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Evidence is presented for the intermediacy of 3-pyridyl

radical in the methoxide ion reduced, photoinitiated re-

ductive-dehalogenation of 3-iodopyridine in methanol. At

fixed reaction times the extent of reaction is increased by

removal of dissolved oxygen, an effect which may be indica-

tive of radical-chain character.

When 3-halopyridines (iodo, bromo , chloro) are photol-

yzed in methanol in the presence of thiophenoxide ion,

products arising from substitution (3-phenylthiopyridine)

and reductive-dehalogenation (pyridine) are obtained. Pro-

duct ratios for the 3-halopyridines are independent of the

identity of the halogen substituent. The overall reactivity

order is iodo > bromo > chloro.

Thermal decomposition of AIBN, a free radical initiator,

was also employed to induce substitution and reductive-

dehalogenation of 3-iodopyridine. Similar substitution to

reduction product ratios were obtained in AIBN initiated

and photoinitiated reactions. This result suggests that
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substitution and reduction products arise via competition

between thiophenoxide ion and the hydrogen atom donors

methoxide ion and methanol for an intermediate 3-pyridyl

radical. A radical-chain pathway (S^^^l) is postulated.

The following reactivity order is established for the

reaction of thiophenoxide ion with a series of hetaryl

and aryl radicals : 3-quinolyl > 4-isoquinolyl '^ 3-pyridyl

> 2-thienyl '^^ 1-naphthyl > phenyl radical. This order

parallels the predicted electron affinities (excluding 1-

naphthyl radical) of the hetaryl and aryl radicals.
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CHAPTER 1

INTRODUCTION

It is well known that aryl and hetaryl halides (except

fluorides) undergo photoinitiated reductive-dehalogenation,

a reaction represented by equation 1, in which solvent (SH)

usually serves as hydrogen atom donor. More recently

it has been reported that this photoinitiated reaction is

hv
ArX + SH > ArH + S- + X- (1)

facilitated by certain bases. Radical-chain mechanisms

have been postulated for these base accelerated

6,8-10,13,14 r .X. u .- ^u ureactions. ' ' ' In these chain reactions the base

(:B ) may (a) serve as an electron donor to photoexcited

substrate (equation 2) and/or (b) abstract a proton from

solvent derived radicals (equation 3). In either case, the

base facilitates the chain process by forming radical anion

ArX* + :B" > ArX~ + -B (2)

•SH + :B" > S~ + HB (3)

intermediates .

The radical-chain mechanisms which have been proposed



are similar to the original mechanism proposed by Bunnett

and Wamser for the free radical initiated reductive-deiodin-

ation of m-chloroiodobenzene in methanolic sodium methoxide.

This mechanism is outlined in Scheme I.

Scheme I

R- + CH3OH -^ RH + •CH2OH

•CH2OH + CH3O ? » CH3OK + CH2O"

CH2O + Arl

Arl~

-^ CH2O + Arl

Ar- +1"

Ar- + CH^OH -» ArH + •CH2OH

(4)

(5)

(6)

(7)

(8)

Zoltewicz, Oestreich, and Sale reported that the re-

ductive-dehalogenation of 4-bromoisoquinoline could be

affected in methanolic sodium methoxide at temperatures

ranging from 143° to 165°. ' ' Presumably, the high tem-

peratures which were employed induced free radical formation

The same group reported that 3-iodopyridine is similarly

reduced via a radical-chain process. In both reactions,

equations 9 and 10, reductive-dehalogenation is complicated

by the formation of 4-methoxyisoquinoline and 3-methoxypyri-

dine, respectively. The latter products arise by direct

substitution.

165
o

NaOCH,

Ch^OH

OCH,

+



165°

NaOCH^,

OCH.

+ (10)

CH^OH

Zoltewicz and Oestreich extended their work to thermally

initiated radical-chain reactions in which they were able to

trap the intermediate 4-isoquinolyl radical (of equation 9)

with thiophenoxide ion. ' The products of the reaction

are isoquinoline and 4-phenylthioisoquinoline , equation 11.

Only traces of 4-methoxyisoquinoline were found.

147°
+ NaSC H i-1

N ^ ^ NaOCH^,
CH^OH-^

+

SC5H5

+

OCH,

(11)

For the above reaction, a radical-chain mechanism

(Scneme II) was proposed in which the intermediate 4-iso-

quinolyl radical (I) may react with either methoxide ion and

solvent (equation 12) or with thiophenoxide ion (equation 13)

Attack by thiophenoxide ion on the intermediate hetaryl

radical generates the radical anion of 4-phenylthioisoquin-

oline (II) . Radical anion II then transfers an electron to

substrate, in equation 14, to continue the chain. The over-

all mechanism is similar to that proposed in Scheme I, with



SCHEME II

N

H

=S«5

II

(12)

(13)

SCgH3

+

III

Br SCgH3

+ fDti}, <"



the addition of chain propagation steps 13 and 14. This

mechanism is classified as an Sp„l type process (Substitu-

19
tion, Radical-Nucleophile , unimolecular) . It should be

noted, however, that a small percentage of the sulfide

formed in the above experiments also arises via "classical"

nucleophilic aromatic substitution, a competing reaction.

In the present work, preliminary investigations in-

dicated that the addition of sodium methoxide to methanolic

solutions of aryl or hetaryl halides results in a greatly

accelerated reductive-dehalogenation process when samples

are exposed to pyrex filtered ultraviolet light. Further-

more, photoinitiation is superior to thermally initiated

reductive-dehalogenation since the only product observed is

that resulting from reductive-dehalogenation, i.e., nucleo-

philic attack by methoxide ion on hetaryl halide does not

compete with reductive-dehalogenation.

The goals of our research were to (a) show that aryl

and hetaryl halides can be easily reduced photochemically

in methanolic sodium methoxide, i.e., that photoinitiated

reductive-dehalogenation of aryl and hetaryl halides in the

presence of methoxide ion is a method of general synthetic

utility, (b) develop a method whereby high yields of hetaryl

and/or aryl sulfides could be obtained via photostimulated

Sjy^l reactions between the parent halides and thiophenoxide

ion, (c) investigate the reactivity of various nucleophiles

in the photostimulated S^^l reaction with aryl and hetaryl

halides, i.e., attempt to trap hetaryl or aryl radicals with



nucleophiles other than thiophenoxide ion, and (d) examine

the effect of substrate structure on reactivity in substitu-

tion reactions with a given nucleophile.

In Chapter 2, mechanisms for the photoinitiated reduc-

tive-dehalogenation of 3-iodopyridine and the photostimulated

S„.|l reaction between the 3-halopyridines (iodo- , bromo-
,

and chloro-) and thiophenoxide ion are investigated. It is

shown that 3-iodopyridine is rapidly reduced to pyridine in

methanolic methoxide, and that this reaction requires meth-

oxide ion, equation 15. It is also shown that high yields

hv

NaOCH^.CH^OH
(15)

of 3-phenylthiopyridine can be obtained when 3-halopyridines

are photolyzed in methanol containing thiophenoxide ion,

equation 16. Pyridine is also a product in these reactions,

and the ratio of 3-phenylthiopyridine to pyridine is deter-

mined by the initial thiophenoxide ion to methoxide ion con-

centration ratio. This radical-chain substitution reaction

is not complicated by "classical" nucleophilic aromatic sub-

stitution; hence, photoinitiation is superior to thermal

initiation in this respect. Evidence is presented which

supports radical-chain mechanisms in both the reductive-

dehalogenation and substitution reactions.



+ NaSC.H. — >
o ^ NaOCH^.CH^OH

+ f )\ +NaX (16)

X I, Br, CI

In Chapter 3, effects of nucleophile and substrate

structure on the reactivity of aryl and hetaryl radicals to-

ward nucleophiles in the photoinduced Sp^,! reaction are ex-

amined, with the expectation that it might be possible to

trap aryl and hetaryl radicals with a variety of nucleophiles,

giving rise to their respective substitution products (equa-

tion 17) . Of the many types of nucleophiles which were

Ar- + :R
hv

NaOCH^, CH3OH
-> ArR + e (17)

employed as potential radical traps, only the thiol anions

are successful. A fev7 experiments also indicate that phos-

phorus nucleophiles might be used with success. This finding
9-700

is corroborated in the literature. '

In examining the effect of substrate structure on re-

activity toward substitution with thiophenoxide ion, several

aryl and hetaryl halides were employed. 3-Halopyridines

,

4-bromoisoquinoline , and 3-bromoquinoline all give high

yields of substitution products. In contrast, reductive-



8

dehalogenation is apparently the predominant reaction path-

way for iodobenzene, 1-bromonaphthalene , and 2-iodothiophene

.

For 2-broraothiazole , thermally induced nucleophilic aromatic

substitution competes effectively with the photoinitiated

substitution reaction. The differences in observed substi-

tution to reduction product ratios for these compounds are

rationalized primarily by the effect of annular nitrogen in

stabilizing the incipient radical anion formed by attack

of thiophenoxide ion on the hetaryl radical and by differ-

ences in the electron affinities of the various aromatic and

heteroaromatic rings.

The relative stabilities of some of the aryl and hetaryl

sulfides, compounds which are derived from attack of thio-

phenoxide ion on the aryl or hetaryl radicals, are also

examined. The results are reported and discussed in Chapter

3. The primary mode of decomposition of the sulfides appears

to be cleavage of the radical anion in equations 18 and 19.

ArSCgH^

ArS" + -CgH^ (18)

Ar- + C^H^S" (19)

Biphenyl appears as a minor product in the photoiniti-

ated decomposition of phenyl sulfide. Although previous in-

vestigators have postulated an intermolecular reaction for

the formation of biphenyl from phenylsulfide , results in-

dicate that both intermolecular and intramolecular processes

29may be in operation. Investigations into the m.echanism



for biphenyl formation are presented in Chapter 4.

During the progress of this research, Bunnett and

Creary reported the synthesis of aryl sulfides by the photo-

initiated reaction of aryl halides with thiophenoxide ion

30in liquid ammonia via an Sp,,l process.



CHAPTER 2

MECHANISTIC INVESTIGATIONS INVOLVING THE PHOTOINITIATED
RADICAL-CHAIN REDUCTIVE-DEHALOGENATION AND

PHOTOINITIATED SR^[1 REACTION OF 3-IODOPYRIDINE
WITH THIOPHENOXIDE ION

Results

Photoinitiated reductive-dehalogenation of 3-iodo -

pyridine in methanolic sodium methoxide . 3-Iodopyridine

,

when irradiated with pyrex filtered ultraviolet light in

methanolic sodium methoxide, is rapidly reduced to pyridine.

Results indicate that (a) methoxide ion is required for

reductive-dehalogenation, but that the addition of methoxide

ion in excess of one equivalent has little effect on re-

action rate; (b) removal of dissolved oxygen results in a

significant rate acceleration when reactions are carried

out at low substrate concentration; (c) reaction rate is

proportional to light intensity; and (d) the reaction can

be inhibited by some free radical inhibitors.

Reductive-dehalogenation clearly requires methoxide ion,

as demonstrated in the experiments in Table 1. When methanol

solutions of 3-iodopyridine without added methoxide ion are

irradiated with pyrex filtered ultraviolet light, the rate

of reaction must be extremely slow, since in run 1-1 only a

trace of pyridine is detected after an irradiation of 2207

minutes. However, when a solution of 3-iodopyridine in

10
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methanol which was initially 2.2 M in sodium methoxide was

irradiated for only 96 minutes, conversion to pyridine was

complete.

Experiments 1-3 through 1-5 demonstrate that reaction

essentially ceases after methoxide ion has been consumed.

In each of these experiments methoxide ion is the limiting

reagent. In run 1-3, in which the initial concentration

ratio of methoxide ion to substrate was 0.15, the glc yield

of pyridine is 18 percent. In run 1-4, the 71 percent yield

of pyridine agrees closely with the predicted conversion of

74 percent which would be produced by consumption of all of

the methoxide ion (0.23 M/0.31 M = 0.74). Since doubling

the irradiation time in entry 1-5 does not change the yield

of pyridine significantly (71 vs 66 percent) , irradiation

time must not be a limiting factor in entries 1-3 through

1-5. In the last run, 1-6, irradiation time probably is

the limiting factor factor since more than 7 equivalents of

methoxide ion were initially present, and conversion to

pyridine is incomplete.

The average mass balance for the entries in Table 1

is 98 + 6 percent. The high and low values of 108 and 83

percent, respectively, represent glc quantitation error for

3-iodopyridine which is occasionally encountered with the

use of the carbowax column which was employed for the

analysis of samples in Table 1. The problem of 3-iodopyri-

dine quantitation is discussed in greater detail in Chapter

5.
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The results plotted in Figure 1 further demonstrate

that reaction almost ceases when methoxide ion, present as

the limiting reagent, is consumed. As the amount of meth-

oxide ion initially present is increased by increments,

proportionate amounts of substrate are consumed until approx-

imately an equivalent of methoxide ion has been added. In

this region the increase in consumption of substrate with

the added methoxide ion declines sharply.

Experiments were also undertaken to determine whether

the presence of dissolved oxygen has any effect on the re-

action rate. The effect of oxygen was first determined at

high substrate concentration. Examination of the results

in Table 2 suggests there is a slight rate acceleration

when samples are degassed prior to irradiation. In the first

two runs, samples were not degassed prior to 3 minutes ir-

radiation; the yield of pyridine in each run is 11 percent.

In the third entry, the yield of pyridine increases slightly

(27 + 2 percent) for samples which were degassed prior to

irradiation

.

It is interesting to note that doubling the initial

methoxide ion concentration in run 2-2 does not increase the

yield of pyridine relative to the amount obtained in run 2-1.

This also demonstrates that the addition of sodium methoxide

in excess of one equivalent has only a small effect on the

rate of reductive-dehalogenation.

The effect of dissolved oxygen on reaction rate is much

more dramatic for reactions which are carried out at low
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Table 2. Effect of Degassing on the Extent of the Photo-
initiated Reductive-Behalogenation of 0.31 M 3-

lodopyridine in 0.43 M Methanolic Methoxide^

Run #

(2- )

Mol 7o

lodo-

Mol %

Pyridine

Mass Bal . De.oiassed

7/o

1



16

substrate concentration. In Table 3 are listed the results

from two series of experiments, 3-1 and 3-2, in which both

degassed and nondegassed solutions of 3-iodopyridine were

irradiated for identical periods. There is clearly a large

rate increase due to oxygen removal prior to photolysis, as

evidenced by the almost quantitative conversion to pyridine

in entry 3-1. The magnitude of this oxygen effect is made

more evident by the observation in entries 3-3 and 3-4 that

substrate is only slowly converted to pyridine on extended

irradiation of nondegassed solutions.

Experiments 3-4 and 3-5 were carried out to demonstrate

that there is no significant rate acceleration on substrate

dilution. A comparison of the results in entries 3-4 and

3-5 indicates that the extent of reaction actually decreases

slightly on an approximate 22 fold dilution of substrate.

In the latter run 35 percent substrate remains after a 180

minute irradiation, while in the former (low initial sub-

strate concentration) run 60 percent substrate remains.

From the results of degassing experiments and those of

runs 3-4 and 3-5, the following conclusions are reached.

First, the extent of reaction is similar for degassed samples

at high substrate concentration and nondegassed samples at

both high and low substrate concentration. Second, the

extent of reaction is greater for degassed samples at low

substrate concentration.

The average mass balance in Table 3 is 97 + 7 percent.

The values of 103 percent in entries 3-4 and 3-5 are within
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the limits of experimental error. The high value of -105

percent for the first entry is probably due to inaccuracy in

quantitation of 3-iodopyridine at low concentration. A

linear regression analysis was employed for quantitation of

3-iodopyridine, and an intercept correction which is made

may lead to a significant error for quantitation of low on-

column concentrations of substrate.

The extent of reductive-dehalogenation is dependent on

light intensity, an effect which is clearly demonstrated in

a comparison of runs 1-4 and 3-2. In the former run two

lamps were employed at a distance of 42 mm and the glc yield

of pyridine is 71 percent. In the latter experiment the

irradiation time was unchanged, but one lamp v;as employed at

about a 4-fold greater distance of 165 mm; consequently, 3-

iodopyridine does not react.

A control experiment was run to determine to what ex-

tent reductive-dehalogenation occurs thermally. A methanol

solution which v/as initially 1.4 x 10 H in 3-iodopyridine

and 0.31 M in sodium methoxide was heated at 165° for 6

minutes. Only a trace of pyridine was detected by glc

analysis. For temperatures at which the photoinitiated re-

actions are carried out (<71°) 3-iodopyridine should be un-

reactive

.

Reductive-dehalogenation was successfully inhibited

when N-tert-butyl-a-phenylnitrone and 2-methyl-2-nitroso-

propane were employed as additives, Table 4. High mole

ratios of inhibitor to substrate v/ere used in these experi-

ments. Unfortunately, inhibition in 4-1 was probably
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associated with the nitrone acting as a photochemical filter;

the nitrone strongly absorbs light (methanol, A 292 mm.°
' max '

e 17,600) in the region \\?here pyrex transmits ultraviolet

radiation. However, inhiibtion in 4-2 was more likely due

to a radical-chain breaking process since 2-methyl-2-nitroso-

propane absorbs light (methanol, A 289 nm, e 160) v/eaklymax ' •'

in the same region. The data in the fourth entry, in which

no additive was employed, serves as the control for these

inhibition experiments.

Pyridine, the product of reductive-dehalogenation, was

also investigated as a potential inhibitor. VJhen a high

concentration of pyridine was employed, in run 4-3, some

inhibition was noted. However, pyridine probably does not

inhibit reductive-dehalogenation at the low concentrations

in which it is formed during a typical photolysis of 1.4 x

-2
10 II 3-iodopyridine

.

Photoinitiated reductive-dehalogenation and substitu -

tion reactions of 3-iodopyridine in methanol containing

methoxide and thiophenoxde ions . In Table 5 are shovm

results of a series of experiments in which 0.30 M 3-iodo-

pyridine was irradiated with pyrex filtered ultraviolet

light in the presence of sodium methoxide and sodium thio-

phenoxide. A constant concentration ratio of thiophenoxide

ion to methoxide ion was used in these experiments to make

possible comparisons of substitution to reduction product

ratios at different times. The average mass balance is

90+4 percent for fifteen experiments; this indicates

either some substrate or products were consumed via side
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reactions, or there was a consistently low quantitation

error in glc analysis. No substrate derived components

other than pyridine or 3-phenylthiopyridine were detected

by glc or gc-ms analysis of product mixtures. However,

analysis of a fevi product mixtures by glc indicated the

presence of varying amounts of benzene, a product which

probably arises via degradation of the sulfide. (Analysis

of the product mixtures from runs 2 and 4 in Table 6 in-

dicated the presence of 13 and 2 percent benzene, respec-

tively.) Benzene v/as not detected in all product mixtures

analyzed; it appears that benzene is formed only in the

experiments in which a relatively high concentration of

thiophenoxide ion is present initially and in v;hich long

irradiation times are employed. The mechanism by which

benzene is formed is discussed in a later section.

For the series of experiments represented in entry

5-6, each of six samples was irradiated for 60 minutes.

The average product ratio for substitution to reduction is

1.2 + 0.1. The average glc yield for 3-phenylthiopyridine,

taken over values ranging from 30 to 41 percent, is 37 + 3

percent. For pyridine the average yield is 31 + 4 percent

(27 to 38 percent) and for 3-iodopyridine the value is

20+6 percent (12 to 30 percent) . Reproducibility for

quantitation of 3-iodopyridine is poor. Therefore, 3-iodo-

pyridine concentration determined by glc is not a quantita-

tive measure of the extent of reaction. The glc yields of

sulfide and pyridine are more reproducible. Thus, sub-
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stitution to reduction product ratios are reliable measures

for the competition between substitution and reductive-

dehalogenation

.

Comparison between the results in entry 5-6 and results

for the other experiments in Table 5, which differ only in

the time of irradiation, demonstrates there is a fair

correlation between conversion of substrate to products with

irradiation time. The average substitution to reduction

product ratio does not change with irradiation time. Neither

sample degassing nor blanketing a sample with oxygen had

any significant effect on the reaction rate or product

ratio.

The last entry in Table 5 demonstrates that rate is

proportional to light intensity, an observation which was

also noted for reductive-dehalogenation . In this experiment

a longer irradiation time is employed, but conversion of

substrate to products is significantly less than in runs

5-1 through 5-7 since the light intensity is reduced by

about a factor of 32. The substitution to reduction product

ratio for this experiment is considered to be unreliable

due to the inaccuracy in quantitating pyridine at low

concentrations

.

The data in Table 6 demonstrate the product ratio for

substitution to reduction is dependent on the initial con-

centration ratio of thiophenoxide ion to methoxide ion. At

high ratios of thiophenoxide ion to m^ethoxide ion substitu-

tion is the predominant pathway for the reaction of 3-iodo-

pyridine.
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The first two entries in Table 6 not only demonstrate

that high yields of the sulfide may be obtained, but they

also show that substrate is consumed in the absence of

added methoxide ion. (It was noted previously that reduc-

tive-dehalogenation of 3-iodopyridine proceeds extremely

slowly in methanol to which no methoxide ion has been added.)

Hence, for reaction to occur in the presence of thiophen-

oxide ion, added methoxide ion is not a requirement.

However, it does seem that added methoxide ion increases

the extent of conversion of 3-iodopyridine to products.

For experiment 6-1 in which no methoxide ion V7as initially

present, consumption of substrate is incomplete. In run

6-5, which was initially 1.1 M in sodium methoxide, sub-

strate is totally consumed.

