>NH3 + (9)
] . HoN
Iz 8 9

Also noted was that the reaction was catalyzed by
solvated electrons in liquid ammonia. For example, 2-iodo-
1,3-dimethylbenzene (13) can not react with amide ion to
form benzyne. Substitution occurs with amide ion in the
presence of potassium metal to yield the product, 2,6-

dimethylaniline (14) in 64% yield (Equation 10).




I . NHo
- h
@* NH2 N:"s > \©/+I' (10)

13 14

Considering that the reaction was stimulated by sol-
vated electrons and inhibited by using radical scavengers
and electron acceptors, Kim and Bunnett4’5 proposed the
mechanism outlined in Scheme 4. The mechanism was termed
aromatic Spy1 because of the similarity to the aliphatic
Sgn1 mechanism described earlier.

The mechanism is initiated by the one electron reduc-
tion of the aryl halide to give radical anion (15) (Equation
11). The radical anion (15) dissociates yielding a phenyl
radical (16) and iodide ion (Equation 12). The phenyl
radical is then trapped by an amide ion to yield radical
anion (17) (Equation 13). The radical anion 17 transfers
its odd electron to the substrate 11 toyield the substi-
tuted product 8 and radical anion 15 (Equation 14). The
major termination step in liquid ammonia is the one electron
reduction of the phenyl radical 17 to yield the anion 18

which abstracts a proton from the solvent (Equation 15).




Scheme 4.
I _ i
+ e >
. (11)
1 s
|
+ 17 (12)
L 5 J pa
‘ +NHp I (13)
e hv4
HaN N L
: (14)
i {

./I\/ ' -

O+ e— @ N (15)

9. 9 LOJ
i7 i8

The aromatic Spy1 reaction has been reviewed exten-
sively6’7’8’9’1~0 The remaining portion of this chapter will

briefly outline the steps in the aromatic SP¥1 mechanism and

1
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present experimental evidence where important.
Steps of the Aromatic SRN1 Mechanisnm

Initiation

The aromatic Sgy1 reaction can be initiated by a number
of different methods which include solvated electrons,7
electroreduction of the aryl halide,”’12 thermal electron
transfer,13 and chemical catalysis.14 The most common and
least understood, however, is the photostimulation method.
Hoz and Bunnett15 carried out a quantitative study of the
photostimulated reaction of iodobenzene with diethyl phos-
phite ion in dimethyl sulfoxide (DMSO)(Equation 16). They
observed that the quantum yield of the reaction was much
greater than unity indicating that the reaction proceeds via
a chain mechanism. A charge-transfer complex between iodo-
benzene and diethyl ester phosphorous acid anion (diethyl
phosphite ion) was also observed and was thought to absorb a
photon to initiate the reaction (Scheme 5). Other modes of
initiation considered was the homolytic cleavage of the
aryl-iodine bond (Equation 17) and electron transfer ifrom
the anion to the excited iodobenzene generating a radical

anion (Equation 18).

O
i 9 hv POEt
@-+ -PloEn, —> @' 2 e




1

! v . .
@ g @ + (17)

| C1t LT

hv Ny~ (18)

—_— —D| | + Nu*
Scheme 5.

Ph-I + “P(0)(OEt), Ph-1+ P(0)(OEt),
Ph-I+ P(0) (OEt), Ph* + "P(0)(OEt), + I
Ph® + "P(0)(OEE), + I PhP(0) (CEt), + I
Ph* + *P(O)(OEt), + I" Ph* + *P(0)(OEt), + I”

Fox, Younathan and Fryxell16 studied the photoinitia-
tion of the aromatic Spyl reaction using wavelength-depen-
dent quantum yielid measurements. It was suggested that
electron transfer within an excited charge-transfer complex
was a sufficient photoinitiation mode for the reaction of
bromo- and iodobenzene with acetone enolate (Scheme 5) but
not with iodobenzene and diethyl phosphite. Fox et al.16
suggested that in the iodobenzene-diethyl phosphite pair,
homolytic cleavage of the aryl-iodine bond competes with

photoinduced electfon transfer as the primary photoprocess.
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Propagation

The first essential step in the propagation cycle of
the aromatic Spy1 reaction is dissociation of the radical
anion to a free radical. Evidence for the decomposition of
the aryl halide radical anion to the aryl radical has been
reported in the literature. Table 1 lists different aryl
halides along with the rate constants for the dissociation
of the aryl halide radical anions in various solvents.

Inspection of the results outlined in Table 1 reveal
some important trends. The most notable is that the rate of
dissociation depends on the halide in the following order:
I>Br>C1l>F. Another notable trend is that electron releasing
substituents destabilize the radical anion, increasing the
rate of dissociation while electron withdrawing substituents
stabilize the radical anion, decreasing the rate of dissoc-
iation.

The solvent also influences the rate of dissociation.?
The effect of solvents on the stability of radical anions
has been attributed to the solvation of the radical anion.
Solvation deiocaiizes the negative charge resulting in the
stabilization of the radical anion.

The dependence of the rate cf dissociation of the
halide has been n9ted in the aromatic Sgyl reaction. 17,18
For example, the photostimulated reaction of m-bromo-iodo-

benzene with diethyl phosphite ion yields mainly the disub-
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Table 1. Absolute rate constants for the dissociation of
aryl halide radical anions in various solvents
determined either by electrochemical (E) or pulse
radiolysis (P)

substrate k (s”1) solvent me thod ref
PhC1 . 4.0 x 107 NHz E 19
PhC1 1.0 X 107 DMF E 20
p-Ph-PhC1 7.5 X 107 H,0 P 21
X
coz
X=F 6.0 X 107 H,0 P 22
=C1 4.0 x 107 H,0 P 22
CN
X=p-F 6.5 X 102 H,0 P 23
o-Cl1 9.0 X 10% Ho0 P 25
m-Cl 4.2 X 104 H0 P 23
p-Cl 5.0 X 10° H,0 P 23
n-Br 8.0 X 108 Ho0 P 23
p-Br 3.0-X 107 H,0 P 23
n-F 103 DMF E 24
p-F 1.1 X 10" DMF E 25
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Table 1. continued

substrate x (s™1) solvent method ref
n-Cl 1010 DMF E 25
p-Cl 1010 DMF E 25
n-Br 1010 DMF E 25
p-Br 1010 DMF E 25
m-I 1010 DMF E 25
p-Br 1010 DMF E 25
p-Cl 9.0 X 108 NHzx E 26
o-Cl 1.4 X 108 NHz E 27
n-Cl 9.8 X 107 NH3 E 27
p-Cl 9.3 x 108 NHs E 27
p-Br 2.0 X 107 NH E 27
p-I 2.5 1010 NHs E 27

Q@

X=0-C1 1.5 X 107 H,0 P 22
p-Cl 102 H,0 P 22
o-Br 5.0 x 107 H,0 P 22
m-Br © 102 Hy0 P 22
p-Br 5.0 X 107 H,0 P 22
p-1I 1.4 X 107 H,0 P 22




Table 1. continued
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substrate k (s‘1)

solvent method ref
n-C1 1.0 X 107 DMF E 28
p-C1 10? DMF E 28

Q

H

X
X=n-Br 4.0 X 102 H,0 P 22

o

Ph
X=p-Br <7 H,0 P 22
1-Cl 1.0 ¥ 1071 DMF E 28, 29
p-C1 1.0 x 107 DMF E 28, 29

p-Cl 5.1 X 107 DMF E 30
m-Br 7.4 X 102 DMF E 29
p-Br 8.0 X 104 DMF E 29
p-C1 3.4 X 10" DMF E 29
m-Br 9.0 CH3CN E 29
p-Br 2.4 X 10° CHzCN E 29
n-Br 3.0 x 10" Me ,CHCN E 29
p-Br 6.8 X 107 Me ,CHCN E 29




16

Table 1. continued

substrate x (s1 solvent method ref

Ofh

X=0-C1 1.0 X 1072 DMF E 31
m-C1 <10™2 DMF E 28
p-Cl 1.0 X 1072 DMF E 29
p-Cl 1.4 X 1072 DMF E 29
p-C1 1.0 X 1076 DMF E 32
o-Br 1.1 X 102 DMF E 31
p-Br 4.0 X 1073 DMF E 31
p-Br 1.4 X 1072 DMF E 33
o-1I 8.0 X 104 DMF E 31
m-1I 3.1 X 107" DMF E 31
p-I 9.0 x 101 DMF E 31
p-I 6.7 DHF E 32, 34
n-F 2.0 X 1077 CH3CN E 35
p-F 3.0 X 1073 CH3CN E 35
p-F 1.4 X 1073 CH5CN E 35
n-C1 3.0 X 1073 CH3CN E 35
m-Br 5.0 X 107 CH3CN E 35
p-Br 1.2 X 107" CH5CN E 35
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Table 1. continued

substrate k (s‘1) solvent method ref

QO

X=C1 1.5 X 104 NH E 36
c1 1.2 X 107 NH3 E 27
I 1.6 X 1011 NH3 E 27
c1 5.0 X 107 DMSO E 37
Br 3.0 X 108 DMSO E 37
I 6.0 X 108 DMSO E 37

(@0

X=0-Br 1.7 X 104 NHz E 36
o-Cl 1.3 X 10° NHz E 36
o-I 5.0 X 10° NH5 E 36
o-C1 1.7 ¥ 104 NHs E 27
p-Cl 1.9 X 10° NHz E 27
n-Br 1.5 X 107 NH3 E 27
o-1 1.2 X 108 NH3 E 27
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Table 1. continued

substrate k (s'1) solvent method ref

n-I 2.4 X 10° NHz E 27
19

(e3]

PhSPh 1.1 X 104 NHz
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stituted product (Equation 19). On the other hand, m-
chloro-iodobenzene yields mainly the mono substituted
product (Equation 20). This can be explained by relative
rates of dissociation of the aryl radical anions (Scheme 6).
For both substrates, iodide is substituted first resulting
in radical anion 19. VWhen X=Br, dissociation is faster than
electron transfer to the substrate. Conversely, when X=Cl,
electron transfer is faster than dissociation of the radical
anion resulting in the formation of the mono subtituted

radical anion.
T
! POEt),

(@) .
@-{- -PoEt), ';‘; > @ (19)
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The second step in the propagation cycle is the
coupling of a phenyl radical with a nucleophile to form a
radical anion that eventually yields the product. First,

however, the intermediacy of a phenyl radical had to be




21

established. Hoz and Bunnett!? studied the effect of inhi-
bitors on the reaction of iodobenzene and diethyl phosphite
ion. Dioxygen, a common radical scavenger, was found not to
inhibit the reaction. It was postulated that diethyl phos-
phite ion is exceedingly reactive with phenyl radical, so
much so, that dioxygen can not compete with this anion
(Scheme 7). The addition of 4.4% mole of di-tert-butyl
nitroxide reduced the rate of the reaction by only a factor
of three, also indicating the high reactivity of phenyl
radical with diethyl phosphite icn. Other electron
acceptors and radical scavengers have been used to study the
aromatic Spy1 mechanism. Table 2 summarizes the inhibitors

used and their effects.
Scheme 7.
.1
9 P(OEY,
=~ P(OEt) 2 @
L _E

AN v. fast

&§,ﬂ slow
| %=

o-0

To gain further evidence for the intermediacy of a

phenyl radical in the aromatic Spn1 reacton, Galli and

8

Bunnett® studied the mechanism using the competition




Table 2. Effect of added subgtances on SRN1 reactions

substrate nucleophile promoter inhibiter effect solvent ref
iodotrimethyl

benzene “NHy dark Me5CNO inhib. NHy 5
iodotrimethyl

benzene 'NHZ dark Ph,yNNPh, inhib. NH3 5
PhBr "CHZCOCH3 hv (tBu)zNO inhib. NH3 38
PhBr "CH2000H3 hv 0, inhib. NH3 38
PhI “PO(OEt) , hv (tBu),NO inhib.  DMSO 15
Phl “CH,COtBu dark PhCOPh inhib. DMSO 13
PhI “CH,COtBu dark (tBu),NO inhib. DMSO 13
PhI “PO(OEt), hv Em(N02)206H4 inhib. NH5 39
p-iodotoluene "PPhZ dark (tBu)zNO inhib, DMSO 40
PhBr “CH,CN hv PhCOPh inhib NH3 41

cc
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technique. If a phenyl radical is involved in the reaction,
there should be no leaving group effect (Scheme 8). Compe-
ting diethyl phosphite ion and pinacolone enolate for phenyl
radicals, assuming the radical-nucleophilé coupling is irre-
versible and electron transfer to the substrate is fast, the
ratio of the rate constants for the coupling process can be
determined. The relative product yields are related to the
relative rate constants for the coupling reactions by
Equation 21. It was determined that the ratio of the rate
constants, kp/ke, was independent of the leaving group,
indicating the existence of a single intermediate, but not
demanding it. Table 3 summarizes kp/ke values obtained for

various substrates.

Scheme 8.
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Table 3. Nucleophile reactivities relative to pinacolone
enolate ion and diethyl phosphite ion in liquid
ammonia at -38 °C initiated by U.V. light

substrate  (Et0),P0” t-BuCOCH,™ PhyP~ Ph,P(0)” PhS~ ref

PhI 1.33 1 5.19 2.34 0.08 14
PhBr 1.39 1 21.9 14
PhC1 1.47 1 10.1 14
PhF 1.38 1 14
PhSPh 1.46 1 14
PhNMez* I~ 1.25 1 14
p-MeCgH, I 1.28 1 5.6 14

p-MeCgHBr 6.17 1 14
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Y k “CH,COtBu]
Yg _ ke [7CHCOtBu (21)
Tp K, ["P(0)(0Et),]

The last step of the propagation cycle is the transfer
of anelectron fron the product radical anion to the sub-
strate. This can be best explained by considering Scheme
9.9 If the standard reduction potential of the ArX/[ArX]*
couple, Eg, is greater than the standard reduction potential
of the ArNu/[ArNul]® couple, Eg, the election transfer from
[ArNu]® to ArX is thermodynamically favored (Equation 22).
Conversely, if ES)Eg, the electron transfer is thermodynami-
cally unfavored and other competing reactions such as dis-
proportionation, protonation or reduction of aryl radicals

may occur.

Scheme 9.
ArX + e7 ———— > [ArX]® EQ
ArNu + ¢ — >  [ArfNuj” Ep
[ArNul® + ArX — ArNu + [ArX]~™ (22)

Termination

Termination of the radical chain mechanism may occur by
a number of routes depending on the method of initiation cor
the nucleophile present.9 Under electrochemical initiation,
reduction of the aryl radical to the anion is the major
termination step (Equation 23). When photostimulation is

employed to initiate the reaction, termination can occur by
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hydrogen atom abstraction from the solvent and/or nucleo-
phile (Equation 24). Radical coupling can also be a
possible mode of termination (Equation 25), however, in the
case where iodobenzene is the substrate, nc biphenyl has

been detected.42
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tron transfer to the substrate can also be a termination
step. The two largest groups of nucleophiles that exhibit
this type of behavior are the cyanomethyl anions and the
alkanethiolate ions.9 For example, the reaction of iodo-
benzene and cyanomethyl anion yield as the major products
toluene and bibenzyl43 (Scheme 10). What occurs is that the
phenyl radical couples with the nucleophile to yield the

radical anion of benzyl cyanide (20) (Equation 26). Radical
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anion 20 does not transfer its electron to iodobenzene, but
dissociates to give the benzyl radical (21) and the cyanide
ion (Equation 27). The benzyl radical either dimerizes to
give bibenzyl or is reduced to an anion which eventually
yields toluene; What is notable is that an electron was not
transferred back to the substrate, thus, the dissociation of

the radical anion was a termination step.

Scheme 10.

O+ omen 2 (Y

‘.- N
O +cwen — | (26)

N—! | > + “CN (27)
o =—0"
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Reactivity

Recently, the comparative reactivity of nucleophiles
employed in the aromatic SRN1 reaction has gained some
attention..27’38’44’45 Consider Scheme 11 where reactions
28-32 outline the propagation steps for a SRN1 reaction when
two nucleophiles, Nu, and NuB, are present. If the chain
length of the reaction is high and if electron transfer back
to the substrate is fast and irreversible, the relative
yields of the coupled products are related to the relative
rate constants for Equations 29 and 30 via Equation 33.
Knowing the initial concentrations of the nucleophiles, the
relative rate constants can be calculated. Electrochemical
determination of relative rate constants are based on the
same assumptions as above but use product currents in
place of product yields for the calculation of the ratio of
rate constants (Equation 34). Tables 4-6 summarize all the

relative reactivitie

/4]

P i L T [ L ppunr. [ Py
VUL varioud nuclieopnLies vowai'ud a [iuseu

of substrates that have appeared in the literature.

Scheme

@x i | | > ©.+ X~ (28)




Scheme 11. continued.
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Table 4. Nucleophile reactivity relative to thiophenoxide
determined electrochemically in liquid ammonia

at -38 °C
Radical PhS”™ (EtO)ZPO’ 'CHZCOCH3 ref
4-cyanophenyl 1 0.4 0.8 27
2-cyanophenyl 1 0.6 0.6 27
3-cyanophenyl 1 0.5 1.8 27
2-quinolyl 1 1.9 6.6 27
3-quinolyl 1 0.4 2.0 27
4-quinolyl 1 0.5 1.7 27
3-pyridyl 1 0.7 1.6 27
1-naphthyl 1 1.6 2.1 27
2-naphthyl 1 2.0 2.2 27

Table 5. Enolate reactivity relative to pinacolone enclate
ion for phenyl radical in DMSO at 25 OC determined
using the competition technique

ketone relative rate ref
pinacolone 1.00 44
acetone 1.09 44
cyclohexane 0.67 44
2-butanone 1.10 44
3-pentancne 1.40 Al

phenyl acetone 0.39 44
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Table 6. Nucleophilic reactivity relative to thiophenoxide
for phenyl radical in liquid ammonia

nucelophile relative rate ref
PhO™ 0.0 45
PhS~™ 1.0 45
PhSe~™ 5.8 45

PhTe™ 28.0 45
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The most notable feature is that the reactivity of all
of the nucleophiles, with the exception of thiophenoxide,
are similar. A possible reason for such a reactivity pat-
tern is that the phenyl radical reacts with the nucleophiles
at diffusion controlled rates. However, this is incon-
sistent with reported absolute rate constants.17 In the
case of thiophenoxide, it has been postulated that an
encounter complex between phenyl radical and thiophenoxide
forms reversibly (Scheme 12). Carbon-sulfur bond formation
to yield diphenyl sulfide radical anion is slower than

dissociation of the encounter complex.