Extended irradiation times do not result in a change

either in the product ratio for substitution to reduction,

or in the concentrations of products. This is evident in

a comparison of entries 6-5 and 6-6. Thus, products appear

to be stable to continued irradiation after substrate has

been consumed.

An attempt was made to demonstrate more clearly the

influence of methoxide ion concentration on the rate of

the photoinitiated reaction of 3-iodopyridine with thio-

phenoxide ion. In Table 7 are listed results from three

experiments in which 0.12 M 3-iodopyridine was photolyzed

for 185 minutes in the presence of 1.3 M sodium thiophen-

oxide. Varying the initial methoxide ion concentration
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from 0.22 to 0.92 M had only a minor effect on the extent

of reaction. The concentration of 3-phenylthiopyridine is

invariant for the three runs. Although the pyridine con-

centration seems to increase slightly with an increase in

methoxide ion concentration, the glc determined yields for

this product in the three runs overlap within the limits

of experimental error. Therefore, methoxide ion, when

present in excess of one equivalent, has a negligable in-

fluence on the rate.

The photoinitiated reaction of 3-iodopyridine with sodium

thiophenoxide in methanolic methoxide was also examined

at low substrate concentration. Results of this investiga-

_2
tion are presented in Table 8. VJhen 1.4 x 10 M 3-iodo-

pyridine is photolyzed in the presence of 0.49 M thiophen-

oxide ion and 0.44 M methoxide ion, substitution to reduc-

tion product ratios are obtained which are approximately

50 percent higher than those observed for the experiments

in Table 5 in which the initial concentration of 3-iodo-

pyridine was 0.30 M. (The average product ratio of 1.8 +

0.3 for Table 8 was calculated using the data in entries

8-3, 4, 5, and 7. The first two entries were excluded

since the concentration of pyridine is too low for accurate

quantitation, and the substitution to reduction product

ratios are unreliable. The unusually high value in entry

8-6 was also excluded.) The higher product ratios in

Table 8 may be due, in part, to difficulties in repro-

ducibly quantitating products by glc analysis for both
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concentrated and dilute samples. These problems are more
1

thoroughly discussed in Chapter 5.

Degassing apparently has no effect on the rate of re-
j

action, as indicated by a comparison of the first two entries
j

in Table 8. In each entry, the yield of products is about

the same. Degassing also has no effect on the product

ratio. For example, the product ratio for substitution to

reduction in entry 8-3, a sample which was degassed prior
l

to irradiation, is 1.6. The same product ratio is obtained

in entry 8-4, for a sample which was not degassed.

The experiments in Table 8 also demonstrate that rate

is proportional to light intensity. There is a large

difference in the extent of reaction between the first two

entries and the second set of experiments. In entries 8-1

and 8-2 the majority of substrate has not undergone re-

action after 7 minutes irradiation. In runs 8-3 and 8-4

in which the light intensity is increased by a factor of

-16, substrate is completely consumed at 10 minutes irradi- i

ation

.

The most striking observation of the study of the
,

competing reductive-dehalogenation and substitution of 1

3-iodopyridine in the presence of thiophenoxide ion is the

enormous effect of substrate concentration on reaction

rate. Reaction is completely over in entries 8-3 and 8-4
|

at an irradiation time of only 10 minutes. In contrast,
]

I

for the first seven entires in Table 5, in which the 3-
;

iodopyridine concentration was initially 0.30 M, reaction I
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is incomplete at irradiation times of from 20 to 129 min-

utes at the same light intensity. A comparison of the

results from run 5-8 with the data in entries 8-5 through

8-7 also demonstrates that more dilute solutions require

shorter irradiation times for reaction to reach completion

when the same light intensities are employed. In entry

5-8, in which the 3-iodopyridine concentration was initially

0.30 M, 77 percent substrate remains after 171 minutes

irradiation. In run 8-7, in which the initial 3-iodopyridine

_2
concentration was 1.4 x 10 M, only 16 percent substrate

remains after 82 minutes irradiation.

Known free radical scavengers were employed as additives

in attempts to intiibit the reaction of 3-iodopyridine with

thiophenoxide and methoxide ions. Inhibition was attempted

for the reaction at both high and low substrate concentra-

tions, Tables 9 through 11. 2-Methyl-2-nitrosopropane and

I^- tert-butyl-a -phenylnitrone , compounds which are often

used as spin labels in esr studies, were employed with

limited success. The use of these compounds is often

severely restricted in that they react with nucleophiles

31
to yield aminoxy anions. A brief investigation by nmr

suggested that these scavengers degrade under the conditions

employed in a typical photolysis experiment. It has been

reported tnat the nitrone undergoes deoxygenation when

irradiated with ultraviolet light to yield N-benzylidene-

32 33tert-butyl amine. ' This deoxygenation product was detected

in significant amounts by both glc and gc-ms analyses of
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reaction mixtures (retention time of 16 minutes, column A).

These findings prompted the use of high mole ratios of the

scavengers relative to the concentration of 3-iodopyridine

.

Inhibition was effective only at these relatively high con-

centrations. Inhibition was also attempted with the 3-

carbamoyl-2 ,2,5, 5- tetramethyl-3-pyrrolin-l-yloxy free

radical (CMP), but without success.

Phenyl disulfide, azobenzene , and 1 , 1-diphenylethylene

were also tested as potential inhibitors. Phenyl disulfide,

an oxidation product of thiophenol, was of interest since

this compound is formed as a side product in the reaction

of 3-iodopyridine with thiophenoxide and methoxide ions.

1 , 1-Diphenylethylene and azobenzene are often used to in-

hibit radical-chain reactions.

Attempts at inhibition of the reaction at high sub-

strate concentration are presented in Table 9. The use of

2-methyl-2-nitrosopropane was unsuccessful. The CMP free

radical, N- tert-butyl-a-phenylnitrone , and phenyl disulfide

inhibited the reaction only slightly. Interestingly, when

p-nitrothiophenoxide ion was employed as a potential

nucleophile, it was not only unreactive in that capacity,

but it completely inhibited reductive-dehalogenation . The

latter compound exhibits a broad absorption at 417 nm which

tails into the region in which pyrex transmits ultraviolet

light; lit A (methanol) 415 nm (log e 4.16).

In Table 10, data are presented for three experiments

in which attempts were made to inhibit the reaction of
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-2
1.4 X 10 M 3-iodopyridine . The CMP free radical and 2-

methyl-2-nitrosopropane are almost ineffective as inhibitors

Azobenzene inhibits reaction to a slightly greater extent.

However, azobenzene strongly absorbs light in the region

in which pyrex transmits ultraviolet radiation: lit A^' max

(ethanol) 225 nm (log e 4.1), 317 (4.3), 441 (2.7). Hence,

inhibition by azobenzene is probably not due to radical-

chain breaking.

Further attempts at inhibition of the reaction of 1.4

-2
x 10 M 3-iodopyridine are summarized in Table 11. In-

hibition was successful in runs 11-3 and 11-4 in which

relatively high mole ratios of 2-methyl-2-nitrosopropane

(methanol, A 292, e 17,600) were employed. It alsomax ' ' f J

appears as though some inhibition may have occurred in run

11-2. Unfortunately, it was not possible to achieve in-

hibition using low concentrations of either the nitroso

compound or the nitrone.

Photoinitiated reactions of 3-bromopyridine and 3-

chloropyridine with sodium thiophenoxide in methanolic

methoxide . Results of a series of experiments in which 3-

bromo- and 3-chloropyridine were irradiated in methanol

containing sodium methoxide and sodiiom thiophenoxide are

presented in Table 12. As was observed for 3-iodopyridine,

irradiation of the bromo- and chloro- compounds yields a

mixture of pyridine and 3-phenylthiopyridine . I^en either

compound was allowed to react with a mixture of 0.45 M

sodium methoxide and 0.49 M sodium thiophenoxide, a sub-
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stitution to reduction product ratio was obtained which is

essentially identical, within experimental error, to that

which is obtained when 3-iodopyridine is irradiated under

the same conditions. For example, when a solution which

was initially 1.9 x 10 M in 3-bromopyridine (entry 12-1)

was irradiated for 120 minutes a product ratio for substitu-

tion to reduction of 1.6 was obtained. The average product

ratio for the experiments involving 3-iodopyridine (at an

_2
initial concentration of 1.4 x 10 M) in Table 8 is 1.8

+ 0.3. In entry 12-2 when a 0.32 H solution of 3-bromo-

pyridine was irradiated for 768 minutes, the observed pro-

duct ratio was 1.3. The average product ratio for the ex-

periments involving 0.30 M 3-iodopyridine in Table 5 is 1.2

+0.1. In run 12-4, a substitution to reduction product

ratio of 1.2 is obtained when 0.32 M 3-chloropyridine is

irradiated for 811 minutes. Only in entry 12-5 does the

product ratio differ, and this value (0.97) was obtained

after -3900 minutes irradiation. The product ratios in

entries 12-3 and 12-6 also seem to be low. It is probable

that 3-phenylthiopyridine degrades on extended sample ir-

radiation, and this degradation would be reflected in lower

product ratios. Thus, product ratios at extended irradia-

tion times may not reflect the reactivity of the 3-halo-

pyridines

.

The low mass balances (70-79 percent) may also be in-

dicative of sulfide degradation. Unfortunately, mass bal-

ances are not available for runs 12-2 and 12-4 in which
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Table 12. Product Distribution Resulting from the Photoinitiatec
Reactions of 3-Chloro- and 3-BrOTnopyridine with Sodiun
Thiophenoxide and Sodium Methoxide^

Run # Halopyridine, [NaOCH„]Q, [NaSC^H^]Q Irradiation

(12- ) M MM Time, min.

1
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samples were irradiated for much shorter periods of time.

An internal standard was not employed in run 12-2, and

overlap of the glc peaks for 3-chloropyridine and anisole

(internal standard) prevented quantitation of products in

run 12-4.

It is significant that both 3-bromo- and 3-chloropyri-

dine react more slowly than does 3-iodopyridine under sim-

ilar conditions. A comparison of the entries for 0.30 M

3-iodopyridine in Table 5 with entry 12-2 for 3-bromopyri-

dine and entry 12-4 for 3-chloropyridine demonstrates that

3-iodopyridine is largely consumed after ca. 60 minutes

irradiation, while the other halopyridines are only par-

tially consumed at irradiation times of 768 and 811 min-

utes, respectively. Furthermore, a comparison of Figures

2 and 3, which correspond to entries 12-2 and 12-4, res-

pectively, shows that 3-bromopyridine is consumed more

rapidly than 3-chloropyridine. Thus, the reactivity order

3-iodo- > 3-bromo- > 3-chloropyridine is established.

Another interesting observation can also be made. In

12-1, in which the initial 3-bromopyridine concentration

was 1.9 X 10 M, substrate is no longer present after a

120 minute sample irradiation. After a 768 minute irradia-

tion in 12-2, in which the initial 3-bromopyridine concen-

tration was 0.32 M, there is still unreacted 3-bromopyri-

dine. Thus, dilution of substrate results in a significant

rate acceleration for the photoinitiated reaction of 3-

bromopyridine with thiophenoxide ion.
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AlBN initiated reaction of 3-iodopyridine in methanol

containing sodium methoxide and sodium thiophenoxide . It

was of interest to determine whether a phenylthio-substitu-

tion product could be obtained from 3-iodopyridine using a

nonphotochemical method of initiation. Therefore, AIBN, a

free radical initiator, was employed as an alternative

method for the generation of 3-pyridyl radical in the ab-

sence of light. Results for AIBN initiated experiments are

listed in Table 13.

Three of the five experiments in Table 13 were carried

out at low initial 3-iodopyridine concentration (1.4 x 10

M) rather than at high concentration (0.30 M) since conver-

sion of substrate to products is higher at the low concen-

tration level. The greater extent of reaction in entries

13-3 through 13-5 may be due to either the higher AIBN to

substrate concentration ratio, or to a dilution effect

similar to that which is observed for the photoinitiated

substitution reactions.

Mass balances in the first two entries are consistent

with those for photoinitiated experiments in which the con-

centration of 3-iodopyridine was initially 0.30 M. However,

for experiments 13-3 through 13-5, which were carried out

at low substrate concentration (1.4 x 10 M), mass balances

are lower than those for corresponding photoinitiated ex-

periments in Table 8. The average mass balance in entries

13-3 through 13-5 is 95 + 3 percent. The lower mass

balances for the three entries in Table 13 are probably due
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Table 13. Product Distributions Resulting from AIBN Initiated
Reaction of 3-Iodopyridine with Sodium Thiophenoxide
and Sodium Methoxide in Methanol at 100° for 60
Minutes^

Run # [NaOCH^lQ, [NaSCgH^jQ, Mol % Mol % Mol %

(13- ) M M lodo- Redn. Substn,

1^
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to glc quantitation error which arises from deviation in

FID response over the large concentration range (0.30 M to

-4
~5 X 10 M) for which samples are analyzed. Adjustments

were made to correct for this quantitation error at low

concentrations, in the analysis of samples for which photo-

initiation was employed; anisole was employed as internal

standard in these experiments. However, biphenyl was

employed as glc standard for the AlBN initiated runs, and

the same corrections were not applicable in these analyses.

Fortunately, a deviation in detector response only affects

the mass balances and not product ratios for substitution

to reduction; i.e., the yields of pyridine and sulfide are

adjusted proportionately.

Reproducibility of experimental results is excellent

in each set of duplicate runs except series 13-4. The dis-

agreement in substitution to reduction product ratios for

this series is due to difficulty in accurately determining

pyridine concentration at low conversion (11 + 2 percent)

.

Substitution to reduction product ratios are dependent

on the initial concentration ratio of sodium thiophenoxide

to sodium methoxide. In entry 13-3, in which the initial

concentration ratio of thiophenoxide ion to methoxide ion

is 1.1, the average substitution to reduction product ratio

for two experiments is 2.1 + 0.1. A decrease in the initial

base concentration ratio to 0.44, in entry 13-5, results

in an average product ratio of 1.2 + 0.1.

Photoinitiated reaction of 3-iodopyridine with phenyl
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disulfide in methanolic methoxide . The experiments in

Table 14 were undertaken to determine whether 3-phenylthio-

pyridine may arise by reaction of the 3-pyridyl radical with

phenyl disulfide. (Phenyl disulfide, an oxidation product

of thiophenol, is formed when 3-iodopyridine is photolyzed

in methanol containg sodium methoxide and sodium thiophen-

oxide.) Radical displacement reactions on disulfides have

been reported. ^^ - ^^ -^^

In entries 14-1 through 14-4 the initial 3-iodopyridine

concentration was 0.30 M. Except for entry 14-2, mass

balances for this series of experiments are excellent. The

high value in entry 14-2 (108 percent) is probably due to

glc analysis error. In entries 14-5 through 14-8 the

_2
initial concentration of 3-iodopyridine was 1.4 x 10 M.

Mass balances in these experiments are considerably lower

than in the experiments in which 3-iodopyridine concentra-

tion was initially 0.30 M. The lower mass balances prob-

ably reflect degradation of pyridines during sample irradi-

ation since unidentified products were detected by glc.

Although the major reaction pathway is reductive-de-

halogenation in each of the experiments, substitution

competes effectively. The product ratio for substitution

to reduction is dependent on the initial concentration

ratio of phenyl disulfide to sodium methoxide. This is

demonstrated in a comparison of the results for entries

14-2 and 14-4, in which the initial concentration ratios

of phenyl disulfide to methoxide ion were 0.26 M and 0.14 M,
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Table 14. Product Distribution from the Photoinitiated Reaction
of 3-Iodopyridine with 0.13 M Phenyl Disulfide in
Methanolic Methoxide

Run # [NaOCH^lQ;

(14- ) M

Irrac



Table 14 - extended

51

Mol 7o

Substn.
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respectively. The respective product ratios in these runs

are 0.36 and 0.22.

Increasing the initial concentration of sodium meth-

oxide clearly increases the yield of pyridine, but not that

of sulfide for a given irradiation time. In entries 14-1

and 14-3 an increase in the initial concentration of sodium

methoxide from 0.49 M to 0.92 M results in an 8 percent in-

crease in the yield of pyridine, while the yield of sulfide

is essentially unchanged. Similarly, in runs 14-2 and

14-4 an increase in methoxide ion concentration increases

only the yield of pyridine. Thus, in these experiments

the extent of reductive-dehalogenation is dependent on meth-

oxide ion concentration, but the extent of substitution is

not.

A significant rate acceleration accompanies dilution

of substrate. In run 14-3, in which substrate concentra-

tion was initially 0.30 M, 74 percent of the substrate

remains after 226 minutes irradiation. In run 14-7, which

represent a 22 fold dilution of substrate, only 11 percent

3-iodopyridine remains after an identical irradiation time.

It is noteworthy that the rate for the photoinitiated

reaction of 3-iodopyridine with phenyl disulfide in meth-

anolic methoxide is significantly less than the rate for

the reaction of 3-iodopyridine with thiophenoxide ion in

methanolic methoxide when both reactions are carried out

at low substrate concentration (-10 M) . In entry 14-5,

28 percent 3-iodopyridine remains after 226 minutes irradi-
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iation. In entry 8-7, after 82 minutes irradiation at the

same light intensity only 16 percent substrate remains.

At high substrate concentration (0.30 M) there is a smaller

difference in the extent of conversion of substrate to pro-

ducts for the two reactions. In run 14-1, 83 percent sub-

strate remains after 226 minutes irradiation. In run 5-8,

which involves reaction of 3-pyridyl radical with thiophen-

oxide ion, 77 percent substrate is present after 171 minutes

irradiation.

Irradiation of 3-iodopyridine in methanol-0-d solution

in the presence of methoxide and thiophenoxide ions . To

demonstrate that 3-iodopyridine is reduced to pyridine via

a radical mechanism and not via an ionic pathway, a control

experiment was carried out using a methanol-0-d solution,

which was initially 1.96 x 10 M in 3-iodopyridine, 0.195 M

in sodium thiophenoxide, and 1.60 M in sodium methoxide.

This mixture was irradiated for 10 minutes (two lamps at a

distance of 42 mm)

.

Analysis of the product mixture by glc indicated the

presence of pyridine, 3-iodopyridine, and 3-phenylthiopyri-

dine. The pyridine fraction was analyzed by gc-ms to

determine the deuterium content of the molecule.

The mass spectrum (70 eV) of pyridine exhibited a

molecular ion at 79.042 (100 percent) and a P+1 peak with

a relative intensity of 8.5 percent. The calculated P+1

intensity for pure pyridine-d^ is 5.9 percent. Thus, the

observed P+1 intensity indicates that the pyridine is
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almost completely deuteriiim free. The slightly high value

for the observed P+1 contribution may be due to a small

amount of deuterium present at position 4, which was in-

corporated via hydrogen-deuterium exchange prior to sample

analysis (the sample was stored at C for approximately

one week prior to analysis by gc-ms)

.

Electronic absorption and emission spectra of the 3-

halopyridines . To further understand the mechanism of

photoinitiation in the radical-chain reductive-dehalogen-

ation and substitution reactions of the 3-halopyridines

,

ultraviolet absorption spectra were recorded for 3-iodo-,

3-bromo, and 3-chloropyridine in methanol. An attempt

was also made to record the fluorescence emission spectrum

of 3-iodopyridine in methanol in order to identify the low-

est energy excited state involved in photoinitiation and

to investigate the nature of the effect which molecular

oxygen exerts on the rate of reductive-dehalogenation

.

The absorption maxima and molar absorptivities for

3-iodo-, 3-bromo, and 3-chloropyridine in methanol are

listed in Table 15. The absorption spectrum of 3-iodopy-

ridine exhibits the following maxima (e) : 272 nm (2755)

and 230 nm (7500) . The absorption at 272 nm tails into

the region above 300 nm in which excitation by pyrex fil-

tered light occurs. Although the absorption spectra have

been reported for 3-bromo- and 3-chloropyridine, and transi-

tions have been assigned to absorption bands, no assignments

have been made for the spectrum of 3-iodopyridine.
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Table 15. Ultraviolet Absorption Data for 3-Iodo-, 3-Bromo-,
and 3-Chloropyridine in Methanol

3-Halopyridine A.max(nm) Molar Absorptivity

(O

3-iodopyridine 272 2755

230 7500

3-bromopyridine 275 (s)

268 2802

262 2421

3-chloropyridine 273 (s)

267 2856

260 2486

s = shoulder

.
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In the spectra of 3-bromo- and 3-chloropyridine a weak h-tt"

absorption appears as a shoulder on a more intense ir-TT" ab-

sorption. These r\--u''' bands occur at 275 nm and 273 nm,

respectively.

In a comparison of the absorption spectra of 3-iodo-,

3-bromo-, and 3-chloropyridine (Table 16), the absorbence

is greatest in the region 280-310 nm for 3-iodopyridine

.

/ 9
This observation can also be made from literature data.

An attempt was also made to observe the fluorescence

emission spectrum of 3-iodopyridine in methanol. No emis-

sion was observed between 200 and 600 nm when 2.24 x 10 M

-3
and 4.48 x 10 M solutions of 3-iodopyridine were irradi-

ated at 272 and 305 nm. The absence of observable fluo-

rescence strongly suggests that the excited molecule exists

in a triplet state.
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Table 16. Ultraviolet Absorbence Data for the 3-Halopyridinesm Methanol in the Region for Transmittance of
Radiation by Pyrex Glass

X

(nm)
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Discussion

A proposed mechanism for the photoinitiated reductive-

dehalogenation of 3-iodopyridine in methanolic methoxide . The

proposal of a radical-chain mechanism for reductive-dehalo-

genation of 3-iodopyridine is supported by the following ob-

servations: (a) reductive-dehalogenation is photoinitiated,

requiring irradiation with ultraviolet light; (b) the reaction

requires methoxide ion; (c) formate ion, a methanol oxida-

tion product, is detected in reaction mixtures; (d) a rate

increase is observed when samples are degassed to remove

dissolved oxygen; (e) only a small amount of deuterium is

incorporated into the pyridine ring when 3-iodopyridine is

photolyzed in methanol-0-d ; and (f) reaction may be inhibited

by some free radical inhibitors. Although some of the

evidence outlined above demonstrates that reductive-dehalo-

genation must proceed via a radical intermediate, taken

as a whole, the evidence suggests that a radical-chain path-

way is the most reasonable one for reductive-dehalogenation.

The mechanistic implications of each of the above observa-

tions will be discussed in detail.

It is known that when aryl and hetaryl halides (ex-

cluding fluorides) are irradiated with ultraviolet light

of appropriate wavelengths, aryl and hetaryl radicals are

1-14
generated via carbon-halogen bond fragmentation. When

the aryl and hetaryl halides are photolyzed in the presence

of hydrogen atom donors (usually alcohol solvent) products

resulting from reductive-dehalogenation are obtained.
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There are two possible photoinitiation mechanisms by

which 3-pyridyl radical can be generated in the reductive-

dehalogenation of 3-iodopyridine in methanolic methoxide.

These mechanisms are presented in Schem.e II. The first mech-

anism involves photoexcitation followed by homolytic cleavaee

of the carbon-halogen bond of the excited molecule, equations

20 and 21. This mode of initiation is generally accepted for

reactions involving, aryl and hetaryl iodides, and has even

been postulated as a mechanism for initiation in the reductive-

dehalogenation of aryl bromides and chlorides. ' ' The

second mechanism for photoinitiation (equations 22 and 23)

involves electron transfer from an electron donor (D ) to the

photoexcited 3-iodopyridine molecule to generate the radical

anion of 3-iodopyridine. Loss of iodide ion by the radical

anion generates 3-pyridyl radical. Recent esr investigations

have demonstrated that pyridyl and quinolyl radicals generated

by this latter pathway are o-radicals.

Scheme II

Initiation:

3IPyr —^ > 3lPyr* (20)

3IPyr' > Pyr- + I- (21)

3IPyr" + D" > 3lPyr" + D- (22)

3IPyr" > Pyr- + l" (23)
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Methoxide ion probably serves as electron donor in

equation 22. Several investigators have reported that reduc-

tive-dehalogenation of aryl and hetaryl halides is facilitated

by addition of nucleophiles (e.g., hydroxide ion, cyanide

ion, and aliphatic amines) to reaction media (generally alco-

hol solvents) .
'

~
' ' It is generally postulated that

these bases serve as electron donors to the photoexcited

aryl or hetaryl halide.

The latter mechanism, involving photoinduced electron

transfer from donor to aryl halide is particularly attractive

as a route to carbon-bromine or carbon-chlorine bond frag-

mentation, since cleavage of these bonds requires greater

energy than cleavage of a carbon-iodine bond. Loss of

chloride or bromide ion by a radical anion is a more feasible

process energetically than photoinduced homolysis of the

carbon-halogen bond. However, initiation in the case of

3-iodopyridine probably occurs via both mechanisms presented

in Scheme II.

A species such as III might also serve as electron

donor to photoexcited 3-iodopyridine in equation 22. This

type of TT-delocalized anionic a-complex has been suggested as

a possible electron donor in a similar (thermally initiated)

u *-• 16,17chain reaction.

The photoinitiated reductive-dehalogenation of 3-iodo-

pyridine in methanol exhibits a requirement for methoxide ion.

There are two possible explanations for this requirement.

First, methoxide ion may function as the electron donor de-
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III

picted in equation 22. Methoxide ion may also be involved

in a chain propagation step (equation 24). In this reaction,

base (:B ) abstracts a proton from hydroxymethyl radical to

generate the radical anion of formaldehyde. The latter

species is a good reducing agent, and is expected to be an

45 46
important chain propagating species. ' Thus, an increase

in the concentration of methoxide ion should increase the

concentration of formaldehyde radical anion; this would in-

crease the overall rate of reductive-dehalogenation

.

•CH2OH + :B" ^ > CH2O" + HB (24)

The equilibrium represented in equation 24 might also

explain the leveling effect which is observed with increasing

methoxide ion concentration. Figure 1. Although it was de-

monstrated that rate is dependent on methoxide ion concentra-

tion when methoxide ion is the limiting reagent, addition of

excess methoxide ion (relative to substrate) has little effect

on the rate. These characteristics might be attributable

to the above described equilibrium. Addition of excess

methoxide ion has little effect on the concentration of
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formaldehyde radical anion present relative to the sum of the

concentrations of formaldehyde radical anion and hydroxymethyl

radical, i.e., this ratio so closely approaches unity with

addition of excess methoxide ion, that further addition of

methoxide ion does not change this value significantly.

It is noteworthy that reductive-dehalogenation of

3-iodopyridine in methanol is accelerated by bases other than

methoxide ion. For instance, 3-iodopyridine was reduced to

pyridine by irradiation in methanol containing cyanide ion.

The effect of cyanide ion might be explained in terms of

the acid-base equilibrium described above, or cyanide ion

may serve as electron donor to photoexcited substrate.

Parkanyi and Lee have reported that the photoinduced

reductive-dehalogenation of 3-bromoquinoline in aqueous

methanol requires the presence of nucleophiles such as hydrox-

ide ion or cyanide ion. They postulated a photoinduced

electron transfer mechanism as the initiation step, but did

not propose a radical-chain mechanism. In contrast, other

investigators have claimed that reductive-dehalogenation is

accelerated by bases, and that acid-base equilibria, analogous

to equation 24, are involved in formation of chain carrying

radical anion intermediates. > >
> Zoltewicz and co-

workers reported that the thermally induced radical-chain

reductive-dehalogenation of 3-iodopyridine in methanol re-

quires methoxide ion.

The 3-pyridyl radical, which is formed via equations

21 and 23, may abstract a hydrogen atom from either methanol
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or methoxide ion. The products of these reactions, in addi-

tion to pyridine, are hydroxymethyl radical and formalde-

hyde radical anion, respectively. Boyle and Bunnett have

reported that methoxide ion is 45 ± 10 times more reactive

47
as a hydrogen atom donor than methanol. In spite of the

better hydrogen atom donating ability of methoxide ion, this

effect alone cannot explain the rate increases which are

observed with added methoxide ion.

Analysis of reaction mixtures by nmr indicated that

formate ion is produced during the reductive-dehalogenation

of 3-iodopyridine . Formate ion could not be quantitated

because of signal overlap with ring protons of 3-iodopyridine.

Formaldehyde, a reaction product, is converted to formate ion

by reaction with hydroxide ion, or by reaction with methoxide

ion to yield methyl formate, which is then hydrolyzed by

traces of water. The formation of formate ion is consistent

with the finding that formate ion is also produced during the

photoinitiated reductive-dehalogenation of 1-halonaphthalenes

in methanolic methoxide. (The latter results are from un-

published work in this laboratory.) It has been reported

that formate ion is produced during the photoinitiated radi-

cal-chain reductive-dehalogenation of 4-bromoisoquinoline in

methanolic methoxide. '

Proposed propagation steps for reductive-dehalogenation

of 3-iodopyridine are presented in Scheme III. Hydrogen

atom abstraction from methanol and from methoxide ion, as

previously described, yield pyridine, hydroxymethyl radical.
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and formaldehyde radical anion. Formaldehyde radical anion

is also formed via reaction of methoxide ion with hydroxy-

methyl radical. In equation 28, formaldehyde radical anion

transfers an electron to 3-iodopyridine to continue the chain.

The identities of the termination steps have not been deter-

mined.

Scheme III

Propagation

:

Pyr- + CH3OH > PyrH + • CH2OH (25)

Pyr- + CH3O" > PyrH + CH2O" (26)

•CH2OH + CH3O" ^ > CH2O" + CH3OH (27)

CH2O" + 3IPyr ^ CH2O + 3IPyr" (28)

Several experiments (Tables 2 and 3) were undertaken

to determine whether the presence of dissolved molecular

_2
oxygen has any effect on the extent of reaction at low (10

M) and high (0.3 M) substrate concentrations. One obvious

observation is that removal of dissolved oxygen results in

a significant increase in conversion of substrate to product

at low concentrations of 3-iodopyridine, but not at high

concentrations. A parallel observation is that dilution of

substrate results in an increase in extent of reaction for

degassed samples, but not for samples which have not been

degassed.

Two possible conclusions may be drawn from the above

observations concerning the effects of oxygen and of substrate
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concentration on reductive-dehalogenation . The first of these

is that oxygen inhibits reductive-dehalogenation; the magni-

tude of this effect is dependent on substrate concentration,

being much more pronounced at low concentrations of substrate.

An alternative conclusion is that dilution of substrate results

in an increase in extent of reductive-dehalogenation, but that

this dilution effect is cancelled by the inhibitory effect of

oxygen. The latter conclusion is reasonable since other in-

vestigators have noted that in the photodebromination of het-

aryl bromides quantum yields for product formation increase

9 10with substrate dilution at given irradiation times. '

The inhibitory effect of oxygen is not easily explained.

Inhibition of reactions by small amounts of dissolved oxygen

is often considered good evidence for radical-chain charac-

6 9
ter. ' However, the use of inhibition by oxygen as a crite-

rion for radical-chain character must be considered cautious-

ly when the reaction is photoinitiated , as in this instance.

Paramagnetic materials such as oxygen can affect singlet-

triplet interconversion in photoexcited molecules via en-

48hancement of spin-orbital coupling. Oxygen can also decrease

the lifetime of excited triplet species by triplet-triplet

49annihilation. Thus, inhibition of photoinitiated reactions

by dissolved molecular oxygen may be explained by either a

radical-chain breaking process or via some effect on the

nature or lifetime of the photoexcited molecule.

Inhibition by oxygen has been cited previously as evi-

dence for radical-chain pathways in photoinitiated reductive,

6 9dehalogenations of aryl and hetaryl halides. ' Other authors.
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in investigations of very similar reactions, have cited

inhibition by oxygen as evidence for triplet excited

states.

It is noteworthy that in previous investigations into

methoxide ion promoted reductive-dehalogenation of 4-bromo-

isoquinoline , a thermally induced reaction, oxygen had no

effect on reaction rate. This suggests that the inhibitory

effect by oxygen in the photoinitiated reactions of 3-iodo-

pyridine might be due to an effect on. the photochemistry,

rather than a chain breaking process

.

Since 3-iodopyridine is a heavy atom containing molecule,

it is likely that it exists in a triplet lowest energy ex-

cited state. This postulate is supported by the observation

that fluorescence was not observed when an attempt was made

to take the fluorescence emission spectrum of 3-iodopyridine

in methanol. Hence, it seems possible that inhibition by

oxygen might be due to depopulation of the lowest energy

triplet state via triplet-triplet annihilation.

In a recent report concerning photodebromination of

4-bromoisoquinoline and 3-bromoquinoline Parkanyi and Lee

stated that the lowest triplet states of pyridine-like hetero-

* 10
cycles are usually tt-tt states.' A tt-tt band was invoked

as the lowest excited state in a recent investigation into

the photodebromination of 5-bromopyrimidines by Nasielski

and Kirsch-Demesmaeker . In both of the above described in-

vestigations photodebromination was inhibited by oxygen.

Parkanyi and Lee proposed that oxygen inhibited reaction via
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a photochemical process, while Nasielski and Kirsch-Demes-

maeker postulated a chain breaking process.

Reductive-dehalogenation cannot proceed via an ionic

intermediate since only a small amount of deuterium was in-

corporated into the pyridine ring when 3-iodopyridine was

photolyzed in methanol-0-d containing methoxide ion (thio-

phenoxide ion was also present in this experiment) . A hydro-

gen atom should be abstracted from the methyl group of

methanol by 3-pyridyl radical, whereas 3-pyridyl anion should

remove a hydroxylic proton. Thus, a mechanism (equation

29) in which pyridine is formed via electron transfer to

3-pyridyl radical to generate the anion and subsequent proton

transfer, is excluded. Instead, pyridine is formed via

hydrogen atom abstraction from solvent or methoxide ion by

3-pyridyl radical.

Pyr- ^^-^ Pyr" _^3^ PyrH (29)

About 2.6 percent of monodeuterated pyridine was formed

in the above experiment. Some of this material was probably

produced via reaction of 3-pyridyl radical with a small

amount (%1 percent) of proteo methanol present, which was

formed via reaction of thiophenol and methoxide ion. Deu-

terated pyridine probably was also formed via hydrogen-deu-

terium exchange at the 4-position of the ring and by a small

percentage of deuterium atom abstraction by 3-pyridyl radical

from the hydroxyl group of methanol. '

Attempts at using free radical traps to inhibit reduc-

tive-dehalogenation were not entirely successful. Although
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the reaction was inhibited slightly when N-tert-butyl-a-

phenylnitrone and 2-methyl-2-nitrosopropane were employed as

additives, degradation of these compounds during sample irra-

diation necessitated the use of high mole ratios of the inhi-

bitors relative to substrate. Both compounds are known to

undergo reaction with nucleophiles to yield aminoxy anions.

An investigation by nmr indicated that 2-methyl-2-nitroso-

propane undergoes reaction at room temperature in methanol

containing methoxide and thiophenoxide ions to yield un-

determined products. Investigations involving glc and ge-

ms analysis of products indicated that N-benzylidene-tert-

butyl amine is formed in significant amounts when N-tert-

butyl-a-phenylnitrone is photolyzed in methanol.

Both 2-methyl-2-nitrosopropane and N- tert-butyl-a-

phenylnitrone are known to be photochemically labile. The

nitroso compound dissociates as indicated in equation 30

under the influence of red light; however, reports indicate

it is possible to irradiate solutions which absorb light in

51-53the 280 - 300 nm region without affecting this reaction.

It has been reported that the nitrone rearranges to the

2 C^HgNO ^l^^^
> (C^Hg)2N-0- + NO- (30)

oxaziridine IV, when irradiated with ultraviolet light, and

32 33that oxygen is liberated during irradiation of nitrones .
'

Furthermore, it has been noted that H-benzoyl-N- tert-butyl-

nitroxide V, a stable radical, is produced when either N-tert-

butyl-a-phenylnitrone or the oxaziridine IV is irradiated

33with ultraviolet light in benzene. This nitroxide radical

33
is not detected when the nitrone is photolyzed in ethanol.
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Q

Z-\,>
IV

Obviously, the complex photochemistry of N-tert-butyl-

a-phenylnitrone makes it difficult to reach any conclusions

concerning inhibition of reductive-dehalogenation . This com-

pound absorbs light in the region for transmittance of radia-

tion by pyrex glass, and the nitrone, oxaziridine (IV), or

nitroxide radical (V) may be potential inhibitors.

For several experiments in which the nitrone was employed

as additive, samples were degassed prior to irradiation. De-

gassing may be ineffective when the nitrone is present,

because molecular oxygen is probably eliminated during forma-

tion of N-benzylidene-tert-butyl amine.
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In summary, it has been shovm conclusively that 3-iodo-

pyridine is reduced to pyridine in a photoinitiated process

which involves an intermediate 3-pyridyl radical. Although

the proposed radical-chain mechanism outlined in Schemes II

and III represents speculation, there is precedent for such

a mechanism.

A proposed mechanism for the photoinitiated substitution

reaction of 3-halopyridines v;ith thiophenoxide ion in metha-

nol . The foregoing has demonstrated that the photoinitiated

reductive-dehalogenation of 3-iodopyridine in methanolic

methoxide proceeds via an intermediate 3-pyridyl radical.

It will now be shown that 3-phenylthiopyridine also arises

via an intermediate 3-pyridyl radical when 3-halopyridines

are photolyzed in methanol in the presence of thiophenoxide

ion. The proposal that reduction and substitution products

arise via competition for a common radical intermediate is

supported by the following evidence: (a) although a signifi-

cant rate increase for consumption of substrate is observed

on dilution of substrate, product ratios for substitution

to reduction do not change appreciably; (b) similar product

ratios are obtained when 3-iodo-, 3-bromo-, and 3-chloro-

pyridine are photolyzed in m.ethanol containing thiophenoxide

ion; i.e., substitution to reduction product ratio is in-

dependent of the identity of the leaving group; (c) the ob-

served reactivity order for the 3-halopyridines is iodo >

bromo > chloro ; and (d) similar product ratios for substitution
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to reduction are obtained when two different methods of

initiation, AIBN initiation and photoinitiation, are employed.

It will also be shown that a radical-chain mechanism

involving the intermediate 3-pyridyl radical can account for

the observations which have been made. An S^mI (Substitution,

Radical, Nucleophile, Unimolecular) mechanism is proposed in

which substitution product is formed via attack of thio-

phenoxide ion on the intermediate 3-pyridyl radical. Alter-

native mechanisms which might account for formation of sub-

stitution product are also considered.

The proposed mechanism for formation of 3-phenylthio-

pyridine and pyridine via a common intermediate, 3-pyridyl

radical, is outlined in Scheme IV. The intermediate radical

may abstract a hydrogen atom from either methanol or methoxide

ion to yield pyridine. Attack by thiophenoxide ion on 3-

pyridyl radical generates the radical anion of 3-phenylthio-

pyridine (VI) . An electron transfer step is required to

account for formation of sulfide. The most reasonable elec-

tron transfer step is represented in equation 31, in which

halopyridine serves as electron acceptor. The last two

propagation steps, when combined with Schemes II and III,

constitute a radical-chain mechanism for photoinitiated

substitution and reductive-dehalogenation of 3-iodopyridine

(and the other 3-halopyridines) in methanolic methoxide.

Dilution of substrate results in a significant rate

acceleration leading to the formation of substitution and

reduction products. Furthermore, product ratios for sub-
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VI +
(31)

N N

stitution to reduction do not change significantly upon an

approximate 22-fold dilution of substrate. The latter ob-

servation implies that substitution and reductive-dehalogena-

tion reactions must have similar kinetic orders and that

both products are formed via a common intermediate.

Equation 32 describes the competition between substitu-

tion and reductive-dehalogenation depicted in Scheme IV. The

substitution to reduction product ratio is related to the

rates for attack of thiophenoxide ion on 3-pyridyl radical

and for hydrogen atom abstraction by 3-pyridyl radical from

methanol and methoxide ion, k^, k-, , and k2 , respectively.

Since 3-pyridyl radical is a common intermediate, its con-

centration does not appear in the equation. According to

"/ q Ko^v, k^ [NaSC.H.ln
/o Substn 3 __ 6 5 C^l)
7o Redn ki[CH30H]o" + k2[NaOCH3]Q ^ ^
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equation 32, the observed product ratio should be independent

of substrate concentration.

It was noted that substitution to reduction product

ratios are about 50 percent higher when reactions are carried

out at low substrate concentrations, than when reactions are

carried out at high substrate concentrations (10 M versus

0.3 M) . For experiments which were carried out at low sub-

_2
strate concentrations, approximately 10 M in 3-iodopyridine

,

pseudo first order conditions were assumed, i.e., insignifi-

cant amounts of thiophenoxide ions and methoxide ions were

consumed. However, for experiments which were run at high

3-iodopyridine concentration ('^^0.3 M) pseudo-first order

conditions did not prevail, and appreciable amounts of thio-

phenoxide ion and methoxide ion were consumed. Consumption

of methoxide ion in the latter instance would not appreciab-

ly decrease the rate for pyridine formation because methanol,

a good hydrogen atom donor, is present in large excess;

however, the rate for sulfide formation should decline for

experiments run at high 3-iodopyridine concentrations. Hence,

substitution to reduction product ratios are expected to be

somewhat lower for these latter experiments. However, the

observed differences in product ratios are too large to be

explained using the above argument. The reason for this dis-

parity in product ratios is not known.

It is significant that dilution of substrate results

in increased conversion of substrate to products at given

irradiation times. Dilution of substrate is expected to
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increase the extent of reaction if concentrations of other

reactants are held constant. This is so, because in simple

reactions greater than first order, pseudo-first order con-

ditions are more closely approached with dilution of substrate

Extent of reaction at a fixed time will increase as pseudo

first order conditions are more closely approached. How-

ever, such a change may or may not be sufficient to account

completely for the observed increases in product yields at

given irradiation times, which are encountered with 22-fold

dilution of substrate. A definite conclusion cannot be

reached until the kinetic order is established.

An alternative explanation may be offered to account

for observed increases in extent of reaction with substrate

dilution at fixed irradiation times. These increases may

be due to differences in chain lengths for reactions at

different substrate concentrations. Increases in product

yields with dilution of substrate have been described for

photoinitiated reductive-dehalogenations of aryl and hetaryl

halides in which radical-chain mechanisms have been postu-

It was noted that sample degassing has no effect on

the increase in extent of reaction which is observed with

substrate dilution, i.e., dilution of substrate results in

an increase in the extent of reaction for degassed and non-

degassed samples. There are two possible reasons for this

observation. An obvious possibility is that molecular

oxygen has no effect on extent of consumption of substrate
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for reactions carried out at high and low substrate concen-

trations. The second explanation is that oxygen might retard

reaction if present, but that oxygen is rapidly consumed via

oxidation of thiophenoxide ion to phenyl disulfide, an ob-

served product in these reactions. Thus, product yields at

given irradiation times would increase with substrate dilution

due to "chemical degassing". The latter explanation is more

reasonable, because experiments involving reductive-dehalo-

genation of 3-iodopyridine (Tables 2 and 3) demonstrated

that increases in product yields were observed on substrate

dilution for degassed samples, but not for samples in which

oxygen was present.