Scheme.12.
Ph* + PhS® —~——p> Ph* -SPh
encounter
complex

Ph* -SPh —— > [Ph-S-Ph]™

A few absolute rate constants Ior the coupling of aryil
radicals with various nucleophiles have been determined
using electrochemical techniques. Table 7 summarizes the

rate constants that have been determined.

Synthetic Applications
The most widely used aromatic Sgy1 reaction in
synthesis is the intramolecular enolate arylation.9 For
example, cephalotaxinone (gg) was synthesized fror iodo-

ketone (23) using potassium t-butoxide in iiquid ammonia
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Table 7. Absolute rate constants for the coupling of aryl
radicals with nucleophiles in liquid ammonia
determined electrochemically at -38 °C

radical PhS~ (Et0),P0~ CHzCOCH,™  ref
2-cyanophenyl 1.4 X 1010 8.0 x 109 2.4 x 1010 27
3-cyanophenyl 1.5 x 1010 75 x 109 9.0 x 109 27
4-cyanophenyl 3.4 X 107 1.4 X 109 2.6 X 10° 27
i-naphthyl 2.0 x 1010 3.2 x 1070 4.2 x 1010 27
2-quinolyl 1.4 X 107 2.6 X 107 9.1 x 107 27
3-quinolyl 1.9 X 109 7.6 X 108 3.8 x 109 27
4-quinolyl 3.2 X 109 1.6 X 109 5.4 x 109 27
3-pyridyl 1.0 X 1019 7.0 x 109 1.6 x 1010 27
2-pyridyl 1.0 X 108 27
phenyl 2.6 x 107 3.8 X 108 19
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under photostimulation (Equation 35). Using the intra-
molecular Spyl reaction lead to product 22 in 94% yield.46
Other approaches, such as the aryne reaction and Ni(O)

catalyzed reaction gave the product in less than 35% yield.

Statement of Research Problem

An earlier study presented evidence for a second kinet-
ically éignificant intermediate in the aromatic Sgy?
reaction.’9 The mechanism of the aromatic Sgpy1 was studied
using two approaches: 1) comparing phenyl radical
reactivity with nucleophiles when generated from an unambig-

uous scurce or from the aromatic SRN1 reaction; 2) an intra-

phite ion reacted with icdobenzene via the SRN1 reaction to
vield diethyl ester phenylphosphonic acid (diethyl phenyl-
phosphonate, 24) in 68% yield (Equation 36). However, when
phenyl radical was generated from the thermolysis of phenyl-
azotriphenylmethane (PAT) in the presence of the dietﬁyl

phosphite ion, no diethyl phenylphosphonate was formed
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(Equation 37).

o %

R hv, DMSO POE

@' + “P(OED), —— - @' 2 56)
68%, 24 5
q

. ﬁ FOEY,
- -

@ T TPOEY, @ (37)
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Based on the above experimental facts, it was post-
ulated that the diethyl phosphite ion reacted with some
intermediate other than a sigma phenyl radical to yield the
diethyl phenylphosphate. The requirements for this inter-
mediate, X, were that it must be paramagnetic and a
precursor to a free aryl radical. The identity of the
intermediate was discussed with respect to several possi-
bilities; a haloarene radical anion, an excited state aryl
radical and an excited state aryl radical/halide complex.

The mechanism proposed is outlined in Scheme 13 where
the intermediate is represented by X. The key reaction is
the reduction of iodobenzene by one electron to yield X. It
was proposed that intermediate X could be trapped by diethyl

phosphite ion (PT) to eventually yield the diethyl phenyi-
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phosphonate or could decompose/relax to a sigma phenyl
radical which was trapped by certain nucleophiles but not by
the diethyl phosphite anion. Another fatg of the phenyl
radical is the abstraction of a hydrogen atom from the
solvent. Competition studies between diethyl phosphite and
nitronate anions in the aromatic Sgy1 led to an assignment

of the kr/kp* ratio as 0.16 M.

Scheme 13

This section presents the extension of the above
problem to nucleophiles other than diethyl phosphite and
nitronate ions. The problem was approached from two per-
spectives. The aryl radical intermediate in the arcomati
Spy1 reaction and the aryl radical generated from an unam-
biguous source (PAT) will be compared with respect to their

reactivity toward various nucleophiles. The other approach
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was the measurement of kr/kp* via competition studies
pitting two nucleophiles against each other in the aromatic
SRN‘I reaction. If Scheme 13 is correct, ’ghe fraction of PhI
reacting by the kn* rate should increase with the concen-

tration of nucleophile (e.g., PT=(Et0),P07).
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RESULTS AND DISCUSSION

Competition Studies

In this section, competition studies pitting two
nucleophiles versus each other in the aromatic SRN1 reaction
are reported. The objective of the study was to gain
evidence for or against the existence of a second
kinetically significant intermediate in the aromatic Sppy1
reaction. The relative reactivity of the nucleophiles
competing for intermediates in the aromatic Spy1 reaction
and phenyl radicals generated from the thermolysis of
phenylazotriphenylmethane were measured and compared.

Reactivity of nucleophiles toward phenyl radicals generated
from PAT

The thermolysis of phenylazotriphenylmethane (PAT)
generates greater than 90% yield of phenyl radicals.47-50
Scheme 14 outlines the mechanism for the thermolysis of PAT.

The cleavage of the nitrogen-triphenylmethyl bond occurs

nitrogen from the diazenyl radical. The loss of nitrogen
from the diazenyl radical to give the phenyl radical can
also occur in the solvent cage. It is reported that
nydrogen atom abstraction occurs within the solvent cage to

yield benzene in 5.4%. Thus, the yields of benzene reported
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are the differences between the measured yield and 5.4%.

Scheme 14.

Ph-N=N-CPh3 > Ph-N=N°* + 'CPh3

Ph-N=N* + ’CPh3 ————p Ph-H + N?_ + ‘CPh3

Ph-N=N* + *CPhz ——m> Ph-N=N* + ’CPh3

Ph-N=N" > Ph* + Ny

Pinacolone enolate reacts with iodobenzene in DMSO
under photostimulation to give 1-phenyi-3,3-dimethyl-2-
butanone (25) and 1,1-diphenyl-3,3-dimethyl-2-butanone (26)
in 79% and 9% yields respectively (Equation 38). When
phenyl radicals were generated by the thermolysis of PAT in
the presence of pinacolone énolate in DMSO, 1-phenyl-3,3-
dimethyl-2-butanone was the major product along with some
benzene (Equation 39). The results indicate that pinacolone -
enolate reacts with the aryl intermediates in the aromatic
Sgy1 reaction and sigma phenyl radical to yield the substi-
tuted product. However, the two experiments do not give

cSi

T
F-l
o

] Q.
©r'+ /slgﬁ:—‘?"—‘-s-g-pm( + \Q/ X (38)
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o " H
O Ke= T-O" o

80% - 17°%

Results for the competition of diethyl phosphite ion
and pinacolone enolate for the phenyl radical generated from
PAT are presented in Table 8. No diethyl phenylphosphonate
was formed, suggesting thét phenyl radical and diethyl phes-
phite ion do not couple to yield the substituted product.
This was consistent with the earlier results.10 It is
notable, however, that the mass balance of the reaction is

below 40%.

Competition with iodobenzene

Considering the experimental facts presented above, the
mechanism outlined in Scheme 15 was proposed for the
reaction of pinacolone enolate/diethyl phosphite ion with
iodobenzene. 1In the first step, iodobenzene is reduced by
one electron to yieid intermediate X. Intermediate X can be

13 delaa
LU vl

trapped by diethyl phosphite ion to eventually yi

m

diethyl phenylphosphonate or relax/decompose to sigma phenyl
radical (Ph*). The sigma phenyl radical can either be

trapped by pinacolone enolate or abstract a hydrogen atom to

form benzene.
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Table 8. The yields for 1-phenyl-3,5-dimethyl-2-butanone
(25) and diethyl phenylphosphonate (24) from the
reaction of pinacolone enolate/diethyl phosphite
ion with phenyl radical as a function of time for
two experiments

% yielad

time (min.) 25 26 24
exp A2

30 6.1 - -

60 12.1 - ) -

S0 15.1 - -

120 20.5 - -

180 29.0 - -

" 240 30.7 - -

300 34.0 - -

360 39.0 - -
exp B2

30 6.1 - -

60 15.4 - -

90 20.0 - -

120 21.1 - -

180 30.9 - -

240 32.3 - -

300 34.0 - -

2[PAT]=0.027 ¥, [“CH,COtBu]=0.35 M,
[(Et0),P0"]1=0.31 M.
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Applying the steady state approximation for Ph* in
Scheme 15, it is possible to derive a rate expression for
the formation of products 24 and 25 (Equations 40 and 41).
The concentration of pinacolone enolate is represented by
[E”] and the concentration of diethyl phosphite ion by [PT].
The ratio of concentrations of the two nucleophiles were
constant for all competition experiments. Integrating the
rate expression to time equal infinity gives Egquations 42
and 43, relating the product yields to the kinetic
expression. The steady state concentration of Ph* is given
by Equation 44. Substituting Equation 44 into Equation 43
gives Equation 45 relating the yield of 25 to the concen-
tration of intermediate X. Dividing Equation 45 by 40
allows the ratio of yields of 25/24 to be related to a
kinetic expression (Equation 46), which is simplified to

Equation 47.

Scheme 15.
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d24/dt = kye [PT1[X] (40)
d25/dt = k, [ET][Ph*]gg (41)
Ygi = kp* [PT]1[X] (42)
Yo5 = kg [ET][Ph"lgq (43)
k, [X]
[Ph*lgg = . (44)
ke [E ] + RH
k.kp [ET][X]
Yg.é = 1,r E:r.‘"l +R (45)
n L& o
Y k k. [E7]
22 . er (46)
Y_Z_A kp* [P‘](ke[E"] + Ry)
Y = k., £
Yoy ke [P7]
k_ [E™
where f = < ]
ke[E-] + RH

The results of competing pinacolone enolate (ET) versus
diethyl phosphite ion (P”) with iodobenzene under photo-
stimulation by a sunlamp in DMSO for 3 minutes is presented
in Table 9. 1If the mechanism outiined in Scheme 15 was
correct, a plot of the yield ratio of 25/24 versus [P']‘1
should result in a straight line with a slope equaling
krf/kp* and a y-intercept of zero. A plot of the yield
ratio of 25/24 versus [P']'1 is presented by Figure 1. The
plots presented do not have a y-intercept of zero. The

average intercept value for the two experiments was 1.1.
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Table 9. The yields of 1-phenyl-3,3-dimethyl-2-butanone
(25) and diethyl phenylphosphonate (24) from
the competition of pinacolone enolate versus
diethyl phosphite ion with iodobenzene in DMSO

% yvield

[c1- 25 24 25/24
exp A2

3.03 61.5 43.2 .42
4.66 63.1 38.1 1.66
6.06 63.2 36.6 1.73
8.66 64.8 31.6 2.07
10.10 64.6 31.4 2.06
exp BP

3.23 58.5 43.8 1.34
4.96 62.7 43.2 1.45
6.45 60.2 36.4 1.65
8.06 61.6 34.6 1.78

3[Ph-I1=4.5 X 1075 M, [“CH,COtBu]=0.33 M,
[(Et0),P07]=0.31 M.

P[Ph-I1]=4.5 X 1073 M, [~CH,COt-Bu]=0.31 M,
[(EtO),P07]=0.31 M. '
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Figure 1. A plot of theyield ratio of 25/24 versus [C]'1
for the competition of pinacolone enolate versus
diethyl phosphite ion with iodobenzene in DMSO
for experiments A (circle) and B (square)
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The average slope of the plots was 0.092.

The mechanism outlined in Scheme 14 was revised in
light of the above results and is presented in Scheme 16.
The only revision is that pinacolone not only attacks sigma
phenyl radical, but also traps intermediate X. Applying the
steady state approximation for Ph* in Scheme 16 as described

earlier, results in Equation 48. Fitting Equation 48 to the

(@)

ata ploctted, the y-intercept, ke*/kp*’ egquals 1,1 while the

slope of the line, 0.092, equals fekr/k

p**
Scheme &
q
©¢P(OEt‘2
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' K e Ry- H
Q— =00
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Substrates other than iodobenzene were also used for
the competition study to investigate a possible leaving
group effect on the fekr/kp* and ke*/kp* ratios. The
substrates employed were bromobenzene, diphenyl sulfide, and
phenyltrimethylammonium iodide. The resylts of the competi-
tion studies are presented in Tables 10, 11, and 12. The
results were plotted and are presented in Figures 2, 3 and
4. The average values for the four substrates are sum-
marized in Table 13. For all four substrates, the y-inter-
cept and slope of the plotted data are within experimental
error of each other. -

The small dependence of the yield ratios on the concen-
tration of the nucleophiles (i.e., a small slope) and no
leaving group effect (i.e., no change in the y-intercept)
indicated an error in the analysis of the mechanism of the
aromatic SRN1 reaction. If one intermediate was involved,
namely a sigma phenyl radical, the yield ratios would be
independent of the nucleophile concentration (Scheme 17,
Equation 49). Plotting the yield ratio versus [C]‘1 would
result in a horizonial line with a y-intercept equaling
ke/kp, the ratio of rate constants for the attack of
pinacolone enolate and diethyl phosphite ion on the phenyl

radical.
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Table 10. The yields of 1-phenyl-3,3-dimethyl-2-butanone
(25) and diethyl phenylphoshonate (24) from the
competition of pinacolone enolate versus diethyl
phosphite ion with diphenyl sulfide in DMSO

% yield

(c1=? 25 24 25/24

exp A%
5.22 51.4 22.0 2.34
5.0 ° 58.1 23.1 2.52
8.33 60.5 221 2.74
10.75 57.5 19.4 2.96

exp Bb
3.45 57.3 24.9 2.3
8.33 55.7 21.5 2.56
10.0 55.6 19.9 2.79
11.5 60.5 19.8 3.05

3[Ph-I]=4.3 X 1072 M, [TCH,COtBul=0.31 M,
[(Et0),P07]=0.30 M.

O[Ph-I1=4.3 X 1073 M, [“CH,COtBul=0.29 M,
(Et0),P07]=0.30 M.
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Table 11. The yields of 1-phenyl-3,3-dimethyl-2-butanone
(25) and diethyl phenylphosphonate (24) from the
competition of pinacolone enolate versus diethyl
phosphite ion with bromobenzene in DMSO

% yield

[c1-'. 25 24 25/24
exp A%

3.353 i2.2 11.3 1.08
5.13 12.9 11.0 1.17
7.41 12.6 10.3 1.22
8.33 13.2 10.3 1.28
1.1 12.4 8.4 1.43
exp BP

3.33 18.5 17.3 1.07
6.67 20.7 15.8 1.31
8.33 19.3 14.2 1.36
9.52 18.7 12.0 1.48

3[Ph-Br]=1.0 X 10~" M, [ CH,COtBu}=0.30 H,
[ (Et0),P0~1=0.30 M.

®[Ph-Br]=4.2 X 107> M, [“CH,COtBul=0.30 M,
[(Et0),P07]=0.30 M.




50

Table 12. The yields of 1-phenyl-3,5-dimethyl-2-butanone
(25) and diethyl phenylphosphonate (24) from the
competition of pinacolone enolate versus diethyl
phosphite ion with phenyltrimethylammonium
iodide in DMSO

% yield
e’ 2 24 25/24
3.23 30.0 12.9 2.1
4.96 39.4 18.3 2.1
7.17 38.7 18.7 2.2
10075 4207 19.4 202

2[PhNMez*I"]=5.0 X 1072 M, [TCH,COtBu]=0.30 M,
[(Et0),P07]=0.31 M.

Table 13. Values for k_x/k.x and fkr/k » ratios for
iodobenzene,%u@ obenzene, df%henyl sulfide, and
phenyltrimethylammonium iodide

substrate ke*/kp* fkr/kp*

PhN“e3+1' 2.05 0.015
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Figure 2. A plot of theyield ratio of 25/24 versus [c]-]
for the competition of pinacolone enolate versus
diethyl phosphite ion with diphenyl sulifide in
DMSO for experiments A {circle) and B (square)
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Figure 3. Aplot of theyield ratio of 25/24 versus [C] 11
for the competition of pinacdlone enolate versus
diethyl phosphite ion with bromobenzene in DMSO
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for the competition of pinacolone enclate versus
diethyl phosphite ion with phenyltrimethyl-
anmonium iodide in DMSO for the experiment of
Table 12




54

Scheme 17.
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The earlier studies'® had been interpreted as showing
that sigma phenyl radical and diethyl phosphite ion did not
coupie to form dietnyl phenylipih honat
that the mass balances of the PAT thermolyses were always
below 40% when diethyl phosphite ion was present indicated
that one of three processes was occurring: 1) the diethyl
phosphite ion reduces the diazenyl radical before loss of
nitrogen to give the phenyl radical (Scheme 18); 2) the
attack of phenyl radical con diethyl phosphite ion is
reversible because the trityl radical can not oxidize the

radical ion formed (Scheme 19); 3) the product of the
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coupling (PhP(0)(OEt),) is destroyed during the reaction.

Scheme 18.

Ph-N=N-CPhs —> Ph-N=N* + *CPhs
Ph-N=N°* + ~P(0)(0Et),———1> Ph-N=N" + °P(0)(0Et),
Ph-N=N~ + H* > Ph-N=N-H

Scheme 19.
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Process one was easily be checked by measuring the
amount of nitrogen produced during the reaction (Equation
50). The yield of nitrogen produced was well over 80%.
This result indicated that the diazenyl radical does

decompose to yield phenyl radical in greater than 80% yield.
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Process two was investigated by adding an electron
acceptor, 4-iodoanisole, to the reaction mixture. The only
products formed were benzene (14.7%) and anisole (64.3%)
(Equation 51). None of the diethyl phosphite ion substi-
tuted products were detected. The anisole formed during the
reaction is from a dark reaction between 4-iodoanisole and
diethyl phosphite ion (Equation 52). As a control experi-
ment, diethyl phesphite ion was reacted with 4-iodoanisole
under Spy?1 conditions (Equation 53). The reaction gave the
p-methoxyphenylphosphonate (27) in 40% yield and no anisole
was detected. This result prompted the runnihg of the PAT,
4-iodoanisole, and diethyl phosphite ion reaction under Spy1
conditions (Equation 54). The temperature inside the photo-
chemical reactor was 45 °C, high enough to decompose the
PAT, and the ultra-violet irradiation would initiate the

aromatic SRN1 reaction between 4-iodoanisole and diethyl

was not quantified. Significantly, p-methoxyphenyl phos-

phonate was not detected.