Plausible explanations may be offered to account for

the observation that although photoinitiated reductive-de-

halogenation of 3-iodopyridine requires methoxide ion, photo-

initiated substitution with thiophenoxide ion does not require

added methoxide ion. In reactions involving reductive-de-

halogenation methoxide ion may function as either an electron

donor (equation 22) or as a base (equation 24) in an impor-

tant chain propagation step. In contrast, substitution does

not require methoxide ion because thiophenoxide ion may ful-

fill several important functions. First, thiophenoxide ion

may serve as an electron donor (equation 33) , or a ir-delocal-

ized a-complex such as VII may serve as donor (equation 34)

.

3IPyr + CgH^S' > 3IPyr" + C^H^S- (33)

Second, as was previously noted, methoxide ion is not required

in chain propagating reactions involving substitution, because
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(33)

3lPyr + H

C.H.S
6 5

> 3lPyr +

VII
C.HcS
6 5

(34)

attack by thiophenoxide ion on 3-pyridyl radical generates

a radical anion which must transfer an electron, equation 31.

Finally, formaldehyde radical anion is probably formed in

very low concentration via the equilibrium between thiophen-

oxide ion and hydroxymethyl radical, equation 35. This equi-

C^H^S" + •CH2OH < > C^H^SH + CH2O" (35)

librium lies far to the left, because thiophenol is a sub-

stantially stronger acid than hydroxymethyl radical. The

pKa of thiophenol in methanol is 8.65, while that of hydroxy-

methyl radical in water is 10.7. ' The pKa of hydroxy-

methyl radical in methanol has been estimated to be 15.3.

Two observations were made involving the series of

3-halopyridines which lend strong support to the postulate

that both pyridine and 3-phenylthiopyridine arise via competing

reactions involving 3-pyridyl radical as common intermediate.

The first of these observations is that similar product ratios

are obtained for reactions involving 3-iodo-, 3-bromo-,, and

3-chloropyridine . Only at extended irradiation times are

somewhat lower substitution to reduction product ratios ob-

served for the bromo- and chloro- compounds ; these lower

product ratios are probably due to sulfide degradation.



77

(Degradation of sulfides is considered in Chapter 3.) The

similar product ratios indicate that both substitution and

reductive-dehalogenation involve a common intermediate. If

substitution involved direct displacement of halide, then

different product ratios would probably be observed. The

second observation is that the reactivity order for overall

consumption of substrate decreases in the order iodo- > bromo-

> chloropyridine . This is not the order which is usually

observed for nucleophilic aromatic substitution (CI "^ Br

The reactivity order observed for the 3-halopyridines

is that which would be expected for the radical-chain mechanism

outlined in Schemes II, III, and IV. Several explanations

might be offered to account for the observed reactivities.

Reactivities may reflect (a) different molar absorptivities

for the halopyridines in the region for transmittance of

radiation by pyrex glass, (b) different electron affinities

of the halopyridines, and (c) different carbon-halogen bond

energies

.

Comparison of the ultraviolet absorption spectra (Table

16) for the halopyridines demonstrates a decrease in molar

absorptivities in the direction iodo > bromo > chloro in

the region between 278 and 310 nm. If reactivity is related

to molar absorptivity in this region, then the reactivity

order should be iodo > bromo > chloro.

Reactivity should also correlate v/ith differences in

electron affinities of the 3-halopyridines. Relative elec-
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tron affinities may be estimated by comparison of redox

potentials or by comparison of rates for capture of the

hydrated electron by these molecules. Although rate constants

for capture of the hydrated electron are not available for

halopyridines , values have been determined for iodo-, bromo-,

and chlorobenzene . These rate constants (M~ sec" ) are

1.2 X 10^°, 4.3 X 10^, and 5.0 x 10^, respectively.^^ The

reactivities of the halopyridines are expected to follow

the same trend as determined for the halobenzenes , since

5 7this trend is generally observed for aryl halides. Aryl

iodides and bromides are known to exhibit very high reactivity

toward capture of the hydrated electron. In fact, it has

been reported that iodine bonded to carbon and, to some ex-

tent, even bromine and chlorine interact directly with the

hydrated electron.

Relative reactivities for the 3-halopyridines might

also be correlated with carbon-halogen bond energies, which

increase in the order iodine < bromine < chlorine. Although

the rate determining step for formation of 3-pyridyl radical

has not been identified, carbon-halogen bond cleavage in

either equation 21 or 23 may be rate determining. The rate

for cleavage of the carbon-halogen bond of either the photo-

excited 3-halopyridine or the 3-halopyridine radical anion

should increase with a decrease in carbon-halogen bond

energy. However, cleavage of the carbon-chlorine or carbon-

bromine bond of the radical anion is more feasible energetical-

14
ly than cleavage of this bond in the photoexcited molecule.
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Nucleophilic photosubstitution reactions have been

58
reported for aryl and hetaryl halides . It was necessary to

establish that a photosubstitution mechanism was not involved

in formation of 3-phenylthiopyridine . An obvious way to

eliminate photosubstitution as a mechanistic alternative

would be to initiate substitution and reductive-dehalogenation

of 3-iodopyridine in the absence of light, using a free radi- i

cal initiator. The thermal decomposition of azoisobutyro- I

i

nitrile (AIBN) was successfully used to initiate both reactions.!
i

In order to compare results for experiments in which i

AIBN initiation and photoinitiation were employed, equation
j

32 was linearized by rearrangement to equation 36. Using 1

the latter equation, the product ratio can be related to the

methoxide ion and thiophenoxide ion concentrations. Note

that equation 36 requires that the product ratio be given as

reduction to substitution. (The inverse of this ratio has j

been used previously in discussions concerning the relative

reactivity of thiophenoxide ion versus methanol and methoxide
j

ion toward 3-pyridyl radical) . Equation 36 describes a
\

straight line with a slope given by k2/k-^ and an intercept
j

of k-,_[CH30H]/k2.
\

I

Ij g^g" X [NaSC.H,] = ^? [NaOCH3i^ ^ ^I^CH^OH], ,

/o Substn ' 6 5 o k3 k3
j

(36) i

In Figure 5, data for the product ratio and initial

methoxide ion and thiophenoxide ion concentrations are plotted, '

according to equation 36, for photoinitiated and AIBN initiated
,
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reactions involving 0.3 M 3-iodopyridine . In addition, data

for photoinitiated reactions of 0.3 M 3-bromo- and 0.3 M

3-chloropyridine are plotted. Two least squares lines were

calculated for the data. One line, which is generated by

the data for experiments involving photoinitiation, has a

slope of 0.515, and an intercept of 0.183. The correlation

coefficient is 0.951. The second line includes data for all

of the experiments; some reactions were initiated by thermal

decomposition of AIBN and others by exposure to ultraviolet

radiation. This line has a slope of 0.408, intercept of

0.232, and a correlation coefficient of 0.954. The points

which represent AIBN initiated reactions fall reasonably close

to the line generated by experiments in which reactions were

photoinitiated. Furthermore, the similarity in correlation

coefficients for both lines suggests that the points for

experiments involving AIBN initiation may be included with

the data for photoinitiated reactions of the 3-halopyridines

.

Since AIBN initiation and photoinitiation produce similar

results, photosubstitution cannot be a viable mechanism for

substitution. These results support the postulate that sub-

stitution and reduction product arise via competition for an

intermediate 3-pyridyl radical.

In Figure 6, data are plotted for AIBN initiated and

photoinitiated reactions of 3-iodopyridine at low substrate

concentrations ('\^10 M) . The straight line with the best

least squares fit has a slope of 0.190, an intercept of 0.190,

and a correlation coefficient of 0.810. Although there is
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appreciable scatter in the data for these experiments, the

points for experiments involving AIBN initiation and photo-

initiation appear to generate a common line. This line is

difficult to determine with certainty because of the narrow

concentration range over which methoxide ion was varied.

Several rate constant ratios may be obtained from the

data in Figure 5, using equation 36 and the least squares

line generated by the points representing AIBN initiated and

photoinitiated reactions of the 3-halopyridines . The inverse

(k-,/kp) of the slope equals the ratio of rate constants for

reaction of 3-pyridyl radical with thiophenoxide ion and

with methoxide ion. This calculation shows that 3-pyridyl

radical is 2.5 times more reactive toward thiophenoxide ion

than toward methoxide ion. The ratio of rate constants for

reaction of 3-pyridyl radical with thiophenoxide ion and with

methanol is 93. This value, k-^/k-, , was calculated from the

intercept, using an estimated methanol concentration of

21.5 II. Neither of the calculated rate constant ratios were

corrected statistically for the three methyl hydrogens of

methanol or methoxide ion. The reactivity of methoxide ion

as a hydrogen atom donor relative to that of methanol is

given by k2/k-| . This value, 38, is about the same as the

value of 45 + 10 which has been reported for the relative

reactivity of methoxide ion versus methanol toward p-nitro-

phenyl radical.

It is possible to estimate the absolute rate constant

for reaction of 3-pyridyl radical with thiophenoxide ion in
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methanol. Janzen, Nutter, and Evans have determined that the

rate constant for hydrogen atom abstraction from methanol

by phenyl radical must be at least 1.4 x 10 M~ sec" .

It has also been shown that phenyl and p-nitrophenyl radicals

exhibit very similar reactivities toward hydrogen atom ab-

40.60.61, W V-. ,straction from primary alkyl carbon-hydrogen bonds.

If it is assumed that 3-pyridyl radical and p-nitrophenyl

radical have similar reactivities toward methanol, then 3-

pyridyl and phenyl radicals might also be expected to exhibit

similar reactivities. Hence, ko, the rate constant for

reaction of 3-pyridyl radical with thiophenoxide ion is ex-

pected to have a value of about 1 x 10 M sec . To date,

no estimates of rate constants for trapping of aryl or hetaryl

o-radicals with anions have been reported.

Other mechanisms for substitution, involving 3-pyridyl

radical, must also be considered. It was noted that phenyl

disulfide, an oxidation product of thiophenol, is formed as

a byproduct when 3-halopyridines are photolyzed in methanolic

methoxide containing thiophenoxide ion. Based on this ob-

servation equations 37 and 38 might be postulated to account

for formation of 3-phenylthiopyridine

.

In the reaction depicted by equation 37, 3-phenylthio-

pyridine is produced via a radical displacement reaction on

sulfur. Alkyl disulfides are known to undergo displacement

38 39
reactions with phenyl radicals. ' The radical combination

reaction described in equation 38 might serve as a termination

step in the overall chain sequence involving reductive-dehalo-



genation and substitution (Schemes II, III, and IV).

35

O^
•N'

+ CgH3SSCgH3

SC^H3

CgH^S- (37)

Q
'N'

+ C^H3S (38)

Phenylthiyl radical, participating in the above described:

radical combination process might be formed in a number of

ways. These include (a) the displacement reaction depicted

in equation 37; (b) the reaction previously described by

equation 33, where thiophenoxide ion donates an electron to

substrate; (c) photoinduced hemolysis of phenyl disulfide;

and (d) cleavage of the radical anion of phenyl disulfide. -

CgH3SSCgH3 hv
-> 2 CgH3S (39)

C^H3SSCgH3 -» CgH3S- + CgH3S (40)

Control experiments in which 3-iodopyridine was irra-

diated in methanol containing soditim methoxide and phenyl

disulfide, demonstrate that 3-phenylthiopyridine is formed

when 3-pyridyl radicals are generated in the presence of

phenyl disulfide. Pyridine is also produced, and the ratio

of sulfide to pyridine is dependent on the initial concentra-
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tion ratio of disulfide to methoxide ion, Table 14. The ob-

served product ratio can be related (equation 41) to the rate

constants for hydrogen atom abstraction from methanol (k-,

)

and from methoxide ion (k2) and to the rate constant for

reaction with phenyl disulfide (k^
'
) . The rate constant k^

may be replaced by the constant 38 k, , since methoxide ion is

expected to be about 38 times more reactive than methanol as

a hydrogen atom donor toward 3-pyridyl radical. Equation 42

may be derived, in which the observed product ratio is re-

lated to the rate constant ratio (k«
'
/k, ) for substitution

versus hydrogen atom abstraction from methanol. Mote that

equation 38 cannot account for sulfide formation if equation

42 is to be valid.

bubstn 3 6 5 6 5

% Redn k, [CH^jOH] +k^[MaOCH.,
1 3 o 2 ^ 3

(41)

^3 % Substn
X

k. 'a Redn "^
k., • fC.K.SSC.HJ1 3^ 6 5 6 5^ o

[CH„OHj + 38 [NaOCH.,!
^ 3 ^o * 3 ^ o

(42)

The average value of k-.'/k (uncorrected statistically

for methyl hydrogens of methanol) for the first four entries

in Table 14 is 120 + 16. Note that this value is based on the

assumption that only one-half of the disulfide is incorporated

into substitution product. Thus, 3-pyridyl radical appears

to be more reactive toward the displacement reaction (equa-

tion 37), than toward hydrogen atom abstraction from methanol.
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It was determined that 3-pyridyl radical is 93 times

more reactive toward thiophenoxide ion than toward methanol

.

Comparison of the relative reactivities of thiophenoxide ion

and phenyl disulfide toward 3-pyridyl radical (kok-, /k-, 'k-, -

0.7^ indicates that the displacement reaction is favored over

addition by a factor of about 1.3. Thus, disulfide and

thiophenoxide ion may compete for 3-pyridyl radical. In

order for the pathway involving radical displacement to pre-

dominate over the reaction with thiophenoxide ion a very high

concentration of disulfide would have to be produced via

oxidation of thiophenoxide ion in the reaction medium.. This

is impossible if oxygen is the oxidizing agent, because in-

sufficient oxygen is present in reaction mixtures. For example

the reaction described in equation 43 requires % mole of

molecular oxygen for every mole of disulfide formed. Further-

more, substitution to reduction product ratios were unaffected

4 CgH^S" + O2 + 2 CH^OH >
1

i

2 CgH^SSCgH^ + 2 OH" + 2 CH3O (43)
;

when 3-iodopyridine was photolyzed under a blanket of oxygen ;

and when samples were degassed prior to irradiation. It is I

more reasonable to assume that a very small percentage of

3-phenylthiopyridine may be formed via attack of 3-pyridyl I

i

radical on phenyl disulfide.
|

A similar argument can be used to exclude coupling of ;

3-pyridyl radical with phenylthiyl radical as an alternative

mechanism for sulfide formation. The concentration of
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phenylthiyl radical is expected to be too small for this

reaction to compete effectively with capture of 3-pyridyl

radical by the much more abundant thiophenoxide ion.

In conclusion, 3-pyridyl radical must be invoked as

a common intermediate in the formation of pyridine and 3-

phenylthiopyridine when 3-halopyridines are photolyzed

in methanol. Sulfide formation probably involves attack

of thiophenoxide ion on the intermediate radical, which

generates the radical anion of 3-phenylthiopyridine . Any

reasonable mechanism which includes this addition step must

therefore include an electron transfer step to account for

production of sulfide. The observations which have been

discussed support the photoinitiated radical-chain (Spp,l)

pathway outlined in Schemes II, III, and IV.



CliAPTER 3

STRUCTURE-REACTIVITY CORRELATIONS AND RELATED
INVESTIGATIONS PERTAINING TO THE PHOTOINITIATED REACTIONS

OF HETARYL AND ARYL HALIDES
WITH THIOPHENOXIDE ION IN METHANOL

In Chapter 2, it was established that pyridine is rap-

idly formed via a radical-chain process when 3-iodopyridine

is irradiated with pyrex filtered ultraviolet light in meth-

anolic methoxide. When the photoylsis is carried out in the

presence of thiophenoxide ion, 3-phenylthiopyridine is pro-

duced in addition to pyridine. Both Dyridine and 3-phenyl-

thiopyridine are formed via competition for a common inter-

mediate, the 3-pyridyl radical, and both products arise via

a radical-chain pathway.

In this chapter, the effect of structure of an inter-

mediate hetaryl radical on the competition between the two

pathways is examined. The investigation is extended to in-

clude a determination of the reactivity of some aryl radicals

toward substitution by the Sp.,1 pathway. Attempts were also

made to trap 3-pyridyl and phenyl radicals with nucleophiles

other than thiophenoxide ion.

Results

Photoinitiated reaction of 4-bromoisoquinoline with

thiophenoxide ion in methanolic methoxide. In Table 17 are

89
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shown results for a series of experiments in which 4-bromo-

isoquinoline was irradiated in methanol containing sodium

methoxide and sodium thiophenoxide . The products of the ,

photolysis are isoquinoline and 4-phenylthioisoquinoline . |

The product ratio for substitution to reduction is dependent
\

I

on the initial concentration ratio of thiophenoxide ion to
]

I

methoxide ion, higher concentration ratios favoring the for-
i

I

mation of sulfide. For example, the high ratio of thiophen- ;

I

oxide ion to methoxide ion in the first entry gives rise to

a 43 percent yield of substitution product and 14 percent '

i

pyridine. When approximately equimolar concentrations of
i

thiophenoxide ion and methoxide ion are employed, this pro-
|

duct ratio varies between 1.2 and 1.3.
i

I

A comparison of the extent of conversion of substrate

to products in run 17-1, with that for each of the other en- ,

I

tries in Table 17 demonstrates that an increase in methoxide '

ion concentration accelerates the rate for both reductive-

dehalogenation and substitution. In run 17-1, where methoxide
j

ion is the limiting reagent, 23 percent 4-bromoisoquinoline

remains after an irradiation of 1375 minutes. In each of the i

other experiments, where methoxide ion is present in excess, i

I

substrate is consumed completely after only 238 minutes j

irradiation. i

The mass balances in Table 17 have an average value of ^

92+4 percent when entry 17-2 is excluded. The average
i

value obtained for the runs which employed p-dimethoxybenzene

as glc standard is 87 + 8 percent, while the average for the
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runs in which 7 , 8-benzoquinoline was used is 93 + 4 percent.

The former standard was present in the mixture as substrate

reacted, while the latter was added after sample irradiation.

Hence, little, if any of the internal standard present during

reaction was involved in side-reactions leading to its

destruction.

Substitution to reduction product ratios are reasonably

reproduceable at given ratios of thiophenoxide ion to methox-

ide ion. For example, the average product ratio for the four

experiments represented in entries 17-5 and 17-6 is 0.68 +

0.04.

Photoinitiated reaction of 3-bromoquinoline with thio -

phenoxide ion in methanolic methoxide . 3-Bromoquinoline

,

when photolyzed in methanol containing sodium thiophenoxide

and sodium methoxide, affords a mixture of quinoline and 3-

phenylthioquinoline . The substitution to reduction product

ratio is dependent on the initial concentration ratio of

thiophenoxide ion to methoxide ion. However, for each of

the entries in Table 18 the major product is the sulfide,

even in runs 18-4 and 18-5, in which the initial ratio of

thiophenoxide ion to methoxide ion had a value of 1.6.

The mass balances in Table 18 are consistently low

(74 + 2 percent) for the experiments in which 7, 8-benzo-

quinoline was employed as glc standard. For the runs in

which p-dimethoxybenzene was utilized as standard mass

balances are inconsistent (93 + 9 percent) , varying between

79 and 100 percent. If p-dimethoxybenzene were being con-
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sumed, then mass balances would be high. However, the pro-

duct ratios would be unaffected since their determination is

dependent only on the area ratio of 3-phenylthioquinoline to

quinoline.

The inconsistency in the mass balance determination

which is observed when p-dimethoxybenzene is employed as

standard, is probably due to less accurate measurement of the

glc peak area for this component. The p-dimethoxybenzene com-

ponent elutes as a tailing, non-Gaussian peak. 7,8-Benzo-

quinoline elutes as a sharp peak, more nearly Gaussian in

shape

.

In a comparison of the product ratios in Table 18 with

those observed for the reaction of 4-bromoisoquinoline in

Table 17, it is evident that 3-bromoquiniline gives rise to

higher product ratios for substitution to reduction. For ex-

ample, at an initial thiophenoxide ion to methoxide ion ratio

of approximately 0.44, the average product ratio of sulfide

to quinoline for three experiments is 1.3 + 0.1. For 4-bromo-

isoquinoline, the observed product ratio is 0.68 + 0.04.

That is, the substitution to reduction product ratio for

3-bromoquinoline is approximately twice that observed for 4-

bromoisoquinoline

.

AIBN initiated reaction of 4-bromoisoquinoline with thio -

phenoxide ion in methanol . AIBN was used as a radical initi-

ator in the presence of methoxide and thiophenoxide ions. It

was hoped that similar product ratios for substitution to re-

duction might be observed for the 4-isoquinolyl radical re-

gardless of whether photoini tiation or AIBN initiation were
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employed. The results for AIBN initiated experiments are

presented in Table 19.

The overall conversion of starting material to products

is low, since the ability of AIBN to initiate the reaction of

the hetaryl halide has limited efficiency. However, the ex-

tent of conversion to products increases with increasing

methoxide ion concentration, as is clearly illustrated by a

comparison of runs 19-2 (71 percent bromide) and 19-4 (49

percent bromide) . The initial methoxide ion concentrations

are -0.45 M and -1.1 M in the respective experiments. The

product ratio for substitution to reduction increases with

an increasing thiophenoxide ion to methoxide ion ratio, as

expected

.

For the experiments represented in entries 19-1 and

19-3, products were not quantitated, since glc standard was

not added to the samples prior to analysis. However, sub-

stitution to reduction product ratios were obtained from

peak area ratios using the molar response factors for 4-

phenylthioisoquinoline and isoquinoline . For the analysis

of product mixtures in runs 19-2 and 19-4, glc standard was

utilized, and mass balances are nearly quantitative in both

experiments (95 and 96 percent, respectively).

Photoinitiated reaction of 2-iodothioDhene with thio-__ 1

phenoxide ion in methanol . In the search for other hetaryl

halides which might give high yields of substitution products

with thiophenoxide ion via photoinitiated radical-chain

processes, the investigation was extended to 2-iodothiophene

.
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The results for a series of photoinitiated experiments on

this substrate are presented in Table 20. In each entry,

thiophene is the major product; the glc yield of 2-phenyl-

thiophene varies between 3 and 12 percent. Although the

substitution to reduction product ratio appears to increase

with an increase in the initial thiophenoxide ion to meth-

oxide ion concentration ratio, the product ratios are too

close within the limits of experimental error to support

this observation.

The result for the first entry demonstrates that even

at a high initial concentration ratio of thiophenoxide ion

to methoxide ion, very little sulfide is produced. The low

yield of sulfide for this run also suggests that 2-phenyl-

thiothiophene degrades during sample irradiation, since one

would expect to detect a larger quantity of this product at

a high ratio of thiophenoxide ion to methoxide ion.

T^^7o series of runs were carried out at essentially con-

stant thiophenoxide ion to methoxide ion ratios. Irradia-

tion time was varied in each series, in an attempt to deter-

mine whether substitution product degrades as it is formed.

A decrease in the product ratio with continued sample ir-

radiation might reflect the degradation of sulfide, but for

both series of experiments, the product ratios remained

constant during continued sample irradiation.

It is significant that the mass balance decreases with

continued sample irradiation in both series of runs. In

experiments 20-2 through 20-4 the mass balance drops from 89
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to 76 percent as the irradiation time is increased from 10

to 235 minutes. A similar trend is observed for entries 20-5

through 20-7 as irradiation time is increased. This result

implies that some substrate and/or products may degrade

during sample irradiation. At long irradiation times a film

of yellow solid was found deposited on the walls of the

sample tubes and solutions were discolored.

AIBN initiated reaction of 2-iodothiophene with thio -

phenoxide ion in methanol . In the two experiments in Table

21 AIBN initiation was employed to generate the 2-thienyl

radical in the presence of thiophenoxide ion in methanolic

methoxide. The concentration ratio of thiophenoxide ion to

methoxide ion was varied to observe its effect on the sub-

stitution to reduction product ratio. Although the overall

conversion of substrate to products is high, the major pro-

duct in both entries is thiophene . Little useful informa-

tion is available from a comparison of substitution to re-

duction product ratios because of the large uncertainty in

the determination of small quantities by glc. The values

for the product ratios probably overlap within the limits

of experimental error.

Table 21. AIBN Initiated Reaction of 5.8 x 10"^ M 2-Iodo-
thiophene with 0.49 M Thiophenoxide Ion ^

Run # [NaOCH^lQ Mol % Mol % Substn . [NaSCAH^ln

(21- ) M Redn. Substn. Redn. [NaOCH3 ] q

1 1.1 60 8 0.13 0.45
2 0.45 51 3 0.060 1.1

^Samples were initially 0.39-0.40 M in AIBN and were heated
at 100° for 50 minutes.
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Analysis problems were encountered for the quantitation

of 2-iodothiophene by glc due to overlap of this component

with AlBN degradation products. Since substrate could not

be quantitated, mass balances are not reported.

Photoinitiated and competing nucleophilic aromatic sub -

stitution reactions of 2-bromothia2ole with thiophenoxide

ion in methanolic methoxide . 2-Bromothiazole was studied to

determine how the presence of an annular nitrogen atom might

effect the reactivity of this system relative to 2-iodothio-

phene. Since 2-iodothiophene gives little substitution pro-

duct with thiophenoxide ion, it was hoped that the addition

of an annular nitrogen atom might increase the reactivity

toward substitution relative to reduction. The possibility

was also recognized that the nitrogen atom might activate

the ring system tov/ard classical nucleophilic aromatic sub-

stitution by the S^^Ar mechanism. Results for the experiments

on 2-bromothiazole are presented in Table 22.

In experiments 22-2 through 22-5 the initial thiophen-

oxide ion to methoxide ion concentration ratio was varied

to determine the effect on the substitution to reduction

product ratio. Increasing this concentration ratio increases

the ratio of substitution to reduction product; however, the

yield of sulfide is low in runs 22-2 and 22-4 after 100 min-

utes irradiation. The major product in each run is thiazole.

Note that increasing the irradiation time to 365 minutes in

runs 22-3 and 22-5 results in both the complete destruction

of sulfide and a corresponding increase in the yield of

thiazole. In all cases 2-bromothiazole is consiomed completely,
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Hence, the increased yield of thiazole in the latter experi-

ments cannot be attributed to additional reductive debromi-

nation due to longer irradiation.

The most surprising observation for each of the experi-

ments was the detection by glc analysis of considerable

quantities of thioanisole, an unexpected product. The most

reasonable explanation for the formation of thioanisole is

the mechanism proposed in equations 44 and 45. A two-step

series of nucleophilic displacement reactions takes place

in which the first step is nucleophilic aromatic substitu-

tion on 2-bromothiazole by methoxide ion. This is followed

by an S„2 displacement by thiophenoxide ion on 2-methoxy-

thiazole, in which the leaving group is the 2-oxythiazole

anion. Sulfur nucleophiles are known to be useful in ether

cleavage reactions. 62,63

N

S^Brs CH30-
N

.X
+ Br

OCH.

(44)

•N

I
S' OCHX + C.H.S

D D

N

S'
K- -f" C ^H[- SCHo

6 J J
(45)

It is also possible that the ether cleavage reaction

in equation 45 occurs only upon introduction of the sample

into the heated injection port (-240°) of the gas chromato-

graph. Thus, 2-methoxythiazole would serve as an on-column

methylating agent.
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A control experiment was run to determine that 2-meth-

oxythiazole is produced via the above mechanism. A solution

which was initially 0.30 M in 2-bromothiazole and 1.2 M in

sodium methoxide was heated at 70° for 1120 minutes. Anal-

ysis of the product mixture by glc indicated that 2-bromo-

thiazole had been completely consumed; neither thiazole nor

2-methoxythiazole were detected. Apparently, the 2-methoxy-

thiazole which had been formed underwent an S-,2 reaction

with methoxide ion, equation 46. This time methoxide ion

serves to cleave the ether. Similar reactions have been

reported.

N
+ CH^O

N

I
||

+ CH3OCH2 (46)

S OCHo ^S^

Two additional experiments were run to obtain kinetic

data for the reaction of 2-bromothiazole with methoxide ion.

Consumption of substrate was followed by glc analysis. For

_2
the reaction of 6 . x 10 m 2-bromothiazole with 1.0 M

sodium methoxide at 71.4° the half-life is 83 minutes and

the second-order rate constant is 1.39 x 10" M~ sec" .

At 50 the half-life is 570 minutes and the rate constant

is 2.03 X 10 M sec . 2-Methoxythiazole was not detected

by glc analysis of either product mixture.

To determine if 2-methoxythiazole were undergoing re-

action with methoxide ion in the injection port of the gas
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chromatograph, a sample of solution from one of the above

kinetic runs was acidified with 50 percent aqueous acetic

acid. When the acidic solution was analysed by glc, a com-

pound eluted (retention time 23.4 minutes) which was pre-

viously undetected. This compound is probably 2-methoxy-

thiazole. Thus, 2-methoxythiazole is formed as indicated

in equation 46 , but this product is not detected due to re-

action with methoxide ion during glc analysis. It is prob-

ably for this reason that 2-methoxythiazole was not detected

for the experiments in Table 22.

A control experiment was run to determine the extent

to which 2-bromothiazole reacts with thiophenoxide ion via

nucleophilic aromatic substitution. A sample which was

initially 0.30 M in 2-bromothiazole, 0.46 M in sodium meth-

oxide, and 0.48 M in sodium thiophenoxide was heated at 70°

for 100 minutes. Care was taken to exclude light. Product

analysis by glc indicated the presence of 5 percent 2-phenyl-

thiothiazole, 5 percent thioanisole, and 47 percent 2-bromo-

thiazole. No thiazole was detected. A comparison of the

results of the control experiment with those in entry 22-2

suggests that the sulfide substitution product in 22-2

arises via both classical nucleophilic aromatic substitution

and the Sp„l pathway. The yield of sulfide in 22-2 is 12

percent. The low mass balance for the control experiment

(57 percent) is probably due to the formation of a consid-

erable amount of 2-methoxythiazole, a product which is not

detected by glc analysis.
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A control experiment was carried out to determine if

2-phenylthiothiazole degrades during sample irradiation. A

solution which was initially 0.30 M in 2-bromothiazole and

0.25 M in 2-phenylthiothiazole was irradiated for 110 min-

utes, entry 22-6. If the assumption is made that some 2-

phenylthiothiazole is formed via the reaction of 2-bromo-

thiazole with thiophenoxide ion, then the 88 percent yield

of sulfide demonstrates that a considerable amount of sul-

fide (in excess of 12 percent) degraded during the photol-

ysis of 2-bromothiazole. The 53 percent yield of thiazole

in this experiment suggests that thiazole may not be the

product of degradation of 2-phenylthiothiazole. From a

comparison of the yields of thiazole in entries 22-2 and

22-3 it seems that thiazole is the product of sulfide de-

gradation, but the data in entry 22-6 does not suggest such

a conclusion.

_2
In run 22-1 when a 1.4 x 10 M solution of 2-bromo-

thiazole was irradiated for 10 minutes in the presence of

thiophenoxide and methoxide ions substrate was totally con-

sumed, but no sulfide was detected. Only 18 percent thi-

azole and a trace of thioanisole were detected by glc

analysis

.

Photoinitiated reaction of iodobenzene with thiophen -

oxide ion . Results of the photoinitiated reaction of iodo-

benzene in methanolic methoxide with thiophenoxide ion are

presented in Table 23 . For all of the experiments the

major reaction is reductive-dehalogenation, as demonstrated
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Table 23. Product Distributions from the Photoinitiated Re-
action of 0.30 - 0.32 M lodobenzene with Sodium
Thiophenoxide and Sodiiam Methoxide in Methanol^

Run # [NaOCH^lQ

(23- ) M

1
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107

Mol



108

by the low yields of substitution product, phenyl sulfide.

The maximum yield of sulfide, 9 percent in run 23-1, is

obtained when thiophenoxide ion but no methoxide ion is em-

ployed. This experiment also demonstrates that the reac-

tion does not require added methoxide ion.

In runs 23-3 through 23-5 and 23-7 through 23-9 irradi-

ation time was varied to determine whether phenyl sulfide

degrades during extended sample irradiation. The yield of

sulfide is essentially unchanged in both series with extended

irradiation. However, this result is not particularly in-

formative, since substrate is approximately 75 percent con-

sumed at 10 minutes irradiation, and further reaction would

not change the yield of sulfide within the limits of exper-

imental error.

A comparison of the amount of unreacted substrate in

either entry 23-3 or 23-7 with that in the first entry dem-

onstrates that added methoxide ion accelerates reaction.

In the first entry, 32 percent iodobenzene remains after

103 minutes irradiation of a solution to which methoxide

ion had not been added. In run 23-3, in which the initial

concentration of sodium methoxide was 0.46 M, 27 percent

substrate remains after only 10 minutes irradiation. In

entry 23-7, 28 percent iodobenzene remains after 10 minutes

irradiation of a solution which was initially 1.1 M in

methoxide ion. Interestingly, an increase in methoxide

ion concentration in entry 23-7 over that employed in run

23-3 does not increase the extent of reaction at 10 minutes

irradiation

.
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A small amount of biphenyl (-2 percent) is formed in

each experiment. The yield of this product is independent

of the initial concentration ratio of thiophenoxide ion to

methoxide ion. A 2 percent yield of biphenyl in the last

entry, where no thiophenoxide ion was employed, demonstrates

that biphenyl arises from a reaction involving iodobenzene,

and not via sulfide degradation.

Photoinitiated degradation of phenyl sulfide in meth -

anolic methoxide . As it was expected that phenyl sulfide

degrades during irradiation in the presence of methoxide

ion, a deries of controls were run to determine the stabil-

ity of the molecule. Results of these experiments are

presented in Table 24. In these experiments biphenyl was

quantitated by assuming a one-to-one equivalency between

phenyl sulfide and biphenyl.

In the first entry, a 1420 minute irradiation of a

methanolic solution of phenyl sulfide (no added methoxide

ion) results in yields of 6 percent benzene, 3 percent bi-

phenyl, and 46 percent degradation of the sulfide. The

addition of methoxide ion accelerates degradation of sul-

fide as demonstrated in entries 24-2 through 24-5. In the

second entry, 64 percent sulfide remains after 100 minutes

irradiation of a solution which was initially 0.62 M in

methoxide ion. At an irradiation time of 744 minutes sul-

fide has been totally consumed. The low mass balances

(32-84 percent), where determined, reflect that phenyl

sulfide probably degrades to unidentified products. This
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is especially evident at long irradiation time in the last

entry; benzene (32 percent) is the only product detected

after 1420 minutes irradiation. In most of the mixtures

a small amount of biphenyl is percent (2-5 percent) . This

product vanishes with extended sample irradiation, in

entry 24-6.

Solutions were discolored after sample irradiation in

most of the above described experiments, and walls of the

sample tubes were coated with a solid material. Mass

spectral analysis of the substance indicated that it was

probably a polymer. Horner and Dorges noted that phenyl

sulfide degrades to unidentified polymeric material when

irradiated in methanol. An odor, distinctly similar to

that of hydrogen sulfide, was detected in the sample

corresponding to entry 24-1.

Additional experiments, the results of which are pre-

sented in Table 25 , were undertaken to further investigate

the nature of sulfide degradation. Phenyl sulfide was

irradiated in methanolic methoxide, and either 3-iodo- or

3-bromopyridine was added to the reaction mixture to in-

itiate a radical-chain reaction, thereby more closely

duplicating the original experiments in which sulfide is

produced. It was expected that the addition of hetaryl

halide would facilitate sulfide degradation by increasing

the concentration of free radicals in solution. lodobenzene

was not added to reaction mixtures because its presence

would interfere with quantitation of benzene, a product of

sulfide degradation.

1
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Products of sulfide degradation are benzene, biphenyl,

and thiophenoxide ion. Thiophenoxide ion was converted to

thioanisole by heating (steam cone) product mixtures with

excess methyl iodide. Thioanisole was detected by glc and

confirmed by gc-ms. Large amounts of thiophenoxide ion are

formed as indicated by the large amounts of thioanisole

detected (not ouantitated)

.

In runs 25-1 and 25-2 phenyl sulfide was irradiated in

the presence of 3-iodopyridine . Increasing the initial

methoxide ion concentration from 0.31 M to 0.93 M in run

25-2 appears to have no significant effect on the extent of

sulfide degradation; in fact, less sulfide is consumed at

10 minutes irradiation in the latter entry than in the

former. The glc yields of biphenyl in these entries are

about the same as those for the experiments in Table 24

(0-5 percent)

.

In entry 25-3, in which 3-bromopyridine is employed

as additive, the yield of biphenyl has increased to 11

percent. The higher yield of biphenyl in this run, rela-

tive to that in each of the first two entries, may merely

reflect the higher conversion of phenyl sulfide to products.

For the experiments in wihch 3-iodo- and 3-bromopyri-

dine were employed as additives in Table 25, mass balances

(average 84+2 percent) are significantly higher and more

consistent than in the entries in Table 24, in which halo-

pyridines were not employed as additives. The halopyridines

,

which are potential oxidizing agents, may inhibit polymer
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formation, and thereby, increase the yields of identifiable

products

.

Pyridine is formed in essentially quantitative yield

in each of the experiments in Table 25. Thus, although

the hetaryl halides have a significant influence on the

course of the reaction of the sulfide, the halopyridines

do not undergo reaction to yield sulfide derived products,

such as 3-phenylthiopyridine or 3-phenylpyridine . The

latter product was not detected by glc analysis of the

reaction mixtures.

A control experiment was run to determine whether

phenyl sulfide degradation could be induced with a free

radical initiator. A methanol solution, which was initially

0.14 M in phenyl sulfide, 0.47 M in sodium methoxide, and

_2
2.2 X 10 M in AIBN was heated for 18 minutes in a steam

cone, with light excluded. Analysis of the reaction mix-

ture by glc indicated that essentially no sulfide had de-

graded (94 percent unreacted sulfide) and no benzene was

detected

.

Photoinitiated Reaction of 1-Bromonaphthalene with

Sodium Methoxide and Sodium Thiophenoxide in Methanol .

Irradiation of 1-bromonaphthalene in the presence of sodium

thiophenoxide and sodium methoxide in methanol affords

naphthalene as the major product, plus minor amounts of

1-phenylthionaphthalene . The results of these experiments

are presented in Tables 26 and 27.

For each of the experiments in Table 26 the initial
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Table 26. Product Distributions from the Photoinitiated Re-
action of 1.0 X 10~2 M 1-Bromonaphthalene with
Sodium Methoxide and . 48 M Sodium Thiophenoxide
in Methanol

Run #
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concentration of l-bromonaphthalene was 1.0 x 10 M. An

increase in the initial concentration ratio of thiophenox-

ide ion to methoxide ion results in an increase in the

product ratio for substitution to reduction. (The diffi-

culty in accurately quantitating sulfide at low concentra-

tions in entries 26-1 and 26-6 does not allow a meaningful

comparison of product ratios.)

In the two series of runs, 26-1 through 26-4 and 26-6

through 26-3, irradiation time is varied to determine

whether 1-phenylthionaphthalene degrades during sample

irradiation. In each series, the observed decrease in

substitution to reduction product ratio is indicative of

sulfide degradation. For example, in run 26-1, the product

ratio is 0.26 after 15 minutes irradiation. On continued

irradiation to 81 minutes in run 26-4 the product ratio

decreases to 0.14. This decrease in the product ratio for

substitution to reduction is even more apparent in runs

26-6 through 26-8, in which sulfide has completely degraded

on continued sample irradiation to 81 minutes. This latter

series of results suggests that an increase in methoxide

ion concentration accelerates sulfide degradation.

In entry 26-5, the same irradiation time is employed

as in entry 26-2, except the light intensity is doubled.

This increase in light intensity results in accelerated

consumption of both substrate and sulfide. After 40 min-

utes sample irradiation the only observed product is

naphthalene.



118

Analysis by glc of the sample corresponding to entry

26-4 indicated that 10 percent benzene V7as present in the

reaction mixture, in addition to 73 percent naphthalene

and 10 percent sulfide. This significant result implies

that the actual yield of 1-phenylthionaphthalene could have

been much higher were it not for degradation of this pro-

duct to benzene and presumably, 1-naphthalenethiolate ion.

An adjusted mass balance for this entry would be 98 percent.

Benzene and 1-naphthalenethiolate ion were probabl^' pro-

duced in each of the other experiments in Table 26.

In the experiments in Table 27 the initial concentra-

tion of 1-bromonaphthalene was 0.30 M. A comparison of

the extent of reaction in the first two entries with that

in entry 26-5 demonstrates that dilution of substrate

results in a significant rate acceleration. In entry 27-2,

4 percent 1-bromonaphthalene remains after 340 minutes

irradiation. In entry 26-5, 1-bromonaphthalene has been

totally consumed after 40 minutes irradiation at the same

light intensity. The initial concentrations of sodium

methoxide and sodium thiophenoxide were the same in both

experiments

.

In a comparison of the results in entries 26-5 and

27-2 it is also notable that no l-phenylthionaphthalene is

present after 40 minutes irradiation in entry 26-5, but

there is an 8 percent yield of the sulfide in entry 27-2.

This implies that either sulfide degradation is accelerated

on dilution or that sulfide was not produced in this experi-

ment.
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Table 27
. Product Distributions from the Photoinitiated

Reaction of 0.30 M 1-Bromonaphthalene with Sodium
Methoxide and 0.47 - 0.48 M Sodium Thiophenoxide
in Methanol

Run
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Photoinitiated deeradation of l--Dhenvlthionaohthalene

in methanolic methoxide . To further investigate the photo-

degradation of 1-phenylthionaphthalene in methanolic meth-

oxide a series of control experiments was run. In these

experiments sulfide was irradiated under various conditions

to estimate the extent of degradation which occurs during

typical photolyses involving 1-bromonaphthalene . Experi-

mental results are presented in Table 28.

In the first entry, 60 minutes irradiation of a 9.0 x

_3
10 li solution of the sulfide in methanol does not affect

degradation. "v^Jhen sodium methoxide is added, in run 28-2,

18 percent of the sulfide degrades after an identical

irradiation time. Thus, degradation is accelerated by

methoxide ion.

In runs 28-3 through 28-5, 1-bromonaphthalene was

irradiated in methanol containing sodium methoxide and

sodium thiophenoxide as in runs 25-3 and 26-5, except that

1-phenylthionaphthalene was added prior to sample irradia-

tion. In run 28-3, 84 percent sulfide remains after 63

minutes irradiation. This result signifies that 16 percent

of the added sulfide degraded during photolysis, in addi-

tion to any sulfide which was formed via reaction of 1-

bromonaphthalene with thiophenoxide ion. The 96 percent

yield of naphthalene plus the 9 percent unreacted 1-bromo-

naphtnalene (total of 105 percent) indicates that some oj

the naphthalene which is produced probably arises via de-

gradation of the sulfide.