45°C Me
PAT+0 +‘P(OE O Cr" 1
eO Q 2 22n oM (51)

14.7° 643°%

@* T dark, DMS©_ @OM‘-‘

e T TOR IERC 2o
e

(52)
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The results indicated that the diethyl phenylphos-
phonate must be formed but is destroyed under the conditions
of the PAT reaction, process three. To check this hypo-
thesis, a solution containing diethyl phenylphosphonate,
diethyl phosphite ion and potassium t-butoxide was studied
as a function of time under thermolysis conditions (Equation
55). The results are presented in Table 14. The diethyl
phenylphosphonate decomposes very quickly under the condi-
tions employed for the PAT thermolysis reactions. It was
discovered, however, that if the amount of t-butoxide in the
reaction mixture is decreased, the diethyl phenylphosphonate

is stable (Table 1i5).

o
1 o
/\(P(OEﬁZ n 45°C (55)
+ - + t-BuUO ———
@J POED, B0 ===
- 24

Determining that the reaction condition played a major
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role in the stability of the diethyl phenylphosphonate,
phenyl radical was generated in the presence of diethyl
phosphite ion without excess t-butoxide in solution. This
was achieved by adding an excess of dieth§l phosphite to
protonate all of the t-butoxide (Equation 56). The results
show that phenyl radical will couple with diethyl phosphite
ion in high yield (80%).

N=N-CPh3 7 45 c
+ “POEY, (56)

The relative reactivify of pinacolone enolate to
diethyl phosphite ion toward phenyl radical generated from
PAT was measured and compared with the y-intercept of the
competition plots presented earlier. However, the relative
reactivity between these two nucleophiles could not be
measured directly. The pinacolone enolate is tco basic
resulting in the decomposition of the diethyl phenyl
phonate. Therefore, the relative reactivity of the two
nucleophiles had to calculated via a relay nucleophile. The
relay nucleophile choosen was the enolate of ethyl phenyl-
acetate. Tables 16 and 17 present the results pitting
diethyl phosphite versus ethyl phenylacetate enolate

Table 14. Time study of the decomposition of diethyl
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Table 14. Time study of the decomposition of diethyl
phenylphosphonate (24)

time (min.) % of 24
30 64.2
60 49.0

120 34.0
310 8.3
640 1.6

8[(Et0),P07]=0.31 M, [tBu0~]=0.03 M,
at t=0, [Pth(OEt)a] =0.03 M.

Table 15. Time study of the decomposition of diethyl
phenylphosphonate (24) with slight excess of
potassium t-butoxide present

time (min.) % of 24

15 108.0

30 100.8

70 108.3
120 111.0
180 108.3
345 103.6
1320 100.0

3[ (E£0),P0"]=0 BuO 1=8.4 X 1077 ¥,
at t=0, [PnPS{0EL),
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(kp/kacet) and pinacolone enolate versus ethyl phenylacetate
enolate (kg/k,.et). The relative rate constants determined
were kp/kacet=1’8 and Ko/ky,04=2.8 (Scheme 20). The cal-
culatad relative reactivity of pinacolone enolate to diethyl
phosphite ion was 1.6 (ke/kp=1.6). This value agrees very
well with the y-intercepts of Figures 1, 2, 3, and 4. The
agreement of the two values obtained indicate only one
intermediate exists in the aromatic Spy1 reaction, a sigma

phenyl radical.

Scheme 20.
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Table 16. The relative reactivity of diethyl phosphite ion
to ethyl phenylacetate enolate for phenyl
radical at 45 °C in DMSO

% yield®
24 28 kp/kacet
32.8 13.3 1.8
34.0 13.2 1.9
ave 1.85

8[(Et0),P07]=0.11 M, [“CH(Ph)CO,Et]=0.093
[PAT]=0.0075"M.

Table 17. The relative reactivity of pinacolone enolate to
ethyl BhenVIacetate enolate for phenyl radical
at 45 YC in DMSO

% yield?
25 28 ke /kacet
45.8 17.1 2.94
43.4 18.4 2.59

ave 2.77

2[7CcHoCOtBu]l=0.098 M, ["CH(PR)CO,Et}=0.11 M
(PATI-G 0078 M.
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Further evidence for a single intermediate can be
presented. The results from the competition of pinacolone
enolate versus thiophenoxide in the Spy1 process is
presented in Table 18. The ratio of the yields of 25/29
versus [C]'1 are plotted in Figure 5. The plot exhibits a
slight curvature at small [C]'1. The y-intercept is 3.3.

The relative reactivity of this pair toward sigma
pnenyl radical from PAT can not be measured directly. Since
diphenyl sulfide reacts with pinacolone enolate via the
aromatic SRN1 reaction to yield 1-phenyl-3,5-dimethyl-2-
butanone, which is also the product from phenyl radical
coupling with pinacolone enolate. Thus, the relative
reactivity was calculated via the relay method described
earlier. The results of the thiophenoxide versus ethyl
phenylacetate enolate (ks/kacet) is presented in Table 19
(Scheme 21). The relative reactivity of thiophenoxide to
ethyl phenylacetate enoiate was 0.84. Since thne relative
reactivity of pinacolone enolate to ethyl phenyacetate
enolate was 2.77 (Table 17), the calculated relative
reactivity of ﬁinacolone enolate to thiophenoxide ion is 3.3
This value agrees very well with the value of the y-inter-
cept from the SRN1 competition studies indicating the same

intermediate in the PAT and Spy1 experiments.
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Scheme 21.
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Initial Relative Reactivities

In this section, the initial relative reactivities of
several nucleophiles have been determined. Each reaction
competed two or three nucleophiles against each other and
was studied as a function of time. Aliquots were removed at
set time intervals and worked up as described in the experi-
mental section. The yields of the products, as determined
by gas chromatography, were plotted versus time. Smooth
curves were drawn for each set of product points. Tangents
were drawn by reflection to the smooth curves at time
equaling zero (t=0) using a tangent meter.

The ratio of the slopes of the tangents are related to
the initial rate constants by Equation 57. Equation 57 can
then be rearranged to give the ratio of rate constants,
kA/kB= as a function of experimentally measured parameters,

concentration of nucleophiles and the slope of the tangents
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Table 18. The yields of 1-phenyl-3,3-dimethyl-2-butanone
(25) and diphenyl sulfide (29) from the
competition of pinacolone enolate versus
thiophenoxide with iodobenzene in DMSO

[c1-? 25/29
exp A2
2.04 4.15
3.14 4.41
5.10 5.05
5.83 5.01
8.16 5.85
10.20 5.77
exp Bb
3.44 ' 4.58
5.31 5.20
6.90 5.43
8.62 5.72
9.85 5.95

___2[Ph-I]=4.8 X 1073 M, [“CH,COtBul=0.49 M,

®[Ph-1]=4.8 X 1077 M, [TCH,COtBul=0.29 H,
[PhS™1=0.29 M.
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Table 19. The relative reactivity of thiophenoxide to
- ethyl phenylacetate enolate toward phenyl
radical at 45 °C in DMSO

% yield®
28 23 ks/kacet
28.2 32.3 0.83
28.5 32.0 0.85

ave 0.84

8[PhS™]=0.10 M, [TCH(Ph)CO,Et]=0.095 M
[PAT]=0.0085 M.
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Figure 5. Aplotof theyield ratio of 25/29 versus [c1-1
for the competition of pinacoione enolate versus
thiophenoxide with icdobenzene in DMSO for
experiments A (circle) and B (square)
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at t=0 (Equation 58).

[dA/at]  k, [Nu,]

= (57)
[dB/dt] kg [Nug]

k, [aa/at] [Nug]

- (58)

where [dA/dt]=slope of tangent at t=0 for
product A
{dB/dt]=slope of tangent at t=0 for
product B
[Nuyl=concentration of nucleophile
that yields product A
[NuB]=concentration of nucleophile
that yields product B

All reactions were preformed in dry, deoxygenated DMSO.
The aromatic Sgpy1 reactions were photostimulated using
ultra-violet light at 45 °C (350 nm through Pyrex).
Phenylazotriphenylmethane was thermolyzed 45 °C. The
counter ion of the nucleophiles, potassium, was complexed
with 18-crown-6.

Time study of the reaction of pinacolone enolate with
iodgbenzene

mi Lo~ do <+~ 3 4= : 2 .
The photostimulated reacticn of pinacclone enclate with

O
Q

halobenzenes in DMSO is a well documented reaction yi

O
()
L
[
3
o

the mono phenylated product (70-80%) along with some
diphenylated product (4-19%)(Equation 59).27 However, in
the dark, the only product formed was i-phenyi-3,5-dimethyi-
2-butanone (23) in quantitative yield after 105 minutes

(Equaticn 60).13 The generation cof phenyl radical by the
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thermolysis of PAT in the presence of pinacolone enolate
yields 1-phenyl-3,3-dimethyl-2-butanone (25) in high yield.
Only a trace of 1,1-diphenyl-3,3-dimethyl-2-butanone (26) is
detected.

| Q
@ A —ve > m* o2

@ 274 DMSO W (60)

Enolates of esters have also exhibited high yields of
diphenylated products in 1liquid ammonia.9 For example, the
potassium enolate of t-butyl acetate reacted with breme-
benzene under photostimulation in liquid ammonia to yield
the mono-substituted and disubstituted products in very high
yields. The most striking feature of this reaction is the

significant yield of the diphenylated product (Egquation 61).

O
" Loa i O O
S;;; + Bu-ﬁrr-—bfg;;L é> + &;;2- Aé, . .

NFg (61)
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In an attempt to understand this reaction, a time study
of the photostimulated reaction of pinacolone enolate with
iodobenzene was carried out (Equation 62). The results of
the study are summarized in Table 20. Thé ratio of 1-
phenyl-3,3-dimethyl-2-butanone (25) to 1,1-diphenyl-3,3-
dimethyl-2-butanone (26) is plotted versus time (¥igures 6
and 7).

)
@ j% —=—> @’\BX (62)

In the early stages of the reaction (0-10 min.), the
amount of diphenylated product is larger than expected
causing che ra
reaction proceeded, the ratio reached a maximum (10-15 mins.)
and then decreased reaching a plateau of approximately 17
after 60 min.

Assuming that the relative reactivity of 1-phenyl-3,3-
dimethyl-2-butanone enolate (30) to pinacolone enolate (31)
is similar to the phenylacetone-acetone enolate pair, the
ratio of the products can be calculated. For example, at

t=50 min., the concentration of 41-phenyi-3,3-dimethyli-2-
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butanone is 0.038 M. The concentration of pinacolone
enolate is 0.17 M. The relative reactivity of 31/30, making
the above assumption, is 2.8. Substituting these values
into Equation 63 yields Equation 64 resulfing in a ratio of
31/30 equaling 12. This is in good agreement with the

experimental result of 15 at t=50 min.

¥p5 ke [E7.
== = (63)
Yo Kei[E'"]
Y25/Y26 = 12 (64)

The large amount of 26 produced in the early stages of
the reaction can perhaps bé explained by considering the
initiation step of the reaction. As discussed in the intro-
duction, Fox16 and coworkers found that a charge transfer
complex exists between iodobenzene and pinacolone enolate.

A similar charge transfer complex may also exist between

the enolate of 26 and iocdobenzene (Scheme 22). Photclysis

alpha-keto radical in a solvent cage. Before the radicals

diffuse apart, they can couple yielding the substituted

product.
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Table 20. The yields of 1-phenyl-3,5-dimethyl-2-butanone
(25) and 1,1-diphenyl=-3,3-dimethyl-2-butanone
(26) from the reaction of pinacolone enolate
with iodobenzene as a function of time

% yield

time (min.) 25 26 [25+26]1/26

exp A2
2 6.9 1.1 6.3
4 12.7 1.0 12.6
6 22.8 1.2 23.8
8 27.7 1.5 24 .1
10 35.3 1.5 24.5
15 54.3 2.2 25.7
20 51.6 2.4 22.5
30 64.9 3.2 21.3
35 58.0 3.3 18.6
40 71.5 4.0 18,9
45 45.1 3.2 15.1
50 63.1 3.8 17.6
55 63.2 3.8 17.6
60 58.2 3.6 17.2

oA
L]

3[Ph-1]=0.03 M, [TCH5C(0)t-Bu]=0.20
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Table 20. continued

% yield
time (min.) 25 26 | [25+261/26
exp BP
4 14.7 0.7 22.9
6 23 .1 0.8 30.6
8 27.4 0.9 33.2
10 38.2 1.4 28.3
15 53.4 2.6 21.5
20 49.9 2.5 21.0
25 83.4 5.1 17.4
30 76.1 4.8 16.9
35 74.1 4.6 17.1
40 88.0 5.9 15.9
50 71.4 4.5 16.9
55 70.8 5.1 14.9
60 66.6 4.5 15.8

P(Ph-1]=0.03 M, [“CH,C(0)t-Bul=0.17 M.
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A plot of the yield ratio of 1-phenyl-3,3-
dimethyl-2-butanone (25) to 1,1-diphenyl-3,3-
dimethyl-2-butanone (26) versus time for the
reaction of pinacoione enolate with iodobenzene
(experiment A, Table 20)
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A plot of the yield ratio of 1-phenyl-3,3-di-
methyl-2-butanone (25) to 1,1-diphenyl-3,3-
dimethyl-2-butanone (26) versus time for

the reaction of pinacolone enolate with iodo-
benzene (experiment B, Table 20)
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Scheme 22.
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The coupling of the phenyl radical and alpha-keto

radical in the solvent cage may be the major product
formation step in the first 5 to 10 mins. of the reaction.
As the reaction time increases, the kinetic chain length
apparently increases until the propagation steps of the

reaccion become the major product forming step. This occurs

complex with iodobenzene than 32.
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Pinacolone enolate versus diethyl phosphite ion with
iodobenzene

Ph-I + “CHyCOtBu + 'PO(OEt)Z-——EX—£> PhCH;COtBu + PhPO(OEt),

The initial rate results for the pinacolone enolate,
diethyl phosphite couple are summarized in Table 21.

Figures 8 and 9 are the curves resulting from plotting the
product yields versus time. The initial relative rates were
calculated from these curves as described earlier and are
summarized in Table 22. The average initial relative rate
for the pinacolone/diethyl phosphate pair is 3.8.

Figures 10 and 11 are the curves resulting from
plotting the ratio of [g§+g§]/gi versus time. Ideally, a
line with a slope of nearly zero and y-intercept having the
value of the initial relative rate should occur. The plot
has two distinct curves., The curve from t=0 to 15 min.
suggests that a product, 25, is formed from another process
other than radical-nucleophile coupling, and the importance
of this process decreases over time. One explanation is
that at the begining of the reaction, product 25 arises from
radical coupling after electron transfer in the charge-
transfer complex. As the reaction proceeds, the propagation
steps become the dominant processes. After t=15 min., the
ratio of 25/24 increases dramatically. This sharp increase
of the ratio is the result of the destruction of the diethyl

phenylphosphonate during the reaction.
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Addition of iodide ion to the reaction mixture changes
the initial relative rates. Table 23 summarizes the yields
of the products and the plotted results are given in Figures
12 and 13. The initial relative rates for the pinacolone/
diethyl phosphite pair in the presence of iodide ion is 1.7
(Figure 12). Ploting 25/24 versus time gives a horizontal
line with a small slope and a y-intercept of 1.95 (Figure
13).

Addition of iodide inhibits the formation of 25 in the
early stages of the reaction. One possible explanation is
that iodide ion destroys the charge-transfer complex between
iodobenzene and pinacolone enolate, preventing the formation

of 25 from radical-radical coupling in the solvent cage.

Pinacolone enolate versus thiophenoxide with iodobenzene

Ph-I + ~CH,COtBu + PhS™ ———v— 45 PhCH,COtBu + Phy,S

Table 24 summarizes the results from the initial
relative rate study for the pinacolone enolate/thiophenoxide
pair with iodobenzene. Figures 14 and 15 are yield versus
time plots from which the initial relative rates were
calculated. The average value for the relative rates for
pinacolone enolate to thiophenoxide was 3.2 (Table 25).

Figure 16 is a plot of the ratio of yield of 25/29

versus time. BEach plot has a slight curvature toward higher
P g




78

Table 21. The yields of 1-phenyl-3,3-dimethyl-2-butanone
(25), 1,1-diphenyl-3,3-dimethyl-2-butanone (26),
and diethyl phenylphosphonate (24) from the
reaction of pinacolone enolate/diethyl phosphite
ion with iodobenzene as a function of time

% yield
time (min.) 25 26 24 [25+26]/24
exp A®
5 18.3 - 5.2 3.5
10 30.9 0.6 9.0 3.5
15 40.9 0.8 13.8 3.0
20 57.9 1.3 17.2 3.4
25 64.4 1.4 17.6 3.7
30 65.8 1.4 15.6 4.3
35 69.4 1.5 13.3 5.3
exp P
5 17.4 - AT 3.7
10 28.1 0.7 8.3 3.5
15 42.3 0.9 13.8 3.1
20 54.5 1.C 14.7 3.8
25 58.3 1.5 14.9 4.0
30 58.7 1.7 12.1 5.0

8[Ph-1]=0.05 M, [TCH,C(0)t-Buj=0.30 H,
[(Et0),P0~]=0.28 M.