)f
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Table 28. Extent of Photodegradation of 1-Phenylthionaph-
thalene in the Presence and Absence of 1-Bromo-
naphthalene in Methanol Containing Sodium Hethoxide
and Sodium Thiophenoxide

Run
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Table 28 - extended

Irradiation Mol % Mol % Mol % Mol % Redn +
a b

Time, min. Bromo- Redn. Sulfide Mol % Bromo

60
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In entry 23-5, the lamp intensity is doubled to more

closely reproduce the conditions in experiment 26-5, an

experiment in which no sulfide was detected after a 40 min-

ute irradiation. Not surprisingly, all of the added sulfide

degraded during a 40 minute irradiation. Naphthalene is

clearly a product of sulfide degradation because of the

high yield (137 percent) of this product. The results of

this experiment demonstrate that sulfide degradation is

dependent on light intensity.

Photoinitiated degradation of 3-phenylthiopyridine in

methanolic methoxide . Since results indicate that sulfides

derived from aryl halides degrade during sample irradiation,

the photolability of 3-phenylthiopyridine was also investi-

gated. These results are presented in Table 29. It is

evident that 3-phenylthiopyridine degrades during irradia-

tion in either methanol or methanolic emthoxide. However,

at light intensities and irradiation times employed for

typical experiments in Tables 5 and 3 , involving 3-iodo-

pyridine, sulfide degradation is of minor consequence.

In the first two experiments degradation is extensive

after irradiation times of 60 and 324 minutes, respectively.

Methoxide ion was not added initially in these experiments.

Degradation is less extensive when sulfide is photolyzed

in the presence of methoxide ion. In entry 29-4, 33 per-

cent sulfide remains after 371 minutes irradiation of a

solution which was initially 0.31 M in sodium methoxide, as

opposed to entry 29-2, in which only 12 percent sulfide
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Table 29. Extent of Photodegradation of 3-Phenylthiopyridine
in Methanol in the Presence and Absence of Meth-
oxide Ion

Run # [NaOCH^lQ, [Sulfide] q, Irradiation Mol %

(29- ) M M Time, min .

^ Sulfide^

67

12

98

33

39

40

100

86

Samples were irradiated with two lamps at a distance of 42 mm.

Neither benzene nor pyridine were detected in product mixtures.
Samples were not analyzed for thiophenoxide ion.

1
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remains after 324 minutes. In entry 29-6, in which the

initial methoxide ion concentration was 1.2 M, 40 percent

sulfide is present after 371 minutes irradiation. The

more extensive degradation of 3-phenylthiopyridine in the

absence of methoxide ion may reflect that sulfide degrada-

tion is dependent on hydrogen ion concentration.

Experiments 29-3 and 29-7 were carried out under con-

ditions (light intensity and irradiation time) which are

representative of typical conditions employed for the photol-

ysis of 3-iodopyridine at low concentration (-10 M) and

high concentration (-0.3 M) , respectively. In both experi-

ments, degradation of 3-phenylthiopyridine is insignificant.

In entry 29-8, 14 percent sulfide has degraded after 310

minutes irradiation. Thus, at longer irradiation times,

for example, irradiation times required for the photolysis

of 3-bromo- and 3-chloropyridine , some sulfide may degrade.

A comparison of entries 29-5 and 29-8 demonstrates

that the extent of degradation of 3-phenylthiopyridine at

constant irradiation time is concentration dependent. De-

gradation is more extensive in run 29-5, in which the

_2
initial sulfide concentration was 5.6 x 10 M, than in

entry 29-8, in which the initial concentration of sulfide

was 0.17 M.

Significantly, no products of sulfide degradation were

detected by glc analysis of basic reaction mixtures, i.e.,

pyridine and benzene, expected degradation products, were

not found. This observation implies that the pathway for
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3-phenylthiopyridine degradation may be a different one

than that for degradation of the diaryl sulfides.

Photoinitiated reactions of 2-chloroquinoline and

5-chloroisoquinoline with thiophenoxide ion in methanol .

Preliminary experiments were undertaken to investigate the

reactivity of 2-chloroquinoline and 5-chloroisoquinoline

with thiophenoxide ion in methanol. Analysis of product

mixtures by glc indicated that both compounds give rise

to substitution and reduction products. 8-Phenylthio-

quinoline and 5-phenylthioisoquinoline were identified by

glc retention times, but these products were not confirmed

by independent synthesis or gc-ms.

When a sample which was initially 0.30 M in 8-chloro-

quinoline, 0.45 M in methoxide, and 0.49 M in thiophenoxide

ion was irradiated for 211 minutes (two lamps, 42 mm dis-

tance) analysis by glc indicated the presence of 56 percent

8-chloroquinoline , 9 percent quinoline, and -13 percent

8-phenylthioquinoline. (The molar response factor of 4-

phenylthioisoquinoline was used to quantitate 8-phenylthio-

quinoline approximately.)

_2
A sample which was initially 1.4 x 10 M in 5-

chloroisoquinoline , 0.46 M in sodium methoxide, and 0.47 M

in sodiiom thiophenoxide was similarly irradiated for 182

minutes. Product analysis indicated yields of 20 percent

5-phenylthioisoquinoline (approximated from the molar

response of 4-phenylthioisoquinoline) , 76 percent isor ain-

oline, and only a minor amount of 5-chloroisoquinoline (no

response factor was determined)

.
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Attempted substitution reactions of 3-iodopyridine and

iodobenzene with nucleophiles other than thiophenoxide ion .

To determine whether the photoinitiated reaction of 3-iodo-

pyridine and iodobenzene with nucleophiles might be a

generally useful method for the preparation of substituted

aromatics and heteroaromatics , 3-iodopyridine and iodoben-

zene were irradiated in the presence of a variety of nucleo-

philes. Carbon, nitrogen, oxygen, sulfur, and phosphorus

nucleophiles were employed as potential radical traps. In

some of these reactions solvent systems other than metha-

nolic methoxide were employed. Reaction mixtures were

analyzed by glc and occasionally by nmr

.

In several instances, molar response factors were not

determined for substitution products v;hich were obtained

from reaction of either 3-iodopyridine or iodobenzene with

various nucleophiles. Instead, uncorrected glc peak areas

are reported for substrates and products in Tables 30

through 33 , so that approximate comparisons might be made

between yields of substitution products and those of pyri-

dine or benzene. In most instances, glc yields are reported

for substrate (3-iodopyridine or iodobenzene) and reduction

product (pyridine or benzene)

.

Several sulfur nucleophiles were employed as potential

radical traps for 3-pyridyl radical, generated by photol-

ysis of 3-iodopyridine in methanol or methanolic methoxide.

The results of these experiments are presented in Table 30.

Mercaptide ions are the most successful radical traps of



129

all the nucleophiles examined. In addition to thiophen-

oxide ion, which has been discussed extensively, both thio-

ethoxide ion and the anion of 4- thiopyridone are effective

traps for 3-pyridyl radical. When 3-iodopyridine is

irradiated in the presence of these nucleophiles, reasonable

yields of substitution products may be obtained under

appropriate conditions.

In entries 30-1 and 30-2, in which thioethoxide ion

was employed as radical trap, the major product is pyridine

even when a high initial concentration ratio of thioethoxide

ion to methoxide ion was employed as in the first entry.

However, comparison of glc peak areas for 3-ethylthiopyri-

dine and pyridine indicate that significant yields of sub-

stitution product are formed. For example, peak areas (un-

corrected for molar response) in the first entry are 435
I

and 315 counts for pyridine and 3-ethylthiopyridine , respec-
I

tively. The glc yield for pyridine in this entry is 59 I

percent, and only 14 percent 3-iodopyridine is present in

the reaction mixture after 110 minutes irradiation. The

presence of 3-ethylthiopyridine was confirmed by gc-ms. -i

In run 30-3, the anion of 4- thiopyridone was employed
i

as a potential radical trap with obvious success. The glc

peak areas for 3 ,

4
' -dipyridyl sulfide (425 counts) and i

pyridine (294 counts, 34 percent) suggest that sulfide is I

I

probably the major product in this reaction. Thus, the

anion of 4- thiopyridone is an efficient trap for 3-pyridyl j

I

radical. A surprisingly long irradiation time was required
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Table 30. Product Distributions from Photoinitiated Reactions
of 0.30 M 3-Iodopyridine with Methanolic Methoxide
in the Presence of Sulfur Nucleophiles

Run # [Nucleophile] „ , [NaOCH^lQ, Irradiation

(30- ) M M Time, min .

^

1^ NaSC2H3. 0.35 9.0x10"^ 110

2 NaSC2H5, 0.34 0.43 253

3 4-thiopyridone
q 33 228

anion, 0.39
, benzenesulf inate

^ 2^0
anion, 0.40

c benzenesulfinate 344
anion, 0.44

6 NaSCN, 0.51 0.31 20

Samples were irradiated with two lamps at a distance of 42 mm.

Glc peak area in parentheses.

^Initial concentration of thioethoxide ion was determined by nmr
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Mol 7c

T A t
lodo-

Mol %

Redn.^

Substitution
Product - by,

glc analysis

Retention
Time, min

.

Column A

14(105)
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in this run for reaction to essentially reach completion

(in comparison to the irradiation times required for 3-

iodopyridine to undergo reaction with thiophenoxide ion

in methanolic methoxide)

.

When 3-iodopyridine is photolyzed in the presence of

sodium benzensulfinate in methanol (no added methoxide ion)

the major reaction is reductive-dehalogenation, as demon-

strated by the high yields of pyridine in runs 30-4 and

30-5. Although the mass balance is low (83 percent) in

entry 30-4, and an unidentified compound (44 counts) was

detected which eluted with a glc retention time of approx-

imately 23 minutes, the presence of 3-pyridyl phenyl sul-

fone was not confirmed.

Thiocyanate ion was ineffective as a trap for 3-

pyridyl radical. When 3-iodopyridine was irradiated in

the presence of sodium thiocyanate in methanolic methoxide

the only observed product was pyridine.

The anion of 4- thiopyridone is an effective trap for

phenyl radical. In runs 31-1 and 31-2 iodobenzene was

photolyzed in the presence of this nucleophile. Although

long irradiation times were required, modest yields of 4-

phenylthiopyridine were obtained. The major product in

each run is benzene, not unexpectedly. These results

imply that 4- thiopyridone is a better trap for phenyl

radical than is thiophenoxide ion, since yields of substi-

tution product are slightly lower when thiophenoxide is

employed. Also note that reaction rate is dependent on
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initial methoxide ion concentration. In the second entry,

a 14 fold increase in sodium methoxide concentration re-

sults in a greater extent of reaction at a shorter irradia-

tion time.

A few attempts were made to trap 3-pyridyl radical with

trialkylphosphites . Results of these experiments are pre-

sented in Table 32. Reaction mixtures were analyzed by glc

and nmr. In the first entry 3-iodopyridine was photolyzed

in methanol containing sodium methoxide and triethylphos-

phite. After 20 minutes irradiation, analysis of the

reaction mixture by glc indicated that pyridine and a sig-

nificant quantity of an unidentified product (retention

time 17 minutes) had been formed. Analysis of the reaction

mixture by nmr suggested the presence of a compound which

exhibited highly coupled protons in the aromatic region.

The absorption pattern in this region was quite complicated

and was not interpretable

.

3-Iodopyridine was also irradiated in the presence of

trimethylphosphite. In run 32-2, in which no methoxide ion

was employed, 266 minutes irradiation of a solution which

was initially 0.64 M in trimethylphosphite and 0.30 M in

3-iodopyridine afforded a mixture of iodopyridine (34 per-

cent)
, pyridine (8 percent) , and a significant amount of a

compound which eluted with a glc retention time of 23.3

minutes. Three other unidentified (minor) products were

also detected. When 3-iodopyridine was irradiated in the

presence of trimethylphosphite and sodium methoxide (entry
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32-3), analysis by glc indicated that two unidentified

products with retention times of. 1 .2 and 17.3 minutes had

been produced. Analysis of the reaction mixture by nmr

suggested that reaction had occurred, as evidenced by new

absorptions in the aromatic region. The spectrum could not

be interpreted due to overlapping absorptions of the mix-

ture.

In an attempt to trap phenyl radical with trimethyl-

phosphite, a methanol solution which was initially 0.27 M

in iodobenzene and 0.64 M in trimethylphosphite was irradi-

ated for 250 minutes (two lamps, 42 mm). Analysis of the

reaction mixture by glc indicated that several minor un-

identified products were present, in addition to 12 percent

iodobenzene. A second solution, which was 0.89 M in iodo-

benzene and 1.7 M in trimethylphosphite, was irradiated for

250 minutes with the same light intensity. Analysis of the

reaction mixture by nmr demonstrated that iodobenzene, ben-

zene, and dimethyl phenylphosphonate were present.

(Authentic dimethyl phenylphosphonate was independently pre-

pared by heating a mixture of phenylphosphonic dichloride

and methanol.) Additional trimethylphosphite was added to

the mixture, and irradiation was continued for a total of

550 minutes. Analysis by nmr suggested that the major

product was dimethyl phenylphosphonate : 6 3.75 (d, J - 11

Hz), 7.26 - 8.05 (m) . Signals could not be integrated due

to signal overlap with the absorptions for residual iodo-

benzene. Also present in the nmr spectrum were an intense
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Table 32. Product Distributions from Photoinitiated Reactions
of 0.30 M 3-Iodopyridine with Methanolic Methoxide
in the Presence of Phosphorus Nucleophiles

Run # [Nucleophile] Q, [NaOCH„]Q, Irradiation

(32- ) M M Time, min .

^

triethylphosphite, (-. ,r

0.44
20

oC trimethylphosphite,
^i oaa2 Q^^ 266

o trimethylphosphite, q /-q 05

^Samples were irradiated with two lamps at a distance of
42 mm.

Glc peak area in parentheses.

*^Four unidentified products had glc retention times (column
A) of 15.6 (37 counts), 16.8 (38 counts), 17.3 (73 counts),
and 23.3 minutes (268 counts).

Pyridine was not quantitated due to peak overlap with the
component which eluted with a 7.2 minute retention time.

One other compound eluted witn a retention time of 17.3
minutes

.
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Mol %

lodo-

Mol %

Redn.^

Substitution
Product - by,

1 1 • b
gic analysis

Retention I

Time, min . !

Column A

(193) (222) (448) 17.0

34(291)

12

8(73) (268) 23.3

7.2
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Table 33. Results I'Jhich Demonstrate the Ineffectiveness of
Carbon, Nitrogen, and Oxygen Nucleophiles as Traps
for 3-Pyridyl Radical in Methanol

Run # [Nucleophile
]
Q, [NaOCH~]Q, Irradiation

(33- ) M M Time, min .

^

130

0.31 10

0.35 200

345

0.15 780

l'^
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Mol 7o

lodo-

Mol 7o

Redn.^

Substn. Products Retention
by Glc Analysis^ Time, min

.

Column A

(184)
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singlet at 6 0.94 and a strong doublet at 6 1.49 (J = 17 Hz)

Several other less intense signals also appeared in the

spectrum. The intense absorptions at 6 0.94 and 1.49 were

possibly due to ethane and the P-methyl protons on dimethyl

methyl p hosphonate, respectively.

A few other unsuccessful attempts were made to trap

3-pyridyl radical with a variety of nucleophiles . The re-

sults of these experiments are presented in Table 33. In

entires 33-1 and 33-2, 3-iodopyridine was irradiated in

methanol containing cyanide ion. Essentially no unidenti-

fied products were detected by glc or nmr . It is note-

worthy that in run 33-2 a significant yield of pyridine was

obtained even though no methoxide ion was employed. In

entry 33-3, the anion of 2-nitropropane was also ineffective

as a radical trap, as were nitrite ion and the anion of 4-

pyridone in the last two entries.

Competition between various nucleophiles for radicals

derived from aryl and hetaryl halides . A few preliminary

experiments were run (Table 34) to determine the relative

effectiveness of a series of thiolate ions as free radical

trapping agents . Thiophenoxide ion has been shown to be an

effective agent for trapping some hetaryl radicals, and

less so for trapping aryl radicals. It was expected that

other sulfur nucleophiles might show similar or greater

reactivities toward hetaryl and aryl radicals.

The results of experiments involving various nucleo-

philes as potential radical traps are presented in Table 34
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Table 34. Competition Between 0.40 M Thionhenoxide Ion
and Other Thiolate Ions for Aryi and Hetaryl
Radicals in 0.23 - 0.31 M Methanolic Sodium
Hethoxide

Run #
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Table 34 - extended

Mol 7o

lodo-
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even though glc molar response factors for some of the sul-

fide products have not been determined. Since these molar

response factors are not available, quantities of products

are reported as uncorrected peak areas (counts)

.

In experiments 34-1 through 34-4 radicals derived from

3-iodopyridine , iodobenzene, and 2-iodothiophene were

allowed to react with approximately equimolar mixtures of

thiophenoxide ion and the anion of 4-thiopyridone . In run

34-1, in which both nucleophiles were allowed to compete

for the 3-pyridyl radical, the glc peak area ratio of sul-

fide products indicates that the thiopyridone anion is the

more reactive of the two nucleophiles. In entry 34-2, the

molar response factors for both sulfides are known; for

this run the ratio of 4-phenylthiopyridine to phenyl sulfide

is 4.7. The 2-thienyl radical is significantly more reac-

tive toward the anion of 4-thiopyridone than toward thio-

phenoxide ion, as shown in runs 34-3 and 34-4. In spite

of the higher reactivity displayed by 4-thiopyridone anion,

than thiophenoxide ion, toward the aryl and hetaryl radicals

in the first four runs, the major reaction pathway for 2-

iodothiophene and iodobenzene is reductive-dehalogenation.

In run 34-5 it is difficult to determine whether thio-

phenoxide ion or thioethoxide ion is the more reactive

nucleophile since the molar response factor for 3-ethylthio-

pyridine has not been determined, and peak areas for both

sulfides are almost the same. It is likely that the glc

responses for 3-ethylthiopyridine and 3-phenylthiopyridine
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are quite different. However, a significant amount of 3-

ethylthio-substitution product is formed via reaction of

thioethoxide ion with 3-pyridyl radical.

Competition studies of the type mentioned here should

prove to be quite fruitful, and might provide valuable

mechanistic information about the relative effectiveness

of nucleophiles as free radical trapping agents. Such

investigations warrant further attention.

Discussion

A proposed mechanism for photoinitiated reductive-de -

halogenation and substitution involving reaction of hetaryl

and aryl halides with thiophenoxide ion in methanol . It

has been shoT^m that 4-bromoisoquinoline , 3-bromoquinoline

,

2-iodothiophene, 1-bromonaphthalene, and iodobenzene give

rise to products resulting from reductive-dehalogenation

and substitution when these compounds are photolyzed in

methanol containing thiophenoxide ion. It is proposed

that the most reasonable mechanism for formation of the

observed products involves competition between thiophenoxide

ion and the hydrogen atom donors methoxide ion and methanol

for intermediate o-radicals derived from the parent hetaryl

or aryl halide. A radical-chain pathway (SI), similar

to that proposed in Chapter 2 for reactions involving the

3-halopyridines , is postulated.

For reactions involving 4-bromoiosquinoline and 2-

iodothiophene experiments were undertaken to determine
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whether sulfide substitution product arises via addition of

thiophenoxide ion to the respective 4-isoquinolyl and 2-

thienyl radicals or via an alternative mechanism, such as

direct displacement (Sj,jAr) or photosubstitution . Thermal

decomposition of AIBN, a free radical initiator, was' em-

ployed to initiate reaction of 4-bromoisoquinoline and

2-iodothiophene with thiophenoxide ion in methanol. In

both instances products resulting from reductive-dehalogen-

ation and substitution were obtained.

In Figure 7, data for experiments involving AIBM in-

itiated and photoinitiated reactions of 4-bromoisoquinoline

are plotted graphically. The best least squares fit of

data representing experiments in which photoinitiation was

employed is the straight line with a slope of 0.442 and an

intercept of 0.214. This line is described by equation 36,

which relates the observed product ratio (reduction to sub-

stitution) to the initial concentrations of sodium methox-

ide and sodium thiophenoxide. A second line (slope 0.404,

intercept 0.208) is generated V7hen the points corresponding

to experiments involving photoinitiation and those involving

AIBN initiation are included in the same linear regression

analysis. This second line falls within the standard de-

viation of the slope (0.045) and the standard deviation

of the intercept (0.035) of the line which was calculated

using only data for experiments in which photoinitiation

was employed. Therefore, points corresponding to experi-

ments involving AIBN initiation and photoinitiation appear
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to generate a common line (slope 0,404). Formation of iso-

quinoline and 4-phenylthioisoquinoline in both AIBN initiated

and photoinitiated reactions probably involves the same

intermediate. This intermediate must be a 4-isoquinolyl

radical since AIBN decomposition is expected to induce free

radical formation. Alternative mechanisms for substitution

such as direct displacement (S,jAr) by thiophenoxide ion

and photosubstitution must be excluded.

For comparison purposes, data corresponding to the

thermally induced (165 ) reaction of 4-bromoisoquinoline

with thiophenoxide ion in methanolic methoxide are included

1 ft

in Figure 7. A radical-chain mechanism was proposed to

account for product formation in these thermally induced

16
reactions. The data corresponding to thermally induced

reactions describe a line with a considerably different

slope and intercept than the line generated by data for

AIBN initiated and photoinitiated reactions.

Thermal decomposition of AIBN was employed in two ex-

periments to initiate reaction of 2-iodothiophene with

thiophenoxide ion in methanolic methoxide. Data for these

experiments and for those in which photoinitiation was em-

ployed are plotted in Figure 8. Only one of the two points

representing AIBN initiation lies close to the line (slope

2.20, intercept 1.04) which is determined by data represent-

ing experiments in which photoinitiation was employed. The

other point corresponding to an AIBN initiated reaction

does not correlate with the data for photoinitiated reactions.
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This large discrepancy may be due to difficulties in ac-

curately quantitating substitution product at low conver-

sions in experiments involving AIBN initiation. In spite

of the disagreement between results for the AIBN initiated

reactions of 2-iodothiophene , these data demonstrate that

2-phenylthiothiophene probably arises via reaction of 2-

thienyl radical with thiophenoxide ion in both photoini-

tiated and AIBN initiated reactions.

It is assumed that phenylthio-substitution products

derived from 3-bromoquinoline, 1-bromonaphthalene , and

iodobenzene arise via radical-chain pathways involving

attack of thiophenoxide ion on 3-quinolyl, 1-naphthyl, and

phenyl radicals, respectively. Since it was shown that 4-

phenylthioisoquinoline arises via addition of thiophenoxide

ion to 4-isoquinolyl radical, it is expected that 3-phenyl-

thioquinoline arises via an analogous mechanism when 3-

bromoquinoline is photolyzed in the presence of thiophen-

oxide ion.

The aryl halides, 1-bromonaphthalene and iodobenzene,

are expected to be unreactive toward nucleophilic aromatic

substitution. The presence of activating substituents is

required to affect nucleophilic aromatic substitution of

aryl halides. Thus, 1-phenylthionaphthalene and phenyl

sulfide cannot be formed via a thermal S„Ar mechanism when

1-bromonaphthalene and iodobenzene are photolyzed in the

presence of thiophenoxide ion.

Photosubstitution involving direct displacement of
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halide ion by thiophenoxide ion, is also an unlikely mech-

anism for formation of the sulfides derived from 1-bromo-

naphtalene and iodobenzene. Photosubstitution reactions of

7 58
this type are not known for unsubstituted aryl iodides. '

It has been reported that photolyses of bromo- and chloro-

benzene in aqueous methanol yield mixtures of phenol and

benzene, whereas iodobenzene gives rise to benzene and an

unidentified product. It was noted that naphthalene and

1-naphthol are produced when 1-bromonaphthalene is irradi-

ated in aqueous methanol. However, a mechanism involving

formation of an intermediate 1-naphthyl radical via 1-bromo-

naphthalene radical anion was proposed to account for the

f\f\

observed products.

For ohotoinitiated reactions of 1-bromonaphthalene

with thiophenoxide ion it was demonstrated that dilution of

substrate results in an increase in the extent of reaction

at given irradiation times. This type of substrate con-

centration effect on the extent of reaction was previously

noted (Chapter 2) in the photoinitiated reactions of 3-

halopyridines with thiophenoxide ion. Phenomena of this

type have been reported for radftal-chain photodebromination

6 9reactions of hetaryl and aryl halides. ' However, this

effect may not necessarily be indicative of radical-chain

character, as has been noted in Chapter 2.

The bimolecular displacement reaction depicted in

equation 47, involving phenyl radical and phenyl disulfide,

might be considered as an alternative to the pathway which
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has been proposed for phenyl sulfide formation. A sinilar

mechanism was considered to account for the formation of

C^H^- + CgH^SSCgH^ > CgK3SCgH3 + C^H^S • (47)

3-phenylthiopyridine in Chapter 2, but was discounted,

because the observed yields of sulfide were too high to be

accounted for by this mechanism, i.e., it was unlikely that

high enough concentrations of phenyl disulfide were present

in order for the radical displacement reaction to compete

with attack of thiophenoxide ion on the radical interme-

diate. In considering the photoinitiated reactions of

iodobenzene, in which the major reaction pathway is reduc-

tive dehalogenation and the average yield of sulfide is

about 3 percent, it is more difficult to eliminate the

radical displacement pathway as a viable alternative mech-

anism. It is assum.ed, with reservation, that phenyl sulfide

arises via addition of thiophenoxide ion to phenyl radical.

There is precedent for the mechanism which is proDosed

for phenyl sulfide formation. Bunnett and Creary reported

that irradiation of a mixture of iodobenzene and thiophen-

oxide ion in liquid ammonia resulted in the formation of

30phenyl sulfide in 94 percent yield (glc) . These authors

proposed an S„„l mechanism, involving attack of thiophen-

oxide ion on phenyl radical, to account for the observed

product

.

In a communication, Pinson and Saveant reported on

the electrochemically catalyzed substitution of p-bromoben-

zophenone v/ith thiophenoxide ion in acetonitrile and di-



152

fi 7
methylformamide . A key step in their proposed radical-

chain pathway involves attack of thiophenoxide ion on the

radical generated by cleavage of the carbon-bromine bond of

substrate

.

Preliminary experiments indicate that 8-phenylthio-

quinoline and quinoline are produced when mixtures of 8-chloro-

quinoline and sodium thiophenoxide in methanolic methoxide

are irradiated with Pyrex filtered ultraviolet light. Simi-

larly, irradiation of 5-chloroisoquinoline yields mixtures of

quinoline and 5-phenylthioisoquinoline . In these reactions

it is presumed that quinoline, isoquinoline , and the sulfides

arise via radical-chain reactions involving intermediate

8-quinolyl and 5-isoquinolyl radicals. It is interesting to

note, P^rkSnyi reported that 8-chloroquinoline does not under-

go photodechlorination when irradiated with ultraviolet light

in aqueous methanol containing sodium hydroxide. Due to

an insufficiency of data in the latter communication, a com-

parison cannot be made between the results of Parkanyi and

those reported herein.

The reactivity exhibited by 8-chloroquinoline and 5-

chloroisoquinoline , when these compounds are photolyzed in

methanolic methoxide containing thiophenoxide ion, supports

a radical-chain mechanism; a probable initiation step in-

volves cleavage of the carbon-chlorine bond of the radical

anion of substrate. It is unlikely that photoinitiation

occurs via homolysis of the carbon-chlorine bonds of photo-

excited hetaryl cnlorides , because typical Ar-Cl bond dis-
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sociation energies are generally about 85 kcal/mol. '

Formation of the respective radical anions, and subsequent

cleavage of the carbon-chlorine bonds of the radical anions

is energetically a more feasible process. It has been reported

by Kasai and McLeod that the carbon-chlorine bonds of chloro-

44quinolines cannot be photolyzed by 365 nm light.

A relationship between structure and reactivity in

the addition of thiophenoxide ion to hetaryl and aryl radi-

cals . It was demonstrated (equation 32) that the ratio of

rate constants for reaction of an intermediate radical with

thiophenoxide ion versus reaction with methanol and with

methoxide ion can be related to the initial base concentra-

tions and the substitution to reduction product ratio. Equa-

tion 32 may be rearranged to equation 48, v;hich relates the

product ratio to the rate constant ratio for reaction of the

radical witn thiophenoxide ion versus reaction with methanol.

(Note that this equation was obtained by substitution of

the constant 38 k, for the rate constant k^ in equation 32;

it was sho\m that 3-pyridyl radical is about 38 times more

reactive towards methoxide ion than towards methanol.)

Equation 48 can be simplified to equation 49, in which the

rate constant ratio ko/k-, is proportional to the substitution

to reduction product ratio times a constant, C. The latter

equation, however, only applies to reactions which are carried

out at the same initial base concentrations. Wlien these

conditions are met, the product ratio may be used as a measure

of the rate constant ratio for substitution versus hydrogen
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atnm abstraction from solvent,

k
3 _ 7o Substn 1

k^ % Redn ^ [NaSC^H^JQ (^^)

3 7o Substn „ ,, ^

v

k^ =
'/. Redn ^ C (^5)

If it is assumed that the structure of the intermediate

radical has a negligible influence on the rate of hydrogen

atom abstraction, then the product ratio is essentially pro-

portional to the rate constant for reaction of the radical

with thiophenoxide ion. It is first necessary to support

the assumption that the rate constants for hydrogen atom

abstraction from methanol and methoxide ion are not signifi-

cantly affected by the identity of the aryl or hetaryl radi-

cal .

It has been reported that phenyl and p-nitrophenyl

radicals abstract hydrogen atoms from primary aliphatic

carbon-hydrogen bonds at very similar rates, being 0.11-

0.13 and 0.17, respectively. The same investigators

reported that phenyl and p-nitrophenyl radicals abstract

hydrogen atoms from methyl disulfide at relative rates of

1.2 and 1.02, respectively. Moreover, Janzen and coworkers

calculated that phenyl radical and p-methoxyphenyl radical

should exhibit about the same reactivity toward hydrogen

59atom abstraction from methanol. Thus, both reports suggest

that rates of hydrogen atom abstraction are insentitive to
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substituent changes on the aryl radicals.

Based on the above observations, it is reasonable to

assume that variations in structure of the aryl and hetaryl

radicals probably produce small effects on rates of hydrogen

atom abstraction from methanol and methoxide ion. This

assumption should certainly apply in the case of phenyl and

3-pyridyl radicals since phenyl and p-nitrophenyl radicals

exhibit very similar reactivities toward hydrogen atom ab-

straction. It is generally assumed that a nitro group and

an annular nitrogen atom produce similar electronic effects.

It follows that substitution to reduction product

ratios are indicative of reactivity of aryl and hetaryl o-

radicals toward thiophenoxide ion. An increase in the product

ratio for substitution to reduction corresponds to an increase

in the rate constant for substitution. Thus, for the hetaryl

and aryl halides which are listed in Table 35, a reactivity

order is established for capture of thiophenoxide ion.

Two series of experiments are represented in Table 35,

each series carried out at an essentially constant initial

concentration ratio of thiophenoxide ion to methoxide ion.

For the hetaryl and aryl halides listed, or more aptly, for

the hetaryl and aryl radicals derived from these substrates,

the substitution to reduction product ratio decreases in the

order 3-quinolyl > 4-isoquinolyl '^ 3-pyridyl > 2-thienyl '^ 1-

naphthyl > phenyl radical. Thus, the rate for reaction of an

aryl or hetaryl radical with thiophenoxide ion varies , de-

pending on the identity of the hetaryl or aryl halide.
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It was previously shown that several rate constant

ratios can be calculated when product ratios and initial base

concentrations are plotted in a form which corresponds to

a linear equation (equation 36 ) . The rate constant ratios

ko/k-] , k^/^n' ^^^ k2/k-, were calculated in this manner for

each of the substrates in Table 36. The data which were used

in these calculations are plotted in Figures 5 through 11

(excluding Figure 6) . Linear regression analyses on these

data provided the following data for each of the indicated

substrate derived radicals: 3-pyridyl radical, slope 0.408,

intercept 0.232 (correlation coefficient 0.954); 4-isoquinolyl

radical, 0.404, 0.208 (0.913); 2-thienyl radical, 2.20, 1.04

(0.898); 3-quinolyl radical, 0.216, 0.136 (0.920); 1-naphthyl

radical, 0.317, 1.66 (0.308); and phenyl radical, 22.1, 8.08

(0.720).

For experiments involving 2-iodothiophene , 1-bromo-

naphthalene, and iodobenzene the calculated rate constant

ratios are less accurate than are the ratios for experiments

involving the nitrogen heterocycles ; this is so because yields

of substitution products were low in experiments involving

2-iodothiophene and the aryl halides, making product ratios

less reliable (as indicated by the lower correlation coeffi-

cients) . The calculated rate constant ratios for 1-naphthyl

radical are very inaccurate, due to the extensive sulfide

degradation which was encountered in experiments involving

this substrate. Data corresponding to photoinitiated reac-

tions of 1-bromonaphthalene are plotted in Figure 10. In
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order to obtain an estimate of the reactivity of 1-naphthyl

radical toward thiophenoxide ion, only data corresponding to

15 minute sample irradiations were used in the determination

of a least squares fit. Data corresponding to longer sample

irradiations are shown, but were not used in the determina-

tion of rate constant ratios, because of the more extensive

sulfide degradation encountered in these experiments.

Comparison of the rate constant ratios (Table 36) for

reaction of the netaryl and aryl radicals with thiophenoxide

ion versus reaction with methanol or methoxide ion confirms

the order of relative reactivities which was established

using substitution to reduction product ratios as a criterion.

The only exception is in the case of 1-naphthyl radical in

which there is a large discrepancy between the rate constant

ratio for reaction of 1-naphthyl radical with thiophenoxide

ion versus reaction with methanol and that for reaction with

thiophenoxide ion versus reaction with methoxide ion. The

former value (k^/k-, = 13) suggests that 1-naphthyl radical is

slightly less reactive than 2-thienyl radical toward thio-

phenoxide ion, while the latter value (k^/k-, = 3.2) suggests

that 1-naphthyl radical is more reactive than 4-isoquinolyl

radical. In constrast, a comparison of substitution to re-

duction product ratios (Table 35) demonstrates that 1-naphthyl

radical is about as reactive as 2-thienyl radical. This

latter comparison is probably a more reliable measure of the

relative reactivity of 1-naphthyl radical with thiophenoxide

ion, since it was shown that linear regression data correspond-
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ing to the photoinitiated reactions of this substrate are

very unreliable.

The structure of the intermediate radical must deter-

mine the reactivity of that species toward attack by thio-

phenoxide ion. The radicals derived from 3-bromoquinoline

,

4-bromoisoquinoline , and 3-iodopyridine are significantly

more reactive toward thiophenoxide ion than are the radicals

derived from 2-iodothiophene and the aryl halides.

Two conclusions can be reached concerning the relative

reactivities toward substitution for the hetaryl and aryl

radical intermediates. These are (a) incorporation of an

annular nitrogen atom into an aromatic ring and (b) annela-

tion result in significant increases in reactivity.

Comparison of the reactivities of the intermediate

radicals toward thiophenoxide ion versus reaction with meth-

anol (k ,) demonstrates that 3-pyridyl radical is 34 times

as reactive as phenyl radical. Comparison of product ratios

(Table 37) also shows that 3-pyridyl radical is appreciably

more reactive toward substitution than is phenyl radical.

For example, when iodobenzene and 3-iodopyridine are

photolyzed in methanol in the presence of approximately

equimolar concentrations of sodium thiophenoxide and sodium

methoxide the respective substitution to reduction product

ratios are 0.025+0.002 and 1.2+0.1 (each value represents a

series of experiments). Similarly, the product ratios for

1-naphthyl radical and 4-isoquinolyl radical are 0.26 and

1.3+0.3, respectively, for the entries in v;hich the initial
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Table 37. A Comparison to Demonstrate the Effect of an
Annular Nitrogen Atom on Reactivity of o-Radicals
Towards Thiophenoxide lon^

[NaSC.H^]^ D A- 16—5—0 a-Radicals
[NaOCH„]Q

Avg. Substn. to Redn
Product Ratios

Hetaryl Aryl

0.43-0.44

1.0-1.1

0.42-0.44

1.1

3-pyridyl vs.
phenyl

3-pyridyl vs.
phenyl

4-isoquinolyl vs
1-naphthyl

4-isoquinolyl vs
1-naphthyl

0.63+0.03 0.016+0.004

1.2+0.1

1.3+0.03

0.025+0.002

0.58+0.04 0.25 +0.05'

0.26'

'Solutions were initially ^0.3 M in aryl or hetaryl halide.

Data correspond to samples which were irradiated for 15
minutes. Longer irradiation times resulted in significant
decreases in product ratios.
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base concentration ratio varied from 1.0-1.1. Clearly,

incorporation of an annular nitrogen atom into an aromatic

ring activates a system toward substitution. The higher

reactivity toward substitution which is exhibited by the

nitrogen heterocycles may be due to the better ability of

an aromatic ring possessing an annular nitrogen atom to

accomodate the odd electron of the incipient radical anion.

A comparison of relative reactivities toward thiophen-

oxide ion (k •) for 3-pyridyl radical and 3-quinolyl

radical (Table 36) demonstrates that 3-quinolyl radical is

more reactive. These values are 34 and 59 for 3-pyridyl and

3-quinolyl radicals, respectively. Comparison of product

ratios for reactions of phenyl and naphthyl radicals shows

that napnthyl radical is significantly more reactive toward

substitution as evidenced by higher substitution to reduc-

tion product ratios for reactions involving 1-bromonaphthalene

in the first and second entries in Table 38. Thus, annela-

tion increases the reactivity of an aromatic o-radical to-

ward substitution. Formation of the radical anion is

facilitated by annelation, possibly through better delocal-

ization of the odd electron.

Of the two observations which have been made concerning

the reactivity of aryl and hetaryl radicals toward thiophen-

oxide ion, i.e., that incorporation of an annular nitrogen

atom into the aromatic nucleus and that annulation increase

the reactivity of an aromatic radical toward substitution,

the former modification appears to have the more significant
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Table 38. A Comparison to Demonstrate the Effect of
Annelation on Reactivity of o-Radicals Towards
Thiophenoxide lon^

[NaSC^H^lg

[NaOCH3'0
a-Radicals

Avg. Substn. to Redn,
Product Ratios

Benzolog Radical

0.43-0.44

1.0-1.1

0.43-0.44

1.0-1.1

1-naphthyl vs
phenyl

1-naphthyl vs
phenyl

3-quinolyl vs
3-pyridyl

3-quinolyl vs

.

3-pyridyl

0.25+0.05 0.016+0.004

0.26'

1.3 +0.1

2.0 +0.1

0.025+0.002

0.63 +0.03

1.2 +0.1

All solutions were initially '^-0.3 M in aryl or hetaryl halide. i

Data correspond to sample which were irradiated for 15 min- '

utes . Longer irradiation times resulted in significant \

decreases in product ratios.
]



168

effect. Other effects of structure of the intermediate

radical on reactivity toward substitution can also be noted.

2-Thienyl radical is slightly more reactive (k , =
rel

7.8) than phenyl radical toward thiophenoxide ion. The

presence of an annular sulfur atom may be responsible for

the slightly greater reactivity exhibited by this inter-

mediate .

It should also be noted that 4-isoquinolyl radical is

slightly less reactive toward substitution than is 3-quinolyl

radical. The relative reactivities (k ,) for 4-isoquinolyl

and 3-quinolyl radical are 37 and 59 respectively. The

lesser reactivity of 4-isoquinolyl radical may be due to

steric interaction between attacking thiophenoxide ion and

the peri-hydrogen of 4-isoquinolyl radical. Steric inter-

action between the perihydrogen of 1-iodonaphthalene and

iodine has been invoked to explain the unexpectedly high

reactivity of this substrate toward deiodination in halogen
CO

abstraction reactions.

The observations and conclusions concerning the relative

reactivities of aryl and hetaryl radicals toward substitu-

tion are supported, for the most part, by data on the re-

activity of various substrates with the hydrated electron,

e . The reactivity of an aromatic molecule with the

hydrated electron is a function of its electron affinity.

Thus, the ability of the aromatic nucleus of a particular

aryl or hetaryl radical to accomodate the odd electron of

the incipient radical anion might be correlated with the
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relative rate for capture of the hydrated electron by the

parent hydrocarbon, a measure of its electron affinity.

Specifically, relative rates for reaction of aryl and

hetaryl radicals with thiophenoxide ion might correlate with

rates for reaction of the aromatic and heteroaromatic hydro-

carbons with the hydrated electron. In Figure 12, the log-

arithms of the rate constant ratios for reaction of phenyl-,

2-thienyl-, and 3-pyridyl radicals with thiophenoxide ion

versus reaction with methanol are plotted against the log-

arithms of the rate constants for reaction of benzene,

thiophene , and pyridine with the hydrated electron. A

straight line is obtained (correlation coefficient 0.969),

demonstrating that the relative reactivities of phenyl,

2-thienyl, and 3-pyridyl radicals toward substitution follow

the same order as that expected for the electron affinities

of the hydrocarbons.

Although the rate constant for reaction of naphthalene

with the hydrated electron is known, data for 1-naphthyl

radical was not plotted in Figure 12. The calculated

value of k.^/k, for 1-naphthyl radical is probably grossly

inaccurate.

The relative hydrogen atom donor reactivity of methoxide

ion versus methanol (ko/k-, ) can be calculated for reactions

involving each of the aryl and hetaryl radicals from data

in Figures 5 through 11. The following values (Table 36)

were obtained: 3-quinolyl radical, 34; 4-isoquinolyl

radical, 42; 3-pyridyl radical, 38; 2-thienyl radical, 46;
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Figure 12

0.5 1.0 1.5

log k^/k^
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Correlation of the Logarithms of the Rate Con-
stant Ratios for Reaction of (o) Phenyl, (a)
2-Thienyl, and (d) 3-Pyridyl Radicals with
Thiophenoxide Ion versus Reaction with Methanol
Against the Logarithms of the Rate Constants for
Capture of the Hydrated Electron by Benzene,
Thiophene, and Pyridine.
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and phenyl radical, 59. (The value obtained for 1-naph-

thyl radical, 4.1, is probably inaccurate, and is excluded.)

The similarity of each of these values suggests there is

little difference in selectivity between the different

radicals for reaction with either hydrogen atom donor.

Boyle and Bunnett have reported that methoxide ion is 45+10

times more reactive than methanol as a hydrogen atom donor

47
to p-nitrophenyl radical.

In summary, it has been demonstrated that the rate for

reaction of an aryl or hetary radical with thiophenoxide

ion is dependent on the structure of the intermediate

radical. Two structural modifications can result in in-

creased reactivity toward substitution. These modifications

are (a) incorporation of an annular nitrogen atom into the

aromatic nucleus and (b) annelation. Both of these struc-

tural changes probably increase the electron affinity of an

aromatic free radical, thus, enabling the incipient rad-

ical anion to better accomodate the odd electron during

attack of thipohenoxide ion. It was also shown that

various aryl and hetaryl radicals exhibit little difference

in selectivity in competing reactions with hydrogen atom

donors methoxide ion and methanol.