__ P[Pn-11=0.054 M, [-CH,C(0)t-Bul=C.26 M,
L(Et0),P0-]=0.26 H.
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Table 21. continued

% yield
time (min.) 25 26 24 [25+261/24
35 63.6 1.5 1.2 5.8
40 62.4 1.3 8.3 7.7
45 66.2 1.4 7.0 9.7

Table 22, Initial relative rates for the pinacolone
enolate/diethyl phosphite ion pair with

iodobenzene
exp d25/dt d24/dt [E7] (P71 ko/ky
A 4.2 1.1 0.30 0.28 3.7
B 4.2 1.1 0.26 0.26 3.8

ave 3.75
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Figure 8. A plot of the yield of diethyl phenylphosphonate

(24) (circle) and 1-phenyl-3,3-dimethyl-2-buta-
none (25) (square) versus time for the

reaction of p;naco;oue enolate/diethyl pnospnlte
ion with iodobenzene {experiment A, Table

[s
[V
C
3
[(
l\)




81

ao 1] I v j L 9 l 1] l 1 ]
70_ -——
a—
Bz
sof /El'/m -
a
5 —
g
T  —
a4 ]
>
30 a -
20 ]
a
o0
// o\G
/ / \e
) ~
/N N T R
(o] 10 20 30 40 50
time, min

Figure 9. A plot of the yield of diethyl phenylphosphonate
(24) (circle) and 1-phenyl-3,3-dimethyl-2-buta-
none {(25) {(square) versus time for the reaction
of pinacolone enolate/diethyl phosphite
ion with iodobenzene (experiment B, Table 21)
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Figure 10. A.plot of the yield ratio of 1-phenyl-3,3-
dimethyl-2-butanone (25) to diethyl phenylphos-
phonate (24) versus time for the reaction of
pinaccione enoiate/diethyl phosphnite ion with
iodobenzene (experiment A, Table 21)
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A plot of the yield ratio of 41-phenyl-3,3-
dimethyl-2-butanone (25) to diethyl phenylphos-
phonate {24) versus time for the reaction of
pinacclcone enolate/diethyl phosphite ion with
icdcbenzene (experiment B, Table 21)
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25 yield at short times. This curvature can be justified
when considering the initiation and cage recoﬁbination
processes discussed earlier. The amount of change is not as
pronounced as in the pinacolone enclate/diethyl phosphite
pair. A few explanations can be given. One possibility is
that thiophenoxide behaves like iodide ion, and destroys the
charge transfer complex between the enolate and iodobenzene.
Another possibility to consider is that initiation of the
reaction by thiophenoxide is faster than with diethyl phos-
phite ion. Thus, electron transfer and cage recombination
by the enolate anion may piay a lesser role in this competi-

tion reaction.

Pinacolone enolate versus thiophenoxide with phenyl radiczal

Ph* + ~CH,COtBu + PhS™ —— o PhCH,COtBu + PhyS

Table 26 summarizes the resulis from the initial
relative rate study for the pinacolone enolate/thiophenoxide
pair with phenyl radical generated from PAT. Figures 17 and
18 are yield versus time blots from which the initial
relative rates were calculated. The average relative rates
for the pinacolone enclate to thiophenoxide is 2.2 toward

phenyl radical (Table 27).




Table 23.
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The yields of 1-phenyl-3,3-dimethyl-2-butanone

(25), 1,1-diphenyl-3,3-dimethyl-2-butanone (26),
and diethyl phenylphosphonate (24) from the
reaction of pinacolone enolate/diethyl phosphite
ion in the presence of potassium iodide with
iodobenzene as a function of time

% yield
time (min.) 25 26 24 [25+26]1/24
5 11.3 0.2 6.3 1.8
10 24.4 0.4 11.0 2.3
15 32.5 0.9 15.0 2.2
20 45.6 1.6 17.9 2.6
25 54.0 1.9 21.5 2.6
30 55.1 1.3 21.2 2.6
35 63.0 1.4 24.1 2.7
40 66.4 1.5 25.7 2.6
45 67.7 2.3 22.2 3.1
8[Ph-1]=0.054 M, [TCH,C(0)t-Bul=0.37 M,
[(Et0),P07]=0.32 ¥, (I~ }=o 10 u
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Figure 12.
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A plot of the yield of 1-phenyl-3,3-dimethyl-2-
‘butanone (25) and diethyl phenylphosphonate
(24) versus time for the reaction of pinacolone
enolate/diethyl phosphite ion with iodobenzene

in

the presence of potassium iodide (Table 23)
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Figure 13. A plot of the yield ratio of 1-phenyl-3,3-
d1methy1 -2-butanone (25) to diethyl phenylphos-
phonate (24) versus time for the reaction of
pinacolone enolate/dlethyl phosphite ion with
iodobenzene in the presence of potassium iodide
(Table 23)
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Table 24. The yields of 1-phenyl-3,3-dimethyl-2~-butanone
1,1-diphenyl~3,3-dimethyl-2-butanone (26),
and diphenyl sulfide (29) from the reaction of
pinacolone enolate/thiophenoxide with iodobenzene

(25),

% yield

time (min.) 25 26 29 [25+26]/29

exp A%

5 5.2 0.6 4.5 1.3
10 10.2 0.6 1.7 0.98
15 14.0 0.7 15.7 0.94
20 16.5 1.1 18.4 0.96
25 20.2 1.2 23.9 0.90
30 19.6 1.1 21.4 0.97
35 25.9 2.2 29.1 0.97
40 23.9 2.3 31.2 0.84
45 25.6 2.1 30.7 0.90
50 27.C 2.3 32.9 c.8¢
55 27.8 2.1 34.2 0.87
60 25.4 2.3 32.7 0.85
65 26.8 1.9 33.0 0.87
70 29.3 2.8 35.2 0.91

2[Ph-1]=0.17 M, [TCH,COtBu]=0.29 M,

[PhST1=0.27 M.
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Table 24. continued

% yield
time (min.) 25 26 29 [25+26]/29
exp BP
10 14.0 0.7 12.8 1.2
20 20.8 1.7 19.4 1.2
30 28.0 2.0 26.7 1.1
40 32.9 2.4 29.8 1.2
50 32.2 2.4 29.8 1.2
60 40.3 3.2 37.9 1.2
70 43.0 3.6 38.5 1.2
80 40.0 3.2 35.8 1.2
S0 44.7 3.6 41.6 1.2

°[Ph-1]=0.16 M, [“CH,COtBu]=0.30 M,
1=C

G2 M.

Table 25. 1Initial relative rates for the pinacoclone
enolate/diethyl phosphite ion pair with
iodovenzene

exp d25/dt d29/4t (7] [s~] ko/kg
A 3.00 1.35 0.30 0.32 2.68
B 3.50 1.20 0.29 0.27 3.52

ave 3.40
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Figure 14.
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A plot of the yield of 1-pheny1 ~3,3-dimethyl-2-
butanone (25) (circle) and diphenyl suifide
(29) (square) versus time for the reaction of
pinacolone enoxate/thlophenoxide with iodo-
benzene (experiment A, Table 24)
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Figure 15. A plot of the yield of 1-phenyl-3,3-dimethyl-2-
butanone (25) (circle) and diphenyl sulfide
(29) (square) versus time for the reaction of
pinacolone enolate/thiophenoxide with iodoben-
zene (experiment B, Table 24)
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Figure 16. A plot of the ratio of yields of 1-phenyl-3,3-

dimethyl-2-butanone {25) to diphenyl sulfide
(29) versus time for the reaction of pinacoione
enolate/thiophenoxide with iodobenzene (experi-
ments A (circle) and B (square), Table 24)
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Diethyl phosphite ion versus thiophenoxide with iodobenzene

Ph-I + “PO(OEt), + PhS™— 1 1 PhPO(OEt), + PhyS

Table 28 summarizes the results for the initial
relative rates for the diethyl phosphite, thiophenoxide pair
with iodobenzene. Figures 19 and 20 are the plots for the
yield versus time from which the relative rates were
calculated. The average initial relative rate value fer
this pair was 1.9 (Table 29).

A few observations should be noted. First, the overall
yield for the reaction decreases when the amount of iodo-
benzene increases. Second, the products decompose faster

when less iodobenzene is used.

Diethyl phosphite ion versus 1-phenyl-3,3-dimethyl-2-buta-

none enolate with iodobenzene

Ph-I + “PO(OEt), + ~CH(Ph)COtBu id >

PhPO(OEt)2 + Ph,CHCOtBu

Table 30 summarizes the results for the initial
relative rate of diethyl phosphite ion/ 1-phenyl-3,3-di-
methyl-2-butanone enolate pair with iodobenzene under photo-
stimulation with U.V. irradiation. Figures 21 and 22 are
the yield versus time plots from which the initial relative
rates were calculated. The initial relative rates are

measured for Figures 21 and 22 are 1.1 and 3.8 respectively
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Table 26. The yields of 1-phenyl-3,3-dimethyl-2-butanone
(25), 1,1-diphenyl-~3,3-dimethyl-2-butanone (26),
and diphenyl sulfide (29) from the reaction of
pinacolone enolate/thiophenoxide with phenyl
radical generated from the thermolysis of PAT

% yield

time (min.) 25 26 ' 29
exp A2

60 16.7 - 8.5
120 25.9 - 12.5
180 34.6 15.3
240 35.9 - 19.8
300 39.2 - 22.0
exp BP

60 14.8 - 6.5
120 26.8 - 1.1
180 20.8 - 12.5
240 35.1 - 16.0
300 40.4 - 15.4
420 50.8 - 26.5

2[PAT]=0.058 M, [“CH,COt-Bu]=0.27 M, [PhS”1=0.26 M.
b[PAT]=0.058 M, [“CH,COt-Bu]=0.29 M, [PhS~]=0.25 M.
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Figure 17. A plot of the yleld of 1-phenyl-3,3-dimethyl-2-
butanone (25) {circle) and diphenyl sulfide
(29) (square) versus time for the reaction of
pina00xone enolate/thiophenoxide with phenyl
radical (experiment A, Table 26)
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Figure 18. A plot of the yield of 1-phenyl-3,3-dimethyl-2-
butanone (25) (circle) and diphenyl sulfide
(29) (square) versus time for the reaction of
pinacolone enolate/thiophenoxide with phenyl
radical {experiment B, Table 26)
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Table 27. Initial relative rates for the pinacolone eno-
late/thiophenoxide pair with phenyl radical
generated from the thermolysis of PAT

exp d25/dt d29/dt (7] [87] k. /K
A 0.33 0.18 0.27 0.26  1.81
B 0.30 0.10 0.29 0.25  2.65

ave 2.23
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Table 28. The yields of diethyl phenylphosphonate (24) and
diphenyl sulfide (29) from the reaction of
diethyl phosphite Ion/thiophenoxide with
iodobenzene as a function of time

% vield
time (min.) 24 29 24/29
exp A%

5 11.2 8.2 1.4

10 16.7 12.0 1.4

15 24.2 17.8 1.4

20 28.8 21.5 1.3

25 32.7 25.1 1.3

30 32.5 24.5 1.3

40 32.5 26.1 1.2

45 32.8 25.6 1.3

exp BP

5 16.6 9.3 1.8

10 31.7 16.7 1.9

15 41.6 19.2 2.2

20 58.5 26.1 2.2

25 60.8 23.9 2.5
3[Pn-11-0.054 M, [PhS~]=0.34 M, [(Et0),P0"1=0.32 M.

b[Ph—I]=0.16 M, [PhS~1=0.33 M, [(Et0),P0"]=0.30 M.




Table 28. continued
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% yield
time (min.) 24 29 24/29
30 62.0 23.0 2.7
35 54.6 17.9 3.1
40 571 14.5 3.9
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Figure 19. A plot of the yield of diethyl phenylphosphonate
(24) (circle) and diphenyl sulfide (29) (square)
versus time for the reaction of diethyl phos-
phite ion/thiophenoxide with iodobenzene
(experiment A, Table 28)
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A plot of the yield of diethyl phenylphosphonate
(24) (circle) and diphenyl sulfide (29) (square)
versus time for the reaction of diethyl phos-
phite ion/thiophenoxide with iodobenzene
(experiment B, Table 238)
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Table 29. Initial relative rates for the diethyl phosphite
ion/thiophenoxide pair with iodobenzene

exp d24/dt d29/dt  [(Et0),PO0~] [Phs~] kp/kg
A 3.5 1.9 0.32 0.34 1.9
B 2.9 1.7 0.30 0.33 1.9

ave 1.9
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(Table 31). The large differences in the relative rates can
be contributed to the initiation process of the reaction.
Consider Figure 23, the experiment that gave an initial
relative rate of 1.1 has only a slight curvature at small
times. The experiment that gave a value of 3.8 for the
initial relative rate exhibits a large curvature at small
times indicating a alternative mode of formation of 25 other
than radical-nucleophile coupling (Figure 23). Both
reactions were performed under identical conditions. The
only explanation is that a small amount of oxygen was
present in the reaction that resulted in a initial rate of
3.8. The oxygen would inhibit the free radical chain

reaction and would allow the cage recombination process to

dominate.

Thiophenoxide versus 1-phenyl-3,3-dimethyl-2-butanone
enolate with iodobenzene

Ph-I + PhS™ + “CH(Ph)COtBu — ' — $Ph,CECOtBu + PhyS

Table 32 summarizes the initial rate results for the
thiophenoxide/1-phenyl-3,3-dimethyl-2-butanone enolate pair
with iodobenzene. Figures 24 and 25 are the yield versus
time plots from which the initial relative rates were
calculated. The average initial relative rate of the
enolate to thiophenoxide is 0.40 (Table 33).

Figure 26 is the ratio of 26/29 versus time plot for
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both experiments. A slight upward curvature at small times
indicates formation of 26 by the initiation process
discussed earlier.

Diethyl phosphite ion/pinacolone enolate/thiophenoxide with
lodobenzene

Ph-I + “PO(OEt), + “CH,COtBu + PhS~ av >

PhPO(OEt), + PhyS + PhCH,COtBu

Table 34 summarizes the initial relative rate results
for the diethyl phosphite ion/pinacolone enolate/thio-
phenoxide group with iodobenzene. Figures 27 and 28 are the
yield versus time plots from which the relative rates were
calculated. The average values for the initial rates are
summarized in Table 35.

The kp/ks ratio is lower than the independently
measured initial relative rates. As presented earlier,
diethyl phenylphosphonate decomposes under basic conditions.
The decomposition of diethyl phenylphosphonate would result
in a lower kp/ke ratio. The k /kg ratio would also be
effected, resulting in a larger value.

A possible reason for the disagreement between the
initial rates is the reaction conditions for the experiment
competing three nucleophiies versus each other. As pointed

out eariier, diethyl phenylphosphonate is decomposed
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Table 30. The yields of diethyl phenylphosphonate (24) and
1,1-diphenyl~3,3-dimethyl-2-butanone (26) from
the reaction of diethyl phosphite ion/T-phenyl-
3,3-dimethyl-~2~butanone enolate with iodobenzene
as a function of time

% yield
time (min.) 24 26 24/26
exp A2
15 0.7 4.7 6.5
30 4.0 7.7 1.9
45 5.4 10.8 2.0
60 6.0 12.9 2.15
75 4.9 14.0 2.9
50 4.6 14.8 3.2
105 4.3 17.3 4.0
120 3.4 18.2 5.4
exp Bb
15 4.4 3.3 77
50 11.4 6.5 .56
4> 11.7 8.4 .71
60 12.3 0.1 .83
75 10.0 11.4 1.13

a[pPn-I]=0.054 M, [(EtO),Po 1=0.29 M,
[TCH(Ph)COt-Bul=0.26 M

P{Ph-11=0.054 M, [(Et0),P0"1=0.33 M,
["CH(Ph)COt-Bu]=0.23 M.




106

Table 30. continued

% yield
time (min.) 24 26 24/26
90 9.5 12.8 0.74
105 7.8 13.9 0.56

120 5.6 11.4 0.4S
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Figure 21.
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A plot of the yield of diethyl phenylphosphonate
(24) (circle) and 1,1-diphenyl-3,3-dimethyl-2-
butanone (26) (square) versus time for the
reaction of diethyl phosphite ion/1-phenyl-3,3-
dimethyl-2-butanone enolate with iodobenzene
(experiment A, Table 30)
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Figure 22. A plot of the yield of diethyl phenylphosphonate
(24) (circle) and 1,1-diphenyl-3,3-dimethyl-2-
butanone (26) (square) versus time for the
reaction of diethyl phosphite ion/i-phenyi-3,3-
dimethyl-2~-butanone enolate with iodocbenzene
(experiment B, Table 30)
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A plot of the ratio of yields of 1,1-diphenyl-

5,3-dimethyl-2-butanone (26) to phenyl phos-
phonate (24) versus time for the reaction of 1-
phenyl-3,3-dimethyl-2-butanone enolate/diethyl
phosphite ion with iodobenzene (experiments A
{circle) and B (square), Table 30)
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Table 31. Initial relative rates for the 1-phenyl-3,3-
dimethyl-2-butanone enolate/diethyl phosphite
ion pair with iodobenzene

exp  d26/dt d24/dat  [TCH(Ph)COt-Bul [(Et0)oPO7] k.i/kj

A 0.25 0.32 0.23 0.33 1.1
B 0.51 0.15 0.15 0.29 3.8
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by very basic reaction conditions which could result in
unreasonable values for the initial rates. The product
formation process from the cage recombination of phenyl
radical and alpha-keto radical may be a minor since the
aromatic Sgy1 reaction can be initiated by all three
nucleophiles instead of two.

In this section, the initial relative reactivities for
four nucleophiles: diethyl phosphite ion, pinacolone
enolate, thiophenoxide, and 1-phenyl-3,3-dimethyl-2-butanone
enolate have been presented. The initial reactivities are
summarized in Table 36. Evidence has been presented that
the initial formation of 1-phenyl-3,3-dimethyl-2-butanone
(25) and 1,1-diphenyl-3,3-dimethyl-2-butanone (26) from the
reaction of pinacolone enolate with iodobenzene occurs by a
process other than radical-nucleophile coupling. The most
plausible process is the photolysis of the charge transfer
complex between the enolate and iodobenzene. During the
early stages of the reaction, the major product formation
step appears to be a photochemical electron transfer leading
to a cage reaction. However, as time increases, the kinetic
chain length increases resulting in formation of the product
via the propagation steps of Scheme 4. The formation of
iodide ion in the reaction solutions may be involved in the

change in mechanism.
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Table 32. The yields of diphenyl sulfide (29) and 1,1-
diphenyl-3,3-dimethyl-2-butanone (26) from the
reaction of thiophenoxide/1-phenyl-3,3-dimethyl~
2-butanone enolate with iodobenzene as a
function of time

% yield
time (min.) 26 29 26/29
exp A%
15 7.1 2.6 0.37
30 13.1 4.6 0.35
45 17.6 6.1 0.35
60 42.8 14.2 0.33
75 46.0 17.0 0.37
O 64.4 24.1 0.37
105 68.7 26.0 0.38
120 64.2 24.0 0.37
exp B2
15 12.3 5.29 0.43
30 25.1 8.8 C.34
45 31.0 1C.5 C.34
60 40.9 12.9 0.32
75 73.7 24.0 0.33
90 . 60.3 21.2 0.35

a[pn-1]=0.054 M, [PhS”1=0.27 M,
[~CH(Ph)COt-Bu]=0.26 M.
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A plot of the yield of 1i,1-diphenyl-3,3-

dimethyl-2-butanone (26) “and diphenyl sulfide
(29) versus time for the reaction of 1-phenyl-
3,3-dimethyl-2-butanone enolate/thlophenoxide
with iodobenzene (experiment A, Table 32)
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Figure 25. A plot of the yield of 1,1-diphenyl-3,3-di-
methyl-2-butanone (26) and diphenyl sulfide (29)
versus time for the reaction of 1-phenyl-3,3-
dimethyl-2-butanone enolate/thiophenoxide with
iodobenzene (experiment B, Table 32)
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Figure 26. A plot of the yield ratio of 1,1-diphenyl-3,3-
dimethyl-2-butanone (26) to diphenyl sulfide
(29) for the reaction of 1-phenyl-3,3-dimethyl-
2-butanone/thiophenoxide with iodobenzene
(experiments A and B, Table 32) -
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Table 33. Initial relative rates for the thiophenoxide/1-
phenyl-3,3-dimethyl-2~butanone enolate pair with
iodobenzene

exp d26/dt d29/dt [Phs™]  [TCH(Ph)COt-Bu] k../kg

A 0.43 0.16 0.27 0.26 0.40
B 0.85 0.30 0.27 0.26 0.38
ave 0.39
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Table 34. The yields of 1-phenyl-3,3-dimethyl-2-butanone
(25), diethyl phenylphosphonate (24), and
diphenyl sulfide (29) from the reaction of pina-
colone enolate/diethyl phosphite ion/thiophen-
oxide with iodobenzene as a function of time

% yield
time (min.) 25 26 | 24 29
exp A2
5 8.4 - 1.3 5.0
10 17.8 0.5 3.4 10.0
15 30.8 1.2 4.4 16.1
20 36.0 1.0 5.1 19.9
25 45.4 2.0 6.4 21.2
30 49.6 2.2 6.5 23.1
35 59.6 2.9 7.1 28.5
40 55.8 1.4 7.1 24.3
45 60.1 2.4 7.5 22.9
exp B
10 11.7 - 2.4 13.0
15 21.7 1.1 4.0 19.7
20 20.8 1.0 4.5 21.0
8[Ph-1]=0.054 M, [~CH,COt-Bul=0.29 M, [(Et0),P071=0.22 ¥
[PnsT1=C.29 M.
P{Ph-1]=0.054 M, [~CH,COt-Bul=0.25 M, [(Et0),P0"]=0.25 M
[Phs™1=0.32 M.
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Table 34. continued

% yield
time {min.) 25 26 24 29
25 35.3 0.7 5.8 28.3
30 33.3 1.4 7.7 24.8
35 40.8 1.7 8.8 28.1
40 36.8 1.7 7.8 24.3

45 40.5 1.7 8.6 27.7
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Figure 27. A plot of the yield of diethyl phenylphosphonate
(24) (circle), 1-phenyl-3.,3-dimethyl-2-butanone
(25) (square), and diphenyl sulfide (29)
(triangle) versus time for the reaction of
diethyl phosphite ion/pinacolone enolate/
thiophenoxide with iodobenzene (experiment
A, Table 34)
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Figure 28. A plot of the yield of diethyl phenylphosphonate
(24) (circle), i-phenyl-3,3-dimethyl-2-butanone
(25) (square), and diphenyl sulfide (29)
(Triangle) versus time for the reaction of
diethyl phosphite ion/pinacolone enolate/
thiophenoxide with iodobenzene (experiment
B, Table 34)




Table 35. Initial relative rates for the pinacolone enolate/diethyl phosphite
ion/thiophenoxide group with iodobenzene

exp d25/dt d24/dt d29/dt [-CH,COtBu) [(Et0),PO-] [PhS=] k,/k, ko/kg k,/kg

241 1.9 0.3 1.1 0.29 0.22 0.29 3.2 1.7 0.5
242 1.4 0.4 1.4 0.25 0.25 0.32 3.5 1.4 0.4
ave 3.3 1.5 0.5

el
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Table 36. Initial relative reactivity of nucleophiles in
the aromatic Spy1 reaction

substrate A” B™ ky/kg
Ph-1I “CH,COtBu  ~PO(0Et), 3.75
“CH,COtBu  ~PO(OEt), 1.958
Ph-1I ~CH,COtBu ~SPh 3.2
Ph* (PAT) ~CH,COtBu ~$Ph 2.2
Ph-1I ~PO(OEt), ~SPh 1.9
Ph-I “CH(Ph)COtBu ~PO(OEt), 1.1
3.8
Ph-I ~CH(Ph)COtBu ~SPh 0.39
Ph-I ~CH,COtBu ~PO(CEt); 3.3P
~CH,COtBu “sPh 1.5P
~“PO(QEt), ~SPh 0.45°

3In the presence of iodide ion.

9511 three nucleophiles present.
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CONCLUSION

Evidence has been presented that supports the existence
of only one intermediate in the aromatic Sgy1 reaction.
Competition studies pitting two nucieophiles versus each
other with iodobenzene and other substrates resulted in the
product ratio being independent of nucleophile concentration
at a constant ratio of the two nucleophiles consistent with
a one intermediate mechanism. The relative reactivity of
nucleophiles competing for an intermediate in the aromatic
Spy1 reaction and phenyl radical generated from the thermo-
lysis of PAT were very similar.

Initial relative rate studies pitting two nucleophiles
versus each other with iodobenzene under Sgpy1 conditions
indicate another important product forming step in the early
stages of the reaction other than radical-nucleophile
coupling. A charge transfer complex between pinacolone or
1-phenyl-3,3-dimethyl-2-butanone enolates and iodobenzene
may undergo photoinduced electron transfer to yield a phenyl
radical and an alpha-keto radical in a solvent cage. ©Beifore
the radicals can diffuse out of the cage, they may couple

resulting irn the formation of the substituted product. As

formation of iodide ion, this process becomes less
important.

The aromatic Spy1 process does not appear to be a
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simple reaction. Although the general details of the
reaction are clear, the reaction does not usually occur with
a sufficiently long kinetic chain length so that the tech-
nigque of competitive reaction kinetics can be fruitfully
applied. Competition occurs between a photochemical process
involving electron transfer followed by cage recombination

and the photostimulated free radical chain process.




125
EXPERIMENTAL
General Considerations

A11 melting points were determined on a Thomas-Hoover
capillary melting point apparatus and are uncorrected. GC
mass spectra (GCMS) were recorded on a Finnegan 4000 instru-
ment. 'H NMR were recorded on a Varian EM-360 instrument
(60 MHz) or on a Bruker WHM=-300 (300 MHz). Infrared spectra
(IR) were recorded on a Beckman 4250 spectrophotometer.

Irradiations were carried out in a Rayonet RPR-100
photochemical reactor equipped with 10-15 350 nm bulbs or
with a 275 W sun lamp. Phenylazotriphenylmethane thermo-
lyses were carried out in a thermostated mineral oil bath
at 45 °c.

All glassware, syringes, and needles were dried at 140
OC for at least twelve hours. When removed from the oven,

they were allowed to cool in a desiccator.

GLC Analvsis

GLC analyses of products were carried out on a Varian
3700 equipped with a thermal conductivity detector and a
Hewlett-Packard 3390A integrater. A 41/8 in X 10 ft 7% OV-3
on Chromsorb W column was used. A temperature program of
100 °C to 310 °C at 10 °C/min was used for all product
analysis with the exception of benzene. The temperature

program used when benzene was being quantified was 50 SC to
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210 °C at 5 °C/min. Yields of products were determined by
use of internal standards. In all cases, the area ratio was
corrected for molar response determined from standard

solutions of the products and the internal standards.

General work-up procedure

The following work-up procedure was used for the
reaction in this section. All reaction mixtures were poured
into 50 mL of distilled water. Benzyl ether (0.0098 g, 4.95
x 1074 mole) was added as an internal standard. The water
layer was extracted three times with 30 mL portions of ethyl
ether. The ether extracts were combined and washed with 50
mL of distilled water. The ether was dried (MgSO4) and
removed using a rotatory evaporator. The residue was dis-

solved in chloroform and analyzed by GLC as described above.

Materials

The dimethyl sulfoxide (DMSQO) was obtained from Fisher
Scientific and purified by drying for one day over calcium
hydride. Sodium amide was added just before vacuum distil-
lation through a Vigreux column (<45 °C). The DMSO was
stored in a foil wrapped flask over 4A molecular sieves
under an argon atmosphere.52 The DMSO was decxygenated by
passing argon through the solvent for one hour. The 4A

molecular sieves were activated by heating at 200 °C under
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vacuum for one day. The DMSO was transferred by syringe to
preclude contact with oxygen.

Diethyl phosphite was obtained from Aldrich Chemical
Company and was purified by drying over calcium hydride
followed by vacuum distillation. Benzenethiol was obtained
from Eastman Organic and was purified by drying over calcium
hydride followed by vacuum distillation. Pinacolone and
ethyl phenylacetate were obtained from Aldrich Chemical
Company and were purified by drying over anhydrous potassium
carbonate followed by distillation. Potassium t-butoxide,
bromobenzene, diphenyl sulfide, and phenyltrimethylammonium
iodide were obtained from Aldrich Chemical Company and were
used without further purification. Iodobenzene was obtained
from Eastman Organic and was distilled, the colorless liquid
was stored in a foil wrapped brown bottle. The preparation
of phenylazotriphenylmethane (PAT),47 1-phenyl-3,3-dimethyl-
2-butanone,13 1,1-dipheny1-3,3-dimethyl-2-butanone,13
diethyl phenylphosphonate,15 and ethyl diphenylacetate53 has

been described in the literature.
Competition Experiments

Typical procedure for halobenzene substrates

The following procedure was used for iodobenzene, bromo-
benzene, diphenyl sulfide, and phenyltrimethylammonium

iodide. A 100 mL volumetric flask was charged with potas-
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sium t-butoxide (8.10 g, 0.066 mole) and fitted with a
septum. The flask was purged with argon and 50 mL of DMSO
was syringed into the flask. The flask was swirled until
all of the base had dissolved. Diethyl phosphite (4.33 g,
0.031 mole) and pinacolone (3.14 g, 0.031 mole) were
syringed into the flask. The flask was swirled for 5 mins.
DMSO was syringed into the flask to bring the total solution
volume to 100 mL. Four test tubes fitted with septa and
flushed with argon were charged with the following amounts
of the standard solution prepared above via syringe: 20 mL,
14 mL, 10 mL, and 8 mL. DMSO was injected into each tube to
adjust the volume of the solution to 20 mL. The concen-
tration of each nucleophile in the test tubes was calculated
to be 0.31 M, 0.20 M, 0.15 M, and 0.12 M. Iodobenzene
(0.018 g, 9.0 X 10~4 mole) was syringed into each tube just
prior to irradiation. The test tube containing the nucleo-
philes and iodobenzene was placed within 6 inches of a 275 W
sunlamp for three minutes. Immediately after irradiation,
the reaction mixture was poured into 30 mL of water
containing benzyl ether (0.010 g, 5.1 X 10"2 mole) as an
internal standard. The water layer was extracted three
times with 30 mL portions of diethyl ether. The ether
extracts were ceombined, washed with 50 ml. water, and dried
(MgSO4). The ether was stripped off at room temperature

using a rotary evaporator. The residue was dissolved in
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chloroform and the solution analyzed by GLC.

Typical competition procedure for PAT

A 50 mL volumetric flask was charged with potassium
t-butoxide (1.35 g, 0.011 mole), fitted with a septum, and
flushed with argon. Dry DMSO, 30 mL, was syringed into the
flask. Benzenethiol (0.55 g, 0.005 mole) and ethyl phenyl-
acetate (0.78 g,, 0.0048 mole) were syringed into the flask.
Dry DMSO was syringed into the flask to adjust the volume to
50 mL. A test tube was charged with phenyazotriphenyl-
methane (0.05807 g, 1.67 X 10”4 mole), fitted with a septum,
and flushed with argon. A 20 mL aliquot from the above
standard solution was syripged into the test tube. The test
tube was placed into an oil bath at 45 OC for 22 hours. The

tube was removed, worked up and analyzed as described above.
Initial Rates

Typical procedure for iodobenzene

A test tube equipped with a stirring bar was charged
with potassium t-butoxide (1.82 g, 1.45 X 10~ mole). The
test tube was fitted with a septum and flushed with argon.
DMSO, 10 mL, was syringed into the tube, the solution was
stirred until all of the base was dissolved. The potassium
ion was complexed by syringing 18-crown-6 (4.81 g, 0.0132
mole) into the tube. Benzenethiol (0.97 g, 0.0088 mole) and

diethyl phoshite (1.00 g, 0.0072 mole) was syringed into the
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tube. The solution was stirred for 5 mins. DMSO was
syringed into the tube to adjust the volume of the solution
to 25 mL. Iodobenzene (0.28 g, 0.0014 mole) was syringed
into the tube. The test tube was piaced in the Rayonet
Reactor and 2 mL aliquots were removed by syringe under a
positive pressure of argon. Each aliquot was worked up and

analyzed as described earlier.

Typical procedure for PAT

A 50 mL volumetric flask was charged with potassium
t-butoxide (4.60 g, 0.0376 mole), fitted with a ieptum, and
flushed with argon. DMSO, 15 mL, was syringed into the
flask. The potassium was complexed by syringing 18-crown-6
(.96 g, 0.0377 mole) into the flask. Benzenethiol (1.73 g,
0.016 mole) and pinacolone (1.77 g, 0.018 mole) were
syringed into the flask. The volume of the solution was
adjusted to 50 mL by injecting DMSO. A 50 mL round bottomed
flask equipped with a stirring bar was charged with PAT
(0.47 g, 0.00135 mole), fitted with a septum, and flushed
with argon. Syringed into the 50 mL round bottomed flask
was 20 mL of the standard solution prepared above. The
round bottomed flask was placed in an cil bath at 45 O¢C and
2 mL aliquots were removed by syringe under a positive
pressure of argon. Each aliquot was worked up and analyzed

as described earlier.




131
General Procedures

Determination of benzene

A 25 mL volumetric flask was charged with potassium
t-butoxide (1.00 g, 0.0082 mocle), fitted with 2 septum, and
flushed with argon. Dry DMSO, 10 mL, was syringed into the
flask. The potassium was complexed by syringing 18-crown-6
(2.62 g, 0.0099 mole) into the flask. Pinacolone (0.87 g,
0.0087 mole) was syringed into the flask and the volume was
adjusted to 25 mL by injecting dry DMSO. An ampoule (10 mL
in volume) was charged with PAT (0.10 g, 0.00029 mole),
attached to a vacuum line, and flushed with argon. An 8 nL
aliquot of the above solution was syringed into the ampoule
via a side arm on the neck oi‘ the ampoule. The solution in
the ampoule was frozen under vacuum using liquid nitrogen,
then warmed to room temperature under argon. This procedure
was repeated two times. After the freeze-pump-thaw cycles,
the solution was frozen and the ampoule was sealed under
vacuum using a torcn. The sealed ampoule was placed in an
0oil bath at 45 °C for 22 hnours. After this heating pericd
the solution in the ampoule was frozen and then opened.
While still frozen, a septum was fitted to the neck of the
ampoule and securely fastened. Once at room temperature,
toluene (0.05 g, 0.00054 mole) was injected into the ampoule
and was used aé the internal standard for the gquantitation

of benzene. A 10 ulL aliguot of the reaction mixture was
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injected into the GLC instrument using the conditions out-
lined above to quantify benzene. After the quantification
was complete, the reaction mixture was worked up and ana-

lyzed as described earlier.

Thermolysis of PAT in the presence of diethyl phosphite ion

A 25 mL volumetric flask was charged with potassium
t-butoxide (1.00 g, 8.18 X 10"3 mole), fitted with a septum,
and flushed with argon. DMSO, 15 mL, and diethyl phosphite
(1.00 g, 7.24 X 10~ mole) was syringed into the flask. The
solution was brought to volume by injecting dry DMSO. Two
ampoules were attached to a vacuum line and flushed with
argon as described above. A 10 mL aliquot of the above
solution was syringed into each ampoule. The ampoules were
sealed under vacuum and placed in an 0il bath for 24 hrs.
After the heating period, the ampoule was opened and benzene
was quantified as described above. The reaction mixture was
worked up and analyzed using the general procedure outlined

above. Benzene, 17.1 %, was the only product detected.

Thermolysis of PAT in the presence of 4-iodoanisole and

diethyl phosphite ion

5 mL volumetric flask was charged with potassium
t-butoxide (1.01 g, 8.26 X 10~ mole); fitted with a septum,
and flushed with argon. DMSO, 15 mL, and diethyl phosphite
(1.04 g, 7.53 X 10~ mole) was syringed into the flask. The
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solution was then brought to volume. An ampoule was charged
with PAT (0.10077 g, 2.89 X 10~4 mole) and 4-iodoanisole
(0.07673 g, 3.28 X 104 mole), attached to a vacuum line and
flushed with argon. A 10 mL aliquot of thé above standard
solution was syringed into the ampoule. The solution was
subjected to three freeze-pump-thaw cycles. The ampoule was
then sealed under vacuum using a torch. The ampoule was
placed in an ¢il bath at 45 O¢ for 20 hrs. Benzene and
product analyses were done as described above. The only
products detected were benzene, 14.0%, and anisole, 65.3%.

Thermolysis of PAT in the presence of 4-iodoanisole and
diethyl phosphite ion under Spn1 conditions

A 10 mL volumetric flask was charge with potassium
t-butoxide (0.40 g, 3.3 X ‘10"3 mole), fitted with a septum,
and flushed with argon. DMSO, 5 mL, and diethyl phosphite
(0.41 g, 3.0 X 10”2 mole) was syringed into the flask. The
scliution was

~1 )l
¢ vclume, A test tube was charged

with PAT (0.11089 g, 3.19 X 10~4 mole), 4-iodoanisole
(0.08578 g, 3.6 X 10™%4 mole), fitted with a septum and
flushed wifh argon. The standard solution above was
syringed into the test tube. The test tube was placed in
the Rayvonet Photochemical Reactor for 22 hrs. The solution
was worked up as described zbove and analyzed by GLC. The

only product detected was anisole, 35.8%.
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Dark reaction between diethyl phosphite ion and 4-
iodoanisole

A 10 mL volumetric flask was charged with potassium t-
butoxide (0.40 g, 3.3 X 10™3 mole), fitted with a septum and
flushed with argon. DMSO, 5 mL, and diethyl phosphite (0.40
g, 3.0X 10~2 mole) were syringed into the flask. The
solution was brought to volume. A test tube was charged
with 4-iodoanisole (0.1056 g, 4.5 X 10~4 mole), fitted with
a septum and flushed with argon. The abtove standard
solution was syringed into the test tube. The test tube was
wrapped with aluminum foil and placed in an 0il bath at 45
OC for 22 hrs. The reaction mixture was worked up as de-
scribed earlier and analyzed by GLC. The only product

detected was anisole, 63.4 %, and unreacted starting

material, 20.9 4.

Reaction of diethyl phosphite ion with 4-iodoanisole under
Spnl conditions

The same procedure was followed as described for the
dark reacticn with this exception. The test tube was placed
in the Rayonet Photochemical Reactor for 2.5 hrs. The only
product detected was diethyl p-methoxyphenylphosphonate,
40%.
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Time study of reaction of diethyl phenylphosphonate with

excess potassium t-butoxide

A 100 mL round bottomed flask equipped with a magnetic
stirring bar was charged with potassium t-butoxide (2.05 g,
1.7 X 10'2 mole), fitted with a septum and flushed with
argon. DMSO, 50 mL, and diethyl phosphite (2.13 g, 3.1 X
102 mole) was syringed into the flask. The solution was
allowed to stir for 5 mins. and was placed in an o0il bath at
45 ©c. Diethyl phenylphosphonate (0.30 g, 1.4 X 10~3 mole)
was syringed into the solution. Aliquots, 2 mL, were
removed from the solution at certain time intervals. Each
aliquot was worked up as described earlier and analyzed by
GLC. The diethyl phenylphosphonate was decomposed under

these reaction conditions.

Time study of diethyl phenylphosphonate in the presence of

excess diethyl phosphite

A 100 mL round bottomed flask was charged with potas-
sium t-butoxide (0.91 g, 7.5 X 10~2 mole), fitted with a
septum and flushed with argon. DMSO, 25 mL, and diethyl
phosphite (1.00 g, 7.24 X 10~5 mole) was syringed into the
flask. The solution was placed in an o0il bath at 45 °c.
Phenyl phosphonate (0.15 g, 7.0 X 10~% mole) was syringed
into the flask. Aliquots, 2 mL, were removed at certain
time intervals and worked up as described earlier. The
aligucts were analyzed by GLC. The diethyl phenylphes-

phonate was stable te the reaction conditions.
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Measurement of nitrogen produced from the thermolysis of PAT
in the presence of diethyl phosphite ion

A 25 mlL volumetric flask was charged with potassium t-
butoxide (0.60 g, 4.91 X 10~3 mole), fitted with a septum
and flushed with argon. DMSO, 15 mL, and diethyl phosphite
(0.58 g, 4.20 X 1072 mole) was syringed into the flask. The
solution was brought to volume. A 50 mL three necked round
bottomed flask was equipped with a magnetic stirring bar and
gas inlet tube in one neck. The flask was charged with PAT
(1.00 g, 2.9)(10"3 mole), fitted with septa in the two
remaining necks, and flushed with argon. A 20 mL aliquot of
the above solution was syringed into the flask. A large
recrystallization dish was filled with water. A 100 mL
graduated cylinder was filled with water and was inverted
such that the lip of the cylinder was below the water level
in the crystallization dish. Care was taken such that no
air was allowed into the cylinder during the inversion. A
piece of tygon tubing was connected to the gas inlet tube on
the round bottomed flask, The other end of the tubing was
placed inside the graduated cylinder. A drying tube filled
with Drierite was placed between the inlet tube and the
graduated cylinder. The flask was then heated at 45 SC for
22 hrs. The nitrogen produced from the thermclysis was
collected in the graduated cylinder. The water temperature
was noted a2long with the atmospheric pressure. The pressure
orre

cted for the vapor pressure ¢of water at the tem-
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The amount of nitrogen was calculated by

using the ideal gas law. The amount of nitrogen produced

was 84.9%.
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PART II. THE DETERMINATION OF ABSOLUTE RATE CONSTANTS
FOR THE COUPLING OF PHENYL RADICAL WITH VARIOUS
NUCLEOPHILES
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INTRODUCTION

The generation and reactions of the phenyl radical has
been studied extensively in solution.54‘ Phenyl radicals
have been shown to add to aromatic rings,54 double bonds,54
trivalent phosphorous,55 and divalent sulfur.56 They have
also been shown to abstract univalent atoms H, C1, Br, and
1.24

The relative reactivity of a variety of substrates
toward phenyl radical have been determined using the compe-
tition technique. Tables 37, 38, and 39 summarize the
relative reactivity of phenyl radical for hydrogen atom
abstraction, halogen atom abstraction and addition reactions
for a select number of substrates relative to chlorine atom
abstraction from carbon tetrachloride.

Kryer and coworkers48 reported the first absolute rate
constants for the reaction of phenvl radical with common
radical scavengers in solution. The rate constants were
calculated by using competition data. The rate constant for
hydrogen atom abstraction from mineral oil was determined
from competition experiments at high solvent viscosity using
the assumption that the scavenging rate constant is equal to
the diffusion iimited value. Table 41 summarizes the
absolute rate constants determined.

-

Janzen et a1.57 and Janzen and an358 determined the

(e}

absolute rate constant for nydrogen atom abstraction by
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Table 37. Relative reactivity of phenyl radical toward
hydrogen atom abstraction relative to chlorine
atom abstraction from carbon tetrachloride

substrate temp. ky/key - ref
q

X=p-CHs - 80 0.21 59
H 80 0.21 59
n-Cl 80 0.29 59
o-CN 80 0.22 59
n-NO, 80 0.33 59
p-OCHz 80 0.39 59
p-CHs 80 0.27 59
p-Cl 80 0.28 59
p-CN 80 .27 59
p-NO, 80 .65 59
pentane 60 0.60 47
hexane - 60 0.80 47
heptane 60 0.96 47
octane | 60 1.15 47

cyclopentane 60 1.04 47
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Table 37. continued

substrate temp. ky/key ref
cyclohexane 60 1.08 | a7
cyclohexene 60 4.40 47
toluene 60 0.27 47
ethylbenzene 60 0.84 47
cumene &0 .83 47
diphenylmethane 60 1.40 47
triphenylmethane 60 3.5 47
chloroforn 60 3.20 47
acetone 60 0.17 47
iso-propyl ketone 60 1.30 47
ethyl acetate 60 0.09 47
acetonitrile 60 0.29 47
tetramethylsilane 60 0.29 a7
Z-nitropropane &0 .25 A7
nitromethane 60 0.05 47
(CHz0) 5CHy 100 2.9 60
(CHzCH,0),CHy 100 3.1 60
(PrO)ZCHZ 100 3.5 60
(CH30)ZCHCH3 100 4.4 60
(CHBCHZO)ZCHGHB 100 4.8 60

(PrO),CHCHz 100 5.2 60
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Table 37. continued

substrate temp. kH/kCI ref
CgHsCH3 100 0.3 60
CgHgCH,CHz 100 1.1 60
CgHsCH(CHz) 100 1.4 60
CgHgCHs 60 0.36 61
CgHgSH 60 518 1
(CHz0) 3P0 60 0.05 62
(CH3CHZ0)3PO 60 0.26 62
(i-Pr0)5P0 60 0.31 62
CHzPO(OCHz) 60 0.06 62
CoHgPO(OEL), 60 0.18 62
(CoH5)zPO 60 0.36 62
CgH5PO(OEL) 60 0.15 62
CHzCCls 80 0.06 63
(CHz)pCCL, 80 0.06 63
(CHz)zCCl 80 0.04 63
(CHz) 5CCN 80 0.03 63
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Table 38. Relative reactivity of phenyl radical toward
halogen abstraction relative to chlorine atom
abstraction from carbon tetrachloride

substrate temp. ky/key ref

Y=p-NO, 60 42.7 64
p-NO, 60 22.9 : 64
m-Br 60 33.1 64
n-COCHs 60 26.9 64
p-Br 60 21.4 64
m-OCHs 60 21.4 64
n-CHz 60 19.5 64
p-Cglig 60 3.8 64
p-CHx 60 13.5 64
p-OCHz 60 10.0 64
n-CN 60 38.0 | 64
p~CHO 60 28.2 64
n-CFz 60 28.2 64
z~CHO ' 60 27.5 64
_-cozcas | 60 25.1 64

p-COCH3 60 18.2 64
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Table 38. continued

substrate temp. kX/kCl ref
m-NH, 60 17.8 64
p-NHp 60 8.3 64
1-iodonaphthalene 60 22.0 65
2-iodonaphthalene 60 17.4 65
2~-iocdopyridine 60 106.0 €5
3~iodopyridine 60 25.6 65
4~iodopyridine 60 31.2 65
iodobenzene 60 17.0 65
2-iodothiophene 60 4.6 65
3-iodothicphene 60 4.0 65

A

A

Y=NH, 60 7.6 66
CH30 60 8.3 66
E£0 60 8.5 56
F : 50 14.5 66
CHy 60 16.9 66

H 60 17.0

(o))
[0)
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Table 38. continued

substrate temp. ky/key ref
C2H5 60 19.7 66
2'—CH3S-C6H4 60 24.9 66
Cl 60 25.9 66
CeHs 60 34.0 86
Br &C 5C.0 66
I 60 77.0 66
CF3 60 103.0 66
NO, 60 186.0 66

Q/CHZBP
Y

Y=p-CHzy 60 6.17 67
m-CHs 60 3.54 67
H 80 3.70 &7
m-Cl 60 4.2 67
p-Cl 60 5.8 67
m-NO, : 50 4.5 67

p-No, 60 7.0 67
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Table 39. Relative reactivity of phenyl radical toward
addition relative to chlorine atom abstraction
from carbon tetrachloride

substrate temp. kA/kCl ref
MeSSMe 60 31.0 56a, 68
EtSSEt 60 17.4 68
PrSSPr 60 16.0 68
iPrSSipPr 60 3.3 68
tBuSStBu 60 0.2 68
CH,=CHCHy 60 2.0 69
CH2=CHO(O)P(OMe)2 60 3.0 69
CH,=CHOC Hs 60 3.5 69
CgH5PO(OEL), 60 0.3 62
C6H5PO(OM6)2 60 0.3 62
(CgH50) ,PO(OMe) 60 0.5 62
(MeO)BPO 60 0.1 62
CH,=C(CHz), 60 7.22 69
CH2=CHSi(OEt)3 60 10.0 69
CH,=CHPO(OEt), 60 11.8 69
CHp=CCl, 60 26.4 69
CH,=CHPh 60 31.0 69
CH,=CHCO,H 60 31.0 59
CHZCHCOCH3 . 60 31.0 69
CH,=CH(CHz)Ph 60 40.5 69

CH,=CHCN 60 35.4 69




Table 40. Absolute rate constants for the reaction of phenyl radical with
radical scavengers
substrate reaction solvent k, M-1g=1 ref
PhC1 - addition PhCl-mineral oil 1.3 X 10° 48
PhH addition " PhH-PhC1 1.0 x 10 48
ccl, Cl transfer PhH-CC1, 5.8 X 10° 48
ccl, Cl transfer cc1, 2.7 X 10 © 48
ccl, Cl transfer ccl, 3.3 X 10° 48
CBr, Br transfer PhC1 4.0 X 109 48
CBr, Br transfer PhC1 5.0 X 10 48
CBry Br transfer CCl4 5.5 X 109 48
I, I transfer PhC1 1.5 X 1010 48
I, I transfer PhH 1.2 x 1010 48
i-Prl I transfer PhH 8.3 X 108 48
i-Prl I transfer CCl4 1.2 X 109 48
{-PrlI I transfer cc1, 1.3 X 10° 48
Br transfer PhH 1.5 X 109 48

BrCClzx

Lyl



Table 40. continued

substrate reaction solvent k, M-~ ref
BrCCls Br transfer cC1, 1.9 X 102 48
BrCCly Br transfer cCl, 1.7 X 109 48
BrCClz Br transfer cc1, 1.9 X 10° 48
05 addition cCl, 4.4 X 107 48
0, addition c CgHyo 4.7 X 10° 48
(MeO),P(0)H H-trans cc1, 1.1 X 107 48
(Me0) ;P addition TMP-DMP® 3.5 X 108 48

2fMP=trimethyl phosphite, DMP=dimethyl phosphite.

8svtL
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phenyl radical from methanol, ethanol, and iso-propanol via
competition studies. The reference rate constant was the

attack of phenyl radical on to the spin trap 34 (PBN). The
rate constant for the trapping of phenyl radical by PBN was
assumed to be similar to the rate constant for the trapping
of the p~-methylphenyl radical by PBN determined by Packer et

a1.70 The rate constants are summarized in Table 41.

o

]
PRCH=NC(CHy)
34 2

Scaiano and Ingold71 measured the rate constant for the
attack of phenyl radical on dimethyl and diethyl selenide at
-30 °C. The rate constants were calculated from competition
experiments using the rate constant for hydrogen atom
abstraction from cyclopentane as the standard. The attack
of phenyl radical on to dimethyl and diethyl selenide was
6.0 X 10° M~Ts~1 (Equation 65) and 1.4 X 108M~1s~1

(Equation 66) respectively.

e eMa
@ *MeSeSeivie > N

< + eSeiMe (65)

A Ay SeE
+EtSesegt ——P @J + eSeEt (66)
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Veltivisch72 determined the rate constant for attack cf
phenyl radical on 1,4-quinone (k=1.2 X 109 M'1s'1, Equation
67). The phenyl radical was formed by pulse radiolysis and

the addition adduct observed by optical absorption spectros-

5. H—

Scaiano and Stewart73 determined absolute rate

copy .

Q

(67)

o

constants for a variety of substrates using laser flash
photolysis in Freon 113 at 25 OC. Benzoyl peroxide was
photolyzed to form phenyl radicals. The rate constants
determined are summarized in Table 42.

Burkey and coworkers74 measured the rate constant for
attack of phenyl radical on to furan, thiopnene, and -
hexene in hydrocarbon solvent at 25 ©C. The technique used
was kinetic electron spin resonance and laser flash
photolysis using beta-methylstyrene as a probe. Table 43
summarizes the rate constants determined.

Johnson and coworkers’? determined the rate constant
for cyclization 'of radicals 35 and 36 to yield radicals 37
and 38 usingAflaéh laser photolysis. The rate constants are

4.0 X 108s~1 and 6.3 X 109s=1 at 30 °C for Equations 68 and
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69 respectively. Also measured was the rate constant for
hydrogen atom abstraction by phenyl radical from dibutyl
germanium and tin hydride in benzene at 29 OC. The rate
constants determinred were 2.6 X 10 u=1s~71 for germanium
hydride (Equation 70) and 5.2 X 10° M~1s™1 for the tin
hydride (Equation 71).

i ‘ > @5 (68)
as z
n\ (69)
@I > QL
38 LY

©.+ BUBGC-H —mel> ©H+ Bu36ec (70)
U * BugSn-+H ————p H+ BugSne (71)

Lustztyk and Ingold76 measured the rate constant of the
addition of phenyl radical on hexaflcrobenzene at 25 oc

using ESR and laser flash photolysis (Equation 72). The




Table 41. Absolute rate constants for hydrogen atom
abstraction by phenyl radical at 25 °¢c
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substrate

solvent Ky, M-1g-1 ref
CHOH CizO0H 1.2 X 107 57, 58
CeHg CeHg 4.0 X 107 57, 58
CH3CH,0H CHzCH,0H 2.3 X 102 57, 58
(CHs ) ,CHOH (CH3),CHOH 4.1 X 10° 57, 58
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Table 42. Absolute rate constants for the reaction of
phenyl radical with various substrates in Freon

113 at 25 °C
ubstrate k, M-1g-1 ref
benzene 4.5 X 10° 73
chlorobenzene 1.18 x 10° 73
styrene 1.10 X 108 73
B-methylstyrene 3.0 X 107 73
methyl methacrylate 1.8 X 108 73
cyclohexene 2.8 X 108 73
toluene 1.7 X 10° 73
cumene 1.4 X 107 73
p-xylene 2.4 X 10° 73
isopropanol 1.4 X 108 73
benzhydrol 2.0 X 107 73
acetonitrile 1.0 X 10 73
tetrahydrofuyan 4,8 X 10° 73
carbon tetrachloride 7.8 X 108 73
2-bromobutane 2.5 X 10% 73
1-bromopropane 1.1 X 1O6 73
benzoyl peroxide 2.1 X 107 73
furen 2.7 X 10° 74
thiophene ‘ 6.4 X 106 74
1-hexene | ‘ 2.8 X 108 74
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rate constant was determined to be 1.2 X 106 M'1s'1.

= - T en
©. + ﬂ__pg@‘ (72)
F
F F

The determination of rate constants for the coupling of
aryl radicals with nucleophiles has been reported recently.
Amatore et al.1927 have studied the aromatic Sgn1 reaction
electrochemically. The absolute rate constants for the
coupling of phenyl and other aryl radicals with thio-
phenoxide, diethyl phosphite ion, and acetone enolate in
liquid ammonia at -38 °C have been determined using redox
catalysis, electrochemical competition or direct electro-
chemical measurements. Table 43 summarizes the rate
constants determined electrochemically. Inspection of Table
43 reveals that the coupling of aryl radicals with nucleo-
philes are below the diffusion limit.

Tanko'©

studied the coupling of phenyl radical with
nuclecphiles in dimethyl sulfoxide (DMSQ) at 45 °C. The
phenyl radicals were generated from the thermolysis of
phenylazotriphenylmethane (PAT). Competition studies were

carried cut pitting twe nuclecphiles versus each other,
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thiophenoxide and nitronate ions. The rate constants were
based upon the rate constant for attack of phenyl radical on
carbon tet:rachloride.73 Hydrogen atom abstraction from
nitrconate, 18-crown-6, and benzenethicl were also
determined. Table 44 summarizes the rate constants deter-
mined.

This section of the thesis will be an extension of the
work carried out by Tanko.'C Absolute rate constants for
the coupling of phenyl radical ﬁith a variety of nucleo-

philes have been determined via competition studies.
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Table 43. Absolute rate constants for the coupling of aryl
radicals with nucleophiles determined electro-
chemically in liquid ammonia at -38 °C

rate constant, M-1g-1

radical PhS~ (Et0),P0O~ CH5COCH,™ ref
2-cyano 1.4 X 1019 8.0 x 10° 2.4 x 1010 27
3-cyano 1.5 % 1010 7.5 X 109 9.0 X 109 27
4-cyano 3.4 X 1010 1.4 x 10° 2.6 ¥ 109 27
1-naphthyl 2.0 X 1070 3.2 x 1010 4.2 x 1010 27
3-quinolyl 1.9 X 10° 7.6 X 108 3.8 X 10° 27
4-quinolyl 3.2 X 10° 1.6 X 109 5.4 X 109 27
2-quinolyl 1.4 X 107 1.7 X 107 1.0 X 108 27
3-pyridyl 1.0 x 1070 7.0 x 10° 1.6 X 1010 27
2-pyridyl 1.0 X 108 - - 27
phenyl 2.6 X 107 3.8 x 108 - 19
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Table 44. Absolute rate constants for the reaction of
phenyl radical with various substrates in DMSO at
45 °C based on the rate constant of ¢ rine aton
abstraction from carbon tetrachloride
substrate reaction solvent k, M~1s=1  rer
DMSO H-abst. DMSO 3.0 X 107 10
Dg-~DMSO D-abst DMSO 4.3 x 104 10
Me,=NO,~2 coupling DMSO 1.2 X 10° 1o0.
Me,=NO," H-abst. DMSO 2.8 X 10° 10
Phs~2 coupling DMSO 2.2 x 108 10
PhS™K* coupling DMSO 5.7 X 107 10
PhSSPh Sy2 DMSO 1.3 X 108 10
PhSSPh Sy2 ccl, 3.0 X 108 10
PhSH H-abst. DMSO 5.1 X 108 10
PhSH H-abst. cc1, 4.1 X 107 10
18-crown-6 H-abst. ccl, 3.8 X 107 10

Qe . . ~ P
“rotassium complrexea DYy

PN r
1O=CrOWN~=0.
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RESULTS AND DISCUSSION

Mechanism of PAT Thermolysis

The thermolysis of phenylazotriphenylmethane (39) (PAT)
yields phenyl radicals in greater than 90%.10’47’48’49’50
Other than benzoyl peroxide, the thermolysis of PAT has been
used to study the reactivity of various substrates toward
phenyl radical. PAT was chosen as a precurser to phenyl
radical because of its thermal decomposition takes place
under mild reaction conditions.

The mechanism for the thermolysis of PAT is outlined in
Scheme 23. Thermolysis of PAT in solution results in the
formation of trityl radical (40) and diazenyl radical (41)
in a solvent cage. The phenyl radical can be formed in the
solvent cage by loss of nitrogen from41. While in the
solvent cage, the phenyl radical can abstract a hydrogen
atom to yield benzene. 1In the absence of any hydrogen atom
donating species, 5.4% benzene is formed from the cage
reaction. All benzene yields reported are corrected by
substracting 5.4% from the measured amount of benzene. The
diazenyl radical and trityl radical can diffuse out of the
cage yieiding phenyl radical after loss of nitrogen from the
diazenyl radical (41). The rate constant for the loss of
nitrogen from the diazenyl radical is 1.6 X 10251 (kg=1.6 X
1053'1).
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Scheme 23.
Ph-N=N-CPh; > Ph-N=N" + -CPh3
39 4
Ph-N=N* + "CPhsz > Ph* + N, + CPhs
41

Ph* + N, + 'CPhy ——> Ph-H

Ph-N=N- + -CPhy —p> Ph-N=N* + °CPhs
41 41

Ph-N=N° > Ph* + N,
41

Mechanism for the Coupling of Phenyl Radical Generated From
the Thermolysis of PAT in the Presence of a Nucleophile

It is believed that a sigma phenyl radical is the sole
intermediate in the aromatic Spy1 reaction.? In the
aromatic SRN1 reaction a phenyl radical couples with a
nucleophile, such as pinacolone enolate, to yield a radical
anion (Equation 73). The radical anion usually transfers
the odd electron back to the substrate. A few absolute rate
constants have been determined electrochemically under Spyl
conditions for the coupiing of aryl radicals with thiophen-
oxide, diethyl phosphite ion, and acetone enoliate in liquid
ammonia.17’25 However, no absolute rate constants have been

reported for the coupling process when phenyl radical is

generated unambiguously.

E::Bt+ 4j;Z > K::H/\Zii (73)
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PAT is known to yield phenyl radical in greater than
90% and can be thermolyzed in the presence of nucleophiles
in DMSO. Scheme 24 outlines the proposed mechanism for the
coupling of phenyl radical, generated from PAT, and a
nucleophile. The phenyl radical couples with nucleophile Nu~
to form radical anion 42. Radical anion 42 is then oxidized
by the trityl radical to give the substituted product 43,

and trityl anion {44).

Scheme 24.
Ph-N:N-CPh3 > Ph° + Ny, + 'CPh3
Ph* + Nu~ —> [Ph-Nul®™
53
[Ph=Nu]™ + 'CPh3 > Ph-Nu + 'CPh3
42 43 44

Relative Reactivities

Competition studies between two nucieophiles for phenyl
radical can be conveniently carried out when PAT is used as
the phenyl radical precurser. Scheme 25 outlines the

mechanism for the competition of two nucleophiles for phenyl

radical.

Scheme 25.

Ph-N=N-CPhz ->Ph* + N, + *CPhy (74)

Phe + Nu, —> [Ph-Nu,]~” (75)
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Scheme 25. continued

Ph* + Nuy~ D> [Ph-Nuy]*™ (76)
[Pr-Nu_ 17 + *CPhy ———p Ph-Nu, + “CPhj (77)
[Ph-Nub]™ + *CPhz ———> Ph-Nub + “CPHj (78)

The relative reactivities were calculated from the

expression
ky _ [Nua-Pp] [Nuy]
kp [Nub-Ph] [Nua]

This approach can be Jjustified only if: (a) the kinetics of
reaction 75 and 76 are first order in Nu, and Nuy and are
the same kinetic order in phenyl radical, (b) reaction 75
and 76 are the only source of Ph-Nu, and Ph-Nu,, (c) the
ratio of [Nub]/[Nua] remains constant, (d) reactions 77 and
78 are fast and irreversible.

Assumptions (a) and (b) have been shown to be valid.?
By choice of the reaction conditions it was possible to hold
the ratio [Nu,]/[Nu,] constant.

Competition reactions were run in dry deoxygenated DMSO
at 45 °C. The concentration of the nucleophiles were 7 to
11 time larger than the PAT concentrations such that
assumption (c¢) was valid. All samples were worked up and
analyzed as described in the experimental section. The

results of the competition studies are presented in Table
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45. The mean values for the measured relative reactivities
are summarized in Table 46.

A few relative reactivities can not be measured
directly, but can be calculated using a reference
nucleophile. The pairs are: pinacolone enolate/diethyl
phosphite ion, pinacolone enolate/1-phenyl-3,3-dimethyl-2-
butanone enolate, pinacolone enolate/thiophenoxide,
acetophenone enolate/deoxybenzion enolate, and diethyl
phosphite ion/thiophenoxide. The relative reactivities were
calculated using Equation 79 and are summarized in Table 47.

The reference nucleophile was the enolate of ethyl phenyl-

acetate.
k k Kk
B B A
— 2 — X — (79)
kc kA kc

Diethyl phosphite ion/thiophenoxide and pinacolone
enolate/diethyl phosphite ion pairs can not be measured
since diethyl phenylphosphonate is destroyed by the enolate
and thiophenoxide during the reaction. Table 48 presents
the results from subjecting the diethyl phenyiphosphonate to
the reaction conditions when diethyl phosphite ion and thio-
phenoxide were present.

The product from the coupling of phenyl radical with
thiophenoxide is diphenyl sulfide (Equation 80). Pinacolone
enolate reacts with diphenyl sulfide via the aromatic Spyl -

reaction under thermal conditions to yield 1-phenyl-3,3-




Table 45. Relative reactivity of various nucleophiles toward phenyl radical in
DMSO at 45 °C

% yield
[PAT] [Nuy ] [Nug] Ph-Nu, Ph-Nup PhCH ky/kg
Nus="SPh; Nup="CH(Ph)COtBu _ |
0.011 0.10 0.092 36.1 29.3 87.6 1.13
0.010 0.10 0.092 43.3 34.2 108.3 1.15
ave 1.15
Nup="CH(Ph)COtBu; Nup="CH(Ph)COPh
0.010 0.084 0.10 13.5 51.0 - 0.32
0.010 0.084 0.10 12.4 53.8 - 0.27
ave 0.30
Nu,="CH,COtBu; Nug="CH(Ph)CO,Et
0.0082 0.098 0.11 45.8 17.4 89.8 3.00
0.0087 0.098 0.11 43.4 18.4 94.5 2.65

ave 2.83

g9l



Table 45. continued

% yleld
[PAT] [Nu,] [Nug] Ph-Nu, Ph-Nug PhxCH kp/kp
Nu,="CH,COPh; Nup="CH(Ph)CO,Et
0.0070 0.097 0.098 47.4 13.6 95.9 3.52
0.0070 0.097 0.098 47.8 13.6 96.5 3.55
ave 3.53

Nu,="CH(CO,Et)COzEt; Nup="CH;COtBu
0.0075 0.089 0.096 0 571 84.2 0
0.0078 0.089 0.096 0 55.9 85.8 0
Nuy="CH(CO,Et)CO,Et; Nug="P(0)(OEt),
0.0077 0.088 0.13 0 67.8 73.9 0
0.0073 0.088 0.13 0 67.8 76.2 0
Nup="CH(Ph)CO,Et; Nup="P(0)(0Et);

86-4 0057

0.0088 0.093 0.13 13.3 32.8

14°]"



Table 4%. continued

% yield
[PAT] [NuA] [NuB] Ph-NuA Ph-Nup PhBCH kA/kB
0.0098 0.093% 0.13 13.2 34.0 86.7 0.54
ave 0.56
NuA=’CH(Ph)C02Et; NuB='CH(Ph)COPh
0.0083% 0.10 0.10 25.8 41.1 81.0 0.63
0.0088 0.10 0.10 25.5 40.3 77.9 0.63
ave 0.63
NuA="SPh; NuB="CH(Ph)COZEt
0.0084 0.10 0.095 28.2 32.3 83.8 0.83
0.0086 0.10 0.095 28.5 32,0 84.5 0.85
ave 0.84
NuA= "CHZCOtBu; NuB='CH(Ph)COPh 4
0.0078 0.10. 0.10 52.1 18.7 79.0 2.79

oL



Table 45. continued

% yield
[PAT] [NuA] [NuB] Ph-Nu, Ph-Nup Ph3CH kA/kB
0.0078 0.10 0.10 53,1 19.1 79.4 2.78
ave 2.79
NuA='P(O)(OEt)2; Nug="CH(Ph)CO,Et
0.0075 0.094 0.11 33,6 19.4 96.0 2.038
0.0075 0.094 0.11 37.7 21.9 97.0 2.018
ave 2.028
Nu,="CH,COtBu; NuB='CH(Ph)COZEt
0.0078 0.089 0.12 48.0 16.4 90.7 3.95%
0.0074 0.089 0.12 46.8 16.7 96.0 3.788
ave 3.87a

8potassium complexed by 18-crown-6.

991



Table 45. continued

% yield
[PAT] [Nu, ] [Nug] Ph-Nu, Ph-Nug PhCH ky/kp
Nuy="CH,COtBu; Nug="CH,COPh
0.012 0.094 0.11 35.4 53.1 92.9 0.78
0.011 0.094 0.11 37.4 54.6 93.1 0.80
ave 0.79
Nu,="CH,COPh; Nup="SPh
0.014 0.10 0.10 80.4 15.8 94.7 5.09
0.012 0.10 0.10 82.3 16.8 91.6 4.90
ave 5,00
NuA=”CH(Ph)COtBu; Nup="CH,COPh
0.010 0.092 0.11 8.1 -72.3 99.1 0.13
0.011 0.092 0.11 7.0 63.8 98,2 0.11

ave 0.12

L9t



Table 45. continued

% yield
[PAT] [Nu,] [Nug] Ph-Nu, Ph-Nup Ph5CH ky/Kg
Nup="CH(Ph)COtBu; Nug="P(0)(OEt),
0.011 0.09 0.11 7.9 66.0 94.9 0.15
0.011 0.09 0.11 7.8 63.9 92.6 0.15
ave 0.15
Nup="CH(Ph)CO,Et; Nug="CH(Ph)CN
0.0073 0.10 0.10 15.7 51.9P 87.9 0.30
0.0072 0.10 0.10 14.3 51.8P 88.1 0.28
ave 0.29
Nuy="CH(Ph)CO,Et; Nug="CH(Ph)COtBu
0.0076 0.10 0.088 35.5 12.0 94.1 2.60
0.0080 0.10 0.088 34,3 11.0 93,1 2.74
ave 2.67

bDiphenyl methane is produced.

891
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Table 46. Mean values of relative reactivities of nucleo-
philes toward phenyl radical in DMSO at 45 °C

rate constant ratio reiative reactivity®
k-spn/%=CH(Ph)COtBu 1.5
k-cH(Ph)cotBu’/K~CH(Ph)COPh 0.30
k-CH,CotBu’ K~CH(Ph) COoEL 2.85
K-CH,COPh/ ¥~CH(Ph)COLEL 5.53
K-CH(Ph)COoEt/¥~P(0) (OEt) 0.58
k-CH(Ph)CO,Et/ K~CH(Ph)COPh 0.63
k-spn/K=CH(Ph)COoEL 0.84
k-cH,cotBu’ K~CH(Ph)COPh 2.79
k-cH,cotBu’¥~CH,COPR 0.79
k-cH,cOPh/K~SPh 5.00
k-CH(Ph)COtBu’ K~CH,COPh 0.12
E-CH{Ph)COpEL! ¥~ CH(Pn)CH 0.29
K-cH(Ph)COoEt! ¥~CH(Ph)COtBuU 2.67
k-cH(Ph)cotBu/EK"P(0) (0Et) > 0.15
k=p(0)(0Et)»/¥~CH(Ph)CO,EL 2.02°
k-CH,COtBu/ K~CH(Ph)COLEL 3.87°
a%p0.05.

W . -
~“potassium complexed by 18-crown-6.
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The pinacolone enolate reacts with diphenyl sulfide via
the aromatic Sgy1 reaction to yield 1-phenyl-3,3-
dimethyl-2-butanone (Equation 81).9 The destruction of
diphenyl sulfide during the course of the reaction would not

allow a reliable relative reactivity to be measured.

Ph* + “SPh—— [Ph-S-Ph]}¥*————p Ph-S-Ph (80)

Ph-S-Ph + “CH,;COtBu $ PhCH,COtBu (81)

Absolute Rate Constants
Absolute rate constants can be calculated from the
relative reactivity data if one of the rate constants is
known. From earlier work, the rate constant for the
coupling of phenyl radical with thiophenoxide was determined
to be 5.7 X 107 M~15"1.10 Tnis rate constant was based on
the rate constant for chlorine atom abstracton from carbon

e tha vaine nt 5.7 X
ng Tthae value QI 2./ X

o7 =151 for thiophenoxide, the rate constants for other

-

nuclieophiles coupling with pnenyl radical can be caliculated
from the relative reactivity data. Table 49 presents the
absolute rate constants for the coupling of various nucleo-
philes with phenyl radical.

The rate constant for coupling of phenyl radical with
pinacolone enolate can also be calculated from the

competition of phenyl radical abstracting a nydrogen atom
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Table 47. Calculated relative reactivities

rate constant ratio relative reactivity
k=chyc0tBu’/E-P(0) (0EL) 5 1.61
k-CH,COtBu/¥~CH(Ph)COtBu 7.56
k-cHycotBu/ K~SPh 3.37
k-cH,cotBu/ ¥~CH(Ph)COPh 2.22
k=p(0) (0Et )/ 5~SPh 2.43

Table 48, Time study of the decomposition of diethyl
phenylphosphonate in the presence of diethyl
phosphite ion ‘and thiophenoxide?

time, min % PhP(0)(0Et),
30 92.3
60 89.0

160 61.4

360 28.5

1260 1.6

2[Ph~]=0,35 M; ["P(0)(OCEt),]=0.32 M
[PhP(0) (OEt),1=0.026 M.
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from the solvent, DMSO, and the coupling process. Consider

the mechanism outlined in Scheme 26.

Scheme 26.

Pt
AV Pmsg %=

The relative reactivity of hydrogen atom abstraction to

nucleophile coupling (kH/kE) was calculated using the

expression

Table 50 presents the results of the competition. Using ti
average yields of benzene (45), i-phenyi-3,5-dimethyli-2-
butanone (25), and the concentration cf reactants, the
relative reactivity for hydrogen atom abstraction of
coupling was 1.14 X 10~ (ky/kg=0.00114). The rate constant
for hydrogen atom abstraction from DMSO has been determined

to be 3.0 X 10° M~ 1s™1 (xy=3.0 ¥ 10° ¥~ 1s"1).10  Therefore,




Table 49. Absolute rate constants for the coupling of phenyl radical with
nucleophiles in DMSO at 45 °C

nucleophile relative rate rate constant k, M1~
“CH(Ph)COoEt  k-cyy(ph)co Bt/ K~spn=1+19 k-gpp=5.7 X 107 6.8 X 107
“CH(Ph)COtBu  k-gy(ph)cotBu/K-sph=C+87 k-gpp=5.7 X 107 5.0 X 107
“CH(Ph)COtBU  K-cy(ph)cotBu/K~CH(Ph)COoEL=0+37 K-CH(Ph)CO,EL=6+8 X 107 2.5 X 107
~CH,COPh k=~CH,00ph/ K~ gpR=5 +00 k-gpp=5.7 X 107 2.9 x 108
“CHpCOPh k-chpcoph/X=cH(Ph)CooEL=3+ 53 K-CH(Ph)CO,Et=6-8 X 107 2.4 X 108
“CHpCOPh k=-cHocoPh/®=CH(Ph)COtBu=8+33 K-CH(Ph)CotBu=5+0 X 107 4.1 x 108
~CH,COtBu K~CHpcotBu/K=CH(Ph)CO2EL=2+83  K-CH(Ph)C0,Et=6-8 X 107 1.9 X 10°
“CHpCOtBu k-cH,cotBu/K~CHocOPR=0+ 78 K-CH(Ph)CO,EL=6-8 ¥ 107 2.3 X 108
“P(0)(OEt)y  K-po(0Et)o/K~CH(Ph)CO2EE=1-79  K-CH(Ph)COoEt=6-8 X 107 1.2 x 108
“P(0)(0Bt)y  K-po(0Et),/K~CH(Ph)COtBU=8+33  K-cH(Ph)cotBu=5-0 X 107 3.3 x 108
“CH(Ph)COPh  k~gy(pn)coph/E=CH(Ph)C0oEL=1+59 K-CH(Ph)cooEt=6+8 X 107 1.1 x 10°

¢l



Table 49. continued

nucleophile relative rate rate constant k, M'1s'1
“CH(Ph)COPh  K-cy(pn)copn/%=CH(Ph)COtBu=6+67 K-cH(pn)cotBu=5-0 X 107 3.3 X 108
- ; _ 8
CH(Ph)CN K-CH(Ph)CN/%~CH(Ph)COoEE=3+45  K-CH(Ph)CO,E=6+8 X 107 2.3 X 10
~0,N=CMe, 1.2 X 1098

8Reference 10.

22"
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the rate constant for coupling is 2.6 X 108 M=1g-1 (kg=2.6 X
108 M‘1s'1). This value is in good agreement with the
values obtained by nucleophile competitions.

The absolute rate constants for the coupling of
nucleophiles diethyl phosphite ion, ethyl phenylacetate
enolate, and pinacolone enolate with phenyl radical when the
counter ion potassium is complexed by 18-crown-6 can be
determined. Consider the mechanism cutlined in Scheme 27.
The rate constant for coupling of phenyl radical with
pinacolone enolate can be calculated from the competition of
hydrogen atom abstraction from DMSO and 18-crown-6 relative

to coupling.

Scheme 27.
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Table 50. The yields of benzene and 1-phenyl-3,3-dimethyl-
2-butancne from the reaction of phenyl radical
with pinacolone enolate at 45 OC in DMSO

% yield
exp Ph-H: Ph~-CH,COtBu
A 1.4 8g2
B 8.0 872
ave 4.7 88

2[PAT]=0.030 M; [DMSO]=14 M; ['CHZCOtBu]=O.30 M.
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Applying the steady state assumption to the mechanism
in Scheme 27, a kinetic expression relating the ratio of the
yields of benzene (45)/1-phenyl-3,3-dimethyl-2-butanone (25)
(YH/YE) to concentration of reactants and rate constants can
be derived (Equation 82). Equation 82 can be rearranged to
relate the rate constant kp to known quantities (Equation
83). The results of the competition are summarized in Table
51.

Yy _ ky [DMSO] + Ky [18=crown-6] (82)
Yo {kH [DMSO] + kys [18-crown-6]}

Y, [~CH,COtBu]

The rate constant for hydrogen atom abstraction from
18-crown-6 has been determined to be 3.8 X 107 M~1 s~
(kyx=3.8 X 107 m'1s'1).10 Substituting the known values
into Equation 83, the rate constant kg is calculated to be
3.3 X 108 p~is~1 (kg=3.3 X 108 m-1s-1), Using this rate
constant, the other rate constants can be calculated using
the relative reactivities obtained earlier. The absolute
rate constants for the coupling of phenyl radical with
pinacolone enolate, diethyl phosphite ion, and ethyl phenyl
acetate enolate when potassium is complexed by 18-crown-6

are presented in Table 52.




178

Discussion of Nucleophile Reactivities
Coupling of a phenyl radical with a ketone enolate can
be thought of as a radical attacking a substituted alkene.
The radical apprcaches the enolate ion perpendicular to the
alkene plane forming a ketyl radical (46) after coupling.
The ketyl 46 is then oxidized by the trityl radical to give
the trityl anion and the product.

! «C
Y, O@ Meg Ho,

~C—C.
D 03 e

O

.CMe3

@

0¥

Coupling of phenyl radical with diethyl phosphite ion
may be similar to the attack of phenyl radicgl on a
trivalent phosphorous cornpounc‘l.55 The diethyl phosphite ion
has tweo rescnance structures, 47 and 48. Attack of phenyl
radical on structure 48 would result in radical anion 49

which is then oxidized by trityl radical to give the
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Table 51. The yields of benzene and 1-phenyl-3,3-dimethyl-
2-butanone from the reaction of phenyl radical
with pinacolone enolate when potassium is
complexed by 18-crown-6 at 45 °C in DMSO

% yield
exp Ph-H i Ph-CH,COtBu
A 11.4 70.3
B 13.3 T4.5
ave 12.3 72.4

a[PAT]=0.036 M; [DMSOl=14.0 M, [_CHZCOtBu]=O.35 M;
[18-crown-6]=0.40 M. .




Table 52. Absolute rate constants for the coupling of phenyl radical with
nucleophiles in DMSO at 45 O¢ when potassium is complexed by 18-

crown-6
nucleophile relative rate rate constant k, M'1s'1
"CH,COtBu see text see text 3.3 X 108
- ] - = 8

“P(O)(OEt)Z k—P(O)(OEt)z/k—CH(Ph)COZEt=2'02 k-CH(Ph)C02Et=8'5 X 10? 1.7 X 108
~0,N=Cle,y 1.2 X 1092

8paference 10.

ost
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substituted product (Equation 84).

9 o
—E'(osﬂ.f——b :i'=(ost>2
&2 48
o-
A, o BOED
(] . ” 2
48 49

The reactivity of nucleophiles toward phenyl radical
appears to be dependent upon the basicity of the nucleophile
and the stability of the radical anion formed by coupling of
the radical with the nucleophile. The pKa's of the
conjugate acids of the nucleophiles used along with the
rate constants for coupling are presented in Table 53.

There appears to be a correlation between reactivity
and basicity of the nucleophile. Thiophenoxide has a low
reactivity toward phenyl radical and aiso has a iow
basicity. Pinacolone enolate, acetophenone enolate, and
benzyl cyanide ion have nearly the same basicity in DMSO and

their reactivity toward phenyl radical is nearly identical.
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Table 53. The basicities of the nucleophiles77

nucleophile K, M- pKa

~SPh 5.7 X 107 10.3
~CH(Ph)COtBu 3.8 x 107 19.92
~CH(Ph)CN 2.3 X 108 21.9
~CH(Ph)CO,Et 6.8 X 107 22.6
~CH,COPh 3.4 X 108 24.5
~CH,COtBu 2.1 X 108 27.7

8The pKa of phenyl acetone in DMSO.




183

The stability of the ketyl radical formed from the
coupling of the nucleophile and phenyl radical is best

represented by the following series:

., P
P OF < Ph’\éx <Ay "
I A -
| 5

50

Structure 50 is the least stable while structure 51 is the
most stable. The reactivity of the enolates also parallels
the stability of the ketyls formed after coupling.
Comparison of Relative Reactivities of Nucleophiles Competing

for an Intermediate in the Aromatic Sgy1 Reaction

and Phenyl Radical Generated from PAT

The relative reactivity of pinacolone enolate versus
diethyl phosphite ion competing for phenyl radical generated
from PAT is 1.6 (Table 47). The relative reactivity of the
same two nucleophiles competing for an intermediate in the
aromatic Sgy1 reaction extrapolated to infinite concen-
tration is 1.5% 0.5 (Table 13). Also, the relative reac-
tivity of pinacolgne enolate versus thiophenoxide competing
for phenyl radical is 3.4 (Table 47). The relative rea-
ctivity for the same two nucleophiles competing for an

intermediate generated from iodobenzene under Szyt




184

conditions extrapolated to infinite concentration is 3.3
(Table 18). The comparison of the two sets of relative
reactivity suggests that a sigma phenyl radical is the sole

intermediate involved in the aromatic SRN1 reaction.

Reaction of Phenyl Radical with Benzyl Cyanide Ion

The formation of diphenylmethane from the reaction of
phenyl radical with benzyl cyanide ion is not surprising.
The ion of acetonitrile reacts with bromobenzene under Spy1
conditions to give toluene and bibenzyl (Scheme 28).43  The
formation of the benzyl radical resulted from the dissocia-
tion of the benzyl cyanide radical anion. The formation of
diphenylmethane can be Jjustified when considering the above
results. Phenyl radical couples with benzyl ion to give
radical anion 52 (Scheme 29). Before radical anion 52 can
be oxidized by the trityl radical, it dissociates to the
diphenyimethyl radical (33) and cyanide ion. The dipnenyl-
methyl radical abstracts a hydrogen atom to give diphenyl-

methane (54).

Scheme 28.
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Scheme 28. continued
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CONCLUSION

The rate constant for the coupling of phenyl radical
with a nucleophile is below the diffusion 1limit value in
DMSO at 45 °C. The rate constants measured fall into the
107-108 n-1g-1 range. The reactivity of nucleophiles towara
phenyl radical appears to be related to the basicity of the
nucleophile and the stability of the radical anion formed
from coupling. For example, thiophenoxide has a low
basicity and low reactivity toward phenyl radical. The
enolate of acetophenone has a high basicity, forms a stable
radical anion after coupling with phenyl radical, and there-

fore is the most reactive nucleophile toward phenyl radical.
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EXPERIMENTAL

General Considerations

All melting points were determined on a Thomas-Hoover
capillary melting point apparatus and are uncorrected. GC
mass spectra (GCMS) were recorded on a Finnegan 4000
instrument. 14 NMR were recorded on a Varian EM-360
instrument (60 MHz) or on a Bruker WM-300 (300 MHz).
afrared spectra (IR) were recorded on a Beckman 4250 spec-
trophotometer. Phenylazotriphenylmethane thermolyses were
carried out in a thermostated mineral oil bath at 45 °C.
All glassware, syringes, and needles were dried at 140 oc
for at least twelve hours. When removed from the oven, they

were allowed to cool in a desiccator.

GLC Analysis

GLC analyses of products were carried out on a Varian

5700 equipped with a thermal conductivity detector and a
Hewlett-Packard 3390A integrater. A 1/8 in X 10 ft 7% OV-3
on Chromsorb W column was used. A temperature program of
100 °C to 31 °C at 10 °C/min.was used for all product
analyses with the exception of benzene. The temperature
progran used when benzene was being quantified was 50 °C to
310 °C at 5 °C/min. Yieldﬁgf products were determined by
use of internal standards. In all cases, the area ratio was

corrected for molar response determined from standard
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solutions of the products and the internal standards.

General work-up procedure

The following work up procedure was used for the
reactions in this section. All reaction mixtures were
poured into 50 mL of distilled water. Benzyl ether (0.0098
g, 4.95 X 10~4 mole) was added as an internal standard. The
water layer was extracted three times with 30 mL portions of
ethyl ether. The ether extracts were combined and washed
with 50 mL of distilled water. The ether was dried (MgSO4)
and removed using a rotatory evaporator. The residue was

dissolved in chloroform and analyzed by GLC as described

above.

Materials

The dimethyl sulfoxide (DMSO) was obtained from Fisher
Scientific and purified by drying for one day over calcium

Sus

lation through a Vigreux column (<45 %C). The DMSO was
stored in a foil wrapped flask over 4A moliecular sieves
under an argon atmosphere.52 The DMSO was deoxygenated by
passing argon through the solvent for one hour. The 4A
molecular sieves were activated by heating at 200 OC under
vacuum for one day. The DMSO was transferred by syringe to

preclude contact with oxygen.

Diethyl phcsphite was obtained from &
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Company and was purified by drying over calcium hydride

. followed by vacuum distillation. Benzenethiol was obtained
from Eastman Organic and was purified by drying over calcium
hydride followed by vacuum distillation. Pinacolone and
ethyl phenylacetate were obtained from Aldrich Chemical
Company and were purified by drying over anhydrous potassium
carbonate followed by distillation. Potassium t-butoxide,
dipnenyl methane, benzyl cyanide and decxybenzcin were
obtained from Aldrich Chemical Company and were used without
further purification. The preparation of phenylazotri-
phenylmethane (PAT),47 1-phenyl-3,3-dimethy1-2-butanone,13
1,1-diphenyl-3,3-dimethy1-2-butanone,13 diethyl phenyl-
phosphonate,15 1,2,2-triphenylethanone78 and ethyl diphenyl-

acetate53 has been described in the literature.
General Procedures

Typical competition procedure for FAT

A 50 mL volumetric flask was charged with potassium
t-butoxide (1.35 g, 0.011 mole), fitted with a septum, and
flushed with argon. Dry DMSO, 30 mL, was syringed into the
flask. Benzenethiol (0.55 g, 0.005 mole) and ethyl phenyl-
acetate (0.78 g,, 0.0048 mcle) were syringed into the flask.
Dry DMSO was syringed into the flask to adjust the volume to
50 mL., A test.tubé was charged with phenyazotriphenyl-
methane (0.05807 g, 1.67 X 10~% mole), fitted with a septusm,
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and flushed with argon. A 20 mL aliquot from the above
standard solution was syringed into the test tube. The test
tube was placed into an o0il bath at 45 OC for 22 hours. The

tube was removed, worked up and ahalyzed as described above.

Typical competition procedure when one nucleophile is
diethyl phosphite ion

A 50 mL volumetric flask was charged with potassium
t-butoxide (1.35 g, 1.10 X 10°2 mole), fitted with a septum
and flushed with argon. DMSO, 30 mL was syringed into the
flask and the flask was swirled until all of the base had
dissolved. Ethyl phenylacetate (0.76 g, 4.63 X 10~ mole)
and diethyl phosphite (1.02 g, 7.89 X 10~ mole) were
syringed into the flask. The solution was brought to
volume. A test tube was charged with PAT (0.06113 g, 1.76 X
10-4 mole), fitted with a septum and flushed with argon. A
20 mL aliquot of the above solution was syringed into the

test tube. The test tube was placed in an oil bath at 45 ©

Q

for 22 hours. The reaction mixture was worked-up and

analyzed as described earlier.

Typical competition procedure for PAT when potassium is
complexed by 18-crown-bt

4 50 mL veolumetric flask was charged with potassium
t-butoxide (1.22 g, 1.0 X 10-2 mole), fitted with a septum
and flushed with argon. DMSO, 30 mL, was syringed into the
flask. 18-Crown-6 {3.52 g, 1.3 X 102 mole) was syringed
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into the flask. The flask was swirled until all of the base
had dissolved. Ethyl phenylacetate (0.87 g, 5.3 X 10=3
mole) and diethyl phosphite (0.82 g, 5.9 X 10~2 mole) were
syringed into the flask. The solution was brought to
volume. A test tube was charged with PAT (0.05232 g, 1.5 X
10=4 mole), fitted with a septum and flushed with argon. A
20 mL aliquot from the above solution was syringed into the
test tube. The test tube was placed in an oil bath at 45 °C
for 22 hrs. The reaction mixture was worked-up and analyzed

as described earlier.

Determination of benzene

A 25 mL volumetric flask was charged with potassium
t-butoxide (1.00 g, 0.0082 mole), fitted with a septum, and
flushed with argon. Dry DMSO, 10 mL, was syringed into the
flask. The potassium was complexed by syringing 18-crown-6
(2.62 g, 0.0099 mole) into the flask. Pinacolone (0.87 g,
0.0087 mole) was syringed into the flask and the volume was
adjusted to 25 mL by injecting dry DMSO. An ampoule (10 mL
in volume) was charged witn PAT (0.10 g, 0.00029 mole},
attached to a vacuum line, and flushed with argon. An 8 mL
aliquet of the above soclution was syringed intc the ampoule
via a side arm on the neck of the ampoule. The solution in
the ampoule was frozen under vacuum using liquid nitrogen,
then warmed to room temperature under argon. This procedure

was repeated two times. After the freeze-pump-thaw cycles,
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the solution was frozen and the ampoule was sealed under
vacuum using a torch. The sealed ampoule was placed in an
0il bath at 45 °C for 22 hours. After this heating period,
the solution in the ampoule was frozen and then opened.
While still fraqzen, a septum was fitted to the neck of the
ampoule and securely fastened. Once at room temperature,
toluene (0.05 g, 0.00054 mole) was injected into the ampoule
and was used as the internal standard for the quantitation
of benzene. A 10 ul aliquot of the reaction mixture was
injected into the GLC instrument using the conditions out-
lined above to quantify benzene. ‘After the quantification
was complete, the reaction mixture was worked up and

analyzed as described earlier.

Time study of phenyl phosphonate in the presence of excess

diethyl phosphite and thiophenoxide

A 100 mL round bottomed flask eqiupped with a magnetic
stirring bar was charged with potassium t-butoxide (1.83 g,
1.5 X 10"2 mole), fitted with a septum and fiushed with
argon. DiSO, 20 mlL, was syringed into the flask.
Thiophenol (0.96 g, 8.7 X 10~> mole) and diethyl phosphite
(1.41 g, 8.04 X 10~3 mole) were syringed into the flask and
the volume of the solution adjusted to 25 mL. Aliquots, 2

mL, were removed at certain time intervals and worked-up and

analyzed as described earlier.
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GENERAL SUMMARY

Evidence has been nresented that supports the existence
of only one intermediate in the aromatic Spy1 reaction. The
relative reactivity of nucleophiles competing for an inter-
mediate in the aromatic Spy1 reaction and phenyl radical
generated from the thermolysis of PAT were very similar.

Initial relative rate studies competing two nucleo-
philes versus each other with iodobenzene under Spy1
conditions indicate another important product forming step
in the early stages of the reaction other than radical
nucleophile coupling. It appears that a competition occurs
between a photochemical process involving electron transfer
followed by cage recombination and the photostimulated free
radical chain process. The only nucleophiles that appear to
form a charge transfer complex with iodobenzene were the
enolates of pinacolone and 1-phenyl-3,3-dimethyl-2-butanone.

The rate constant for the coupling of phenyl radical

phenyl radical appears to be related to the basicity of the
nucleophile and the stability of the radical anion formed

from coupling.
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