The effect of structure, or more concisely, of differ-

ences in electron affinity of the intermediate radicals does

not have a large effect on the relative rates of reaction

of these radicals with thiophenoxide ion. However, the

effects of electron affinity, i.e., of electrophilic character
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of these radicals, are significantly larger than those

which have been encountered in other inviestigations

.

Others have investigated relative reactivities of

hetaryl and aryl radicals toward aromatic compounds in aryla-

tion reactions, in order to correlate reactivity with elec-

trophilic character of the radicals. For instance, Vernin

and coworkers compared the reactivity of the electrophilic

2-thiazolyl and 2-benzothiazolyl radicals with the reactivity

of the less electrophilic phenyl radical in arylation

69reactions involving a series of aromatic compounds. These

authors reported there was generally less than a t\i7o-fold

greater reactivity for the hetaryl radicals relative to

69phenyl radical. In a similar . investigation , Vernin and

coworkers reported that 3-quinolyl and 8-quinolyl radicals

were less than twice as reactive as phenyl radical in aryla-

tion reactions involving a series of substituted aromatic

compounds. For example, 3-quinolyl radical was only 1.6

times as reactive as phenyl radical toward anisole. In

another report, 3-quinolyl, 3-pyridyl, 1-naphthyl, and

phenyl radicals exhibited relative reactivities of 1.35,

1.35, 1.9, and 1.4, respectively, toward thiophene. In

this last investigation it was postulated that the more

electrophilic radicals would be less reactive than phenyl

radical toward thiophene, because of the electron with-

drawing inductive effect of the annular sulfur atom.

However, the more electrophilic hetaryl radicals were

essentially as reactive as phenyl radical.

In conclusion, in reactions which involve coupling of
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an aryl or hetaryl o-radical with a nucleophile, it is ex-

pected that the electron affinity of the radical will play

a significant part in determining the rate of the reaction.

More electrophilic radicals, i.e., those having a greater

electron affinity, will be more reactive than those which

are less electrophilic.

Relative effectiveness of various nucleophiles as

radical traps in photoinitiated and AIBN initiated Sp„l

reactions of aryl and hetaryl halides . Remarkably, of the

nucleophiles investigated as potential radical trapping

agents, only thiolate anions appear to be effective when

reactions are carried out in methanolic methoxide. Thio-

phenoxide ion, thioethoxide ion, and the anion of A-thio-

pyridone were employed to trap 3-pyridyl radical. In

addition, thiophenoxide ion and the anion of 4- thiopyridone

were used to trap phenyl radical. An attempt will be made

to rationalize the greater reactivity toward aryl and

hetaryl radicals which is exhibited by the thiolate anions.

In the majority of the experiments which have been

carried out, hetaryl and aryl radicals were generated from

the respective hetaryl and aryl halides in methanolic

methoxide either photochemically or via thermal decomposition

of AIBN. Methanol and methoxide ion are efficient hydrogen

atom donors. To compete effectively with these hydrogen

atom donors for an aryl or hetaryl radical, an anion must

be very reactive.

It has been calculated that the absolute rate constant
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for hydrogen atom abstraction from methanol by phenyl

radical must be at least 1.4 x 10 M~ sec" . Thiophen-

oxide ion probably undergoes reaction with phenyl radical

with a rate constant of about 4 x 10 M~ sec~ , since it

was calculated (Table 36) that the rate constant ratio for

reaction of phenyl radical with thiophenoxide ion versus

reaction with methanol has a value of approximately 2.7.

Furthermore, if it is assumed that all of the aryl and

hetaryl radicals (Table 36) abstract hydrogen atoms from

methanol at about the same rate, then thiophenoxide ion

probably adds to 3-quinolyl radical, the most reactive

radical toward substitution, with a rate constant of about

2 X 10 M sec . Thus, thiophenoxide ion undergoes ex-

tremely rapid coupling reactions with aryl and hetaryl

radicals

.

It was demonstrated that the anion of 4-thiopyridone

is even more reactive than thiophenoxide ion towards phenyl

radical since higher substitution to reduction product ratios

were obtained when the anion of 4-thiopyridone was employed

as a radical trap. Thioethoxide is also apparently an

effective trap for 3-pyridyl radical. The reactivity of

thioethoxide ion relative to that of thiophenoxide ion

cannot be determined from available data.

7 9 — 7 A
Thiolate anions are extemely good nucleophiles

.

However, "classical nucleophilicity" alone may not account

entirely for the high reactivity toward aryl and hetaryl

radicals exhibited by thiolates . Furthermore, any rationale
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behind the high reactivity of the thiolate anions should

explain why 4- thiopyridone anion is apparently more re-

active than thiophenoxide ion. It might be expected that

the electron-withdrawing effect of the nitrogen atom would

make 4- thiopyridone anion a weaker nucleophile, for example,

in an S,,2 displacement reaction.

The high reactivity of thiolate anions as radical

trapping agents may be due in part to d-orbital participa-

tion by sulfur in the transition state for attack of a

thiolate anion on the hetaryl or aryl radical, i.e., the

odd electron of the incipient radical anion may be delocal-

ized into the vacant d-orbital of sulfur. Such an effect

may lower the activation energy for formation of the

radical anion.

The postulate that radical anion formation may be

facilitated by nucleophiles possessing vacant d-orbitals

is supported by the observation that trialkylphosphites

couple with phenyl radical, and possibly with 3-pyridyl

radical. Reactions of trialkylphosphites and of dialkyl

phosphite anions with aryl radicals have been reported in

^u ^ -^ ^ 27,28,75the literature. ' '

The apparent higher reactivity of 4- thiopyridone anion

(with respect to thiophenoxide ion) as a radical trap might

be explained by the greater stability which the annular

nitrogen atom of the thiopyridone moiety is expected to im-

part to the developing radical anion. Thus, attack of 4-

thiopyridone anion on phenyl radical may have a lower
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activation energy than attack of thiophenoxide ion on the

same radical

.

It has been postulated that the odd electron in a

radical anion resides predominately in the aromatic ring

2fiwith the lowest energy LUMO. In the transition state

for attack of 4- thiopyridone anion on phenyl radical the

odd electron may be accomodated by the benzene ring, by the

pyridine ring, by sulfur, or by a combination of either

ring and sulfur. (The LUMO's of benzene and pyridine have

calculated energies of 0.2478 au. and 0.1099 au. , respec-
7 fi

tively.) The transition state described by VIII is expected

VIII

o r-'-s^^^y^

IX

to be lower in energy than that depicted by IX since pyridine

has the lower energy LUMO; thus, product formation is

favored more by the former transition state.

In contrast, attack of thiophenoxide ion on phenyl

radical involves transition states described by X and XI.

^
X
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In this instance, the odd electron must be accomodated

by either of two benzene rings, by sulfur, or by a combin-

ation of either ring and sulfur. Transition states

depicted by X and XI are expected to be higher in energy

than that described by IX. Therefore, the radical anion of

4-phenylthiopyridine is expected to be formed more easily

than that of phenyl sulfide.

It was expected that other sulfur nucleophiles , in

addition to thiolate anions, might be efficient traps for

3-pyridyl radicals. Unfortunately, thiocyanate ion was

unreactive. l^/hen 3-iodopyridine was photolyzed in methanol

containing sodium benzen e su Ifinate , a small amount of an

unidentified product was detected by glc . (Subsequent

work, which has heretofore not been presented in this

dissertation, demonstrated that 3-pyridyl phenyl sulfone

is formed in substantial yield when 3-iodopyridine is

photolyzed in the presence of benzenesulfinate anion in

liquid ammonia.)

Probable mechanisms for sulfide degradation . Results

clearly indicate that 1-phenylthionaphthalene undergoes

extensive degradation as it is formed during the photolysis

of 1-bromonaphthalene in methanolic methoxide. Control

experiments and analyses of reaction mixtures by glc in-

dicated that naphthalene and benzene are products of sulfide

degradation. The proposed mechanism for degradation of 1-

phenylthionaphthalene involves formation of the radical

anion XII, followed by cleavage of XII in either of two
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directions, as indicated in equations 51 and 52. It

has been postulated that unsymmetrical sulfides cleave in

^H^'i

+ e

XII

(50)

XII + C.H.S"
6 5

(51)

XII ^^6«5 (52)

the direction which gives the least basic thiolate anion.

According to this rationale the predominant pathway for

cleavage should be that depicted in equation 52. However,

from the results reported in Tables 26, 27, and 28 it is

impossible to determine the major pathway or the extent of

sulfide degradation, because naphthalene is both a product

of sulfide degradation and reductive-dehalogenation of 1-

bromonaphthalene

.

When iodobenzene is irradiated in methanolic methoxide

in the presence of thiophenoxide ion very low yields of

phenyl sulfide are obtained. Control experiments demonstrated

that significant amounts of phenyl sulfide degrade in these



experiments. The extent of degradation is difficult to

determine because one degradation product, benzene, is the •

reductive-dehalogenation product of iodobenzene, and the

other degradation product, thiophenoxide ion, is present i

i

initially as a reactant. !

In contrast, when phenyl sulfide is irradiated in
;

i

methanol, a slower degradation results in the formation of

an unidentifiable polymeric material. Horner and Dorges I

previosly reported that irradiation of phenyl sulfide in i

methanol results in polymer formation.
:

The major pathway for phenyl sulfide degradation in

the presence of methoxide ion is probably that depicted in

equation 53. It has been shown by Bunnett and Rossi that (

]

C^H^SCgH^'" - C^H^S" + C^H^- (53)

I

the radical anion of phenyl sulfide cleaves via the same i

pathway in liquid ammonia (potassium metal induced cleavage)

.

3-Phenylthiopyridine degrades appreciably only on ex-

tended sample irradiation in methanol or in methanolic

methoxide. Decomposition products were not detected when

reaction mixtures from control experiments (Table 29) were

analyzed by glc. Degradation apparently is retarded in the

presence of methoxide ion.

Several reaction mixtures from experiments involving

formation of 3-phenylthiopyridine (via 3-iodopyridine) , 4-

phenylthioisoquinoline , and 3-phenylthioquinoline were

analyzed by glc for the presence of benzene. Benzene was

25
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not detected , except in trace amounts in a few reaction

mixtures involving 3- iodopyridine . One striking exception

was found, in which 13 percent benzene was detected in a

reaction mixture corresponding to 220 minutes irradiation

of a sample which was initially 0.12 M in 3-iodopyridine

,

1.9 M in thiophenoxide ion, and 0.05 M in excess thiophenol

The greater extent of degradation in this instance might be

attributed to the atypical conditions employed, i.e., the

absence of added methoxide ion and long irradiation time.

Thus, for the most part, results suggest that the cleavage

reaction described by equation 54 is of little significance.

HetAr-S-C.H. -> HetAr-S + C,H.
6 5 6 5

(54)

It is interesting that the presence of methoxide ion

apparently decreases the extent of 3-phenylthiopyridine

degradation at given irradiation times . This observation

suggests that reactions of the type depicted in equations

55 and 56 may be involved in product decomposition. Pro-

tonation of the radical anion as described in equation 55

is expected to be retarded in a more basic reaction medium.

It has been reported by Moorthy and Hayon that radical

anions of diazines are rapidly protonated in alcoholic

78
media. Reactions such as these probably account for the

SH +

SC6»5 SC.H.
6 5

+ S" (55)
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6 5

SH + ][ ',

]

H
(56)

M'
" H

observation that no identifiable 3-phenylthiopyridine degra-

dation products were detected by glc when solutions of 3-

iodopyridine in methanol and in methanolic methoxide were

irradiated for extended periods (Table 29)

.

It appears that the diaryl sulfides are considerably

less stable than 3-phenylthiopyridine for typical conditions

under which reactions were carried out. Thus, it is ex-

pected that data which were obtained using substitution to

reduction product ratios as criteria (e.g., rate constant

ratios) are reasonably reliable for the hetaryl sulfides,

but less so for the diaryl sulfides.

Data for reactions involving reduction and substitution

of 1-naphthyl radical are very inaccurate. It was expected

that substitution to reduction product ratios for this

radical would be significantly higher than those that were

observed. This expectation was based on a comparison of

the rate constants for reaction of pyridine, naphthalene,

9 9and benzene with the hydrated electron (1.1 x 10 , 5.4 x 10
,

and 1.4 X 10 M sec , respectively).



CHAPTER 4
INVESTIGATION INTO THE MECHANISMS BY VJHICH

PHENYL SULFIDE AI^ID lODOBENZENE APJE CONVERTED TO
BIPHENYL DURING IRRADIATION IN METHANOLIC I4ETH0XIDE

It was concluded in Chapter 3 that phenyl sulfide de-

grades primarily via the mechanism represented in equation

53. Although biphenyl is only a minor product of the de-

gradation of phenyl sulfide, benzene and thiophenol being

the major products, it is of interest to elucidate the mech-

anism by which this minor product is formed.

Biphenyl is also formed as a minor product (<5 percent)

when iodobenzene is irradiated with pyrex filtered ultra-

violet light in methanolic methoxide. An attempt is made

to demonstrate the mechanism for biphenyl formation under

these conditions

.

Results

Investigation into the mechanism for biphenyl formation

during the photoinitiated degradation of phenyl sulfide in

methanolic methoxide . Phenyl sulfide was irradiated in the

presence of benzene-d^, and the resulting mixtures were sub-

jected to gc-ms analysis to determine the relative amounts

of deuterated and unlabeled products. If biphenyl is formed

by an intramolecular reaction, then only unlabeled biphenyl

should be present. Whereas, if biphenyl is formed via an

182
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intermolecular reaction involving attack of phenyl radical

on benzene, then mostly biphenyl-dc should be detected and

the ratio of labeled to unlabeled biphenyl would depend on

the initial concentration ratio of heavy benzene to phenyl

sulfide. Before the results of these experiments are ex-

amined, it is first necessary to consider the limitations of

the mass spectral method of analysis.

When an authentic sample of biphenyl was introduced into

the mass spectrometer and spectra were recorded at various

ionizing voltages from 70 eV to 10 eV, it was not possible to

eliminate the P-1 and P-2 fragment ions at m/e 153 and 152,

79
respectively. At an ionizing voltage of 15 eV the inten-

sities for the M-1 and H-2 ions are at their lowest relative

to the base peak, and the overall sensitivity of the instru-

ment is reasonably good. Further reductions only serve to

decrease the parent ion peak preferentially. Thus, 15 eV

was chosen as the operational ionizing voltage for biphenyl

analyses.

With an ionizing voltage of 15 eV, the analysis of

authentic biphenyl yields the following results: m/e (rel

intensity) 154(100); 153 (36.5+2.5); 152 (30.7+3.2). In

principle, this standard can be employed to estimate the

contributions due to the P-1 and P-2 ions of biphenyl or of

deuterated biphenyls in the subsequent analyses which are

reported. However, when a mixture of isotopically labeled

biphenyls is present corrections are difficult to calculate

because assumptions must be made about isotope effects on

fragmentation and about the site of fragmentation. Therefore,
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the actual amount of each labeled biphenyl cannot be

accurately determined, and so, only relative peak intensities

rather than percent isotopic abundances are tabulated.

VJhen glc is employed in conjunction with mass sepctrom-

etry, a second difficulty is encountered. IJhen a series of

mass spectral scans is taken for the biphenyl peak as it is

eluted from the glc column, some isotopic fractionation

occurs. Therefore, the average relative abundance at each

m/e value over the total number of scans is reported. By

taking the average relative abundance at each n/e value, the

effect of fractionation of labeled and unlabeled biphenyls

on the results is minimized. The complete set of scans for

each eluting peak is provided in the experimental section.

The results of experiments in which phenyl sulfide is

irradiated in the presence of benzene-d/- are presented in

Table 39. For the first two experiments, the initial con-

centration ratio of heavy benzene to phenyl sulfide is varied.

In the first experiment, irradiation of phenyl sulfide

in the presence of sodium methoxide and benzene-d^ produced

a mixture of labeled and unlabeled biphenyls in which the

major product is unlabeled biphenyl. The most intense peak

corresponding to a deuterated biphenyl is that which corres-

ponds to biphenyl-d, . The dr- , d^-, do- , and d-, - products

are also present, but in lesser amounts. Analyses of resid-

ual phenyl sulfide by gc-ms (70 eV) indicated that essentially

no deuterium had been incorporated into the sulfide. Table 40..

In the second experiment of Table 39
, the heavy benzene
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Table 39- Determination of Labeled Biphenyls Produced by the!
Irradiation of Phenyl Sulfide in the Presence of

'

Various Additives
j

Run # [C.H^SCgH^lQ Additive(s) [ NaOCH^] q Irrad . Tii

(39- ) M M M Minutes^ '

1' 7.1x10"^ CgD(3, 0.99 0.62 475
j

2 1.0x10"^ C^Dg, 0.93 0.93 140 <

3-Brpyr, I

3^^ 1.0x10"^ 3-Brpyr, 0.70 1.56 182

4^ 1.0x10"^ 3-Brpyr. 0.70 1.56 1326

1.9x10"^
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Table 39 - extended

Mol % Mol 7o Average Intensity^ (%)

Biphenyl Sulfide P-2 P-1 P P+1 P+2 P+3 P+4 P+5

6 • 3 30 38 100 22 16 22 26 10

14 22 31 35 100 15 3 3 3 10

3 37

8 7

not quant not quant 29 48 100 97 26 5

86 - 31 31 100 27

45 not quant
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Table 40. Mass Spectral Analysis (70 e/V) of Recovered
Phenyl Sulfide from a 475 Minute Irradiation
of 7.1 X 10"2 M Phenyl Sulfide, 0.99 M Benzene-d,
and 0.62 M Sodium Methoxide in Methanol

Mass (m/e) Rel. Intensity

189 0.3

188 (M+2)'^
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to phenyl sulfide ratio was increased relative to that for

the previous experiment, and 3-bromopyridine , a potential

oxidizing agent, was employed as an additional additive.

Consequently, the yield of biphenyl increased to 14 percent.

The distribution of isotopically labeled biphenyls has also

changed relative to the previous experiment. The major pro-

duct is again biphenyl-d^, biphenyl-d, and biphenyl-dc- are

present, and only a trace of the -d^ product has been

formed. Essentially no biphenyl-d/ or -d^ are present in

the product mixture. Pyridine is also present in 81 per-

cent yield.

The molecular ion for phenylpyridine has an m/e value

which would correspond to the P+1 assignment for biphenyl.

However, since sample was introduced into the mass spectrom-

eter via glc, it is highly unlikely that phenylpyridine is

present in the biphenyl fraction.

To determine if the addition of 3-bromopyridine to a

solution containing phenyl sulfide and methoxide ion in-

creases the yield of biphenyl, two additional experiments

were carried out in which the initial concentration of 3-

bromopyridine was increased. Note that increasing the ini-

tial concentration of 3-bromopyridine to 0.70 M in experiments

39-3 and 39-4 does not increase the yield of biphenyl.

Since the results of the first two deuterium labeling

experiments indicate that partially deuterated biphenyls are

formed, it is likely that a reaction resulting in hydrogen-

deuterium exchange occurs during either sample irradiation
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or glc analysis. To confirm this possibility a hydrogen-

deuteriurn exchange experiment was carried out; this is listed

as the fifth experiment in Table 39. Vfnen phenyl sulfide

was irradiated in methanol-d-, in the presence of sodium

methoxide for 260 minutes, approximately equal amounts of

biphenyl-d^ and -d-. , a significant amount of biphenyl-d2,

and a trace of biphenyl-d^ were produced. The detection of

the d-| - through d^- products demonstrates that a precursor

to biphenyl or biphenyl must undergo hydrogen-deuterium ex-

change.

When a 0.14 M solution of biphenyl in methanol-d, con-

taining sodium methoxide was irradiated for 993 minutes,

analysis of the product mixture by glc indicated that 86

percent biphenyl remained. Formate ion, a methanol oxida-

tion product, was detected by nmr analysis. Low voltage

gc-ms analysis indicated that biphenyl-d-, and -d^ were pre-

sent .

When phenyl sulfide was irradiated for 990 minutes in

the presence of chlorobenzene and sodium methoxide, 45 per-

cent biphenyl was produced, in entry 39-7. No chlorobiphenyl

was detected in the product mixture either by glc or gc-ms.

analysis. A trace of either 3- or 4-methylbiphenyl was

detected by gc-ms. The mass spectrum of the latter product
Q

-j

was compared with those of the authentic methylbiphenyls

.

All attempts to therm.ally degrade phenyl sulfide to bi-

phenyl were unsuccessful. Table 41. Phenyl sulfide is stable

to prolonged heating at 165 in the presence of methoxide



190

o

0)

t—

I

c

0)

CO

to

E

x:
H
o

W
4-1

E

•u
4-)

<:

W

OJ

O
o
:3

C
113

!-l

O

W
c
O r-l

•H >,

•H (U

13 ^
C CU
O -H
CJ PQ

QJ

i-l

cd

H

C

<-t ex
O -M

ex



191

ion. Furthermore, heating the sulfide at 165 in the pres-

ence of either 3-bromo- or 3-iodopyridine and sodium meth-

oxide does not induce degradation to biphenyl.

An attempt was also made to initiate degradation of

phenyl sulfide by heating a solution of the sulfide and PAT

at 100° for 100 minutes . Glc analysis indicated the presence

of 88 percent phenyl sulfide and 1 percent biphenyl. The

biphenyl is probably derived from PAT and not from the sul-

fide. In support of this conclusion, it has been noted in

the literature that a small percentage of phenyl radicals

which are generated in the presence of PAT cannot be scavenged

39
due to reaction with PAT to yield unidentified products.

In two final experiments, dibenzothiophene and 1-phenyl-

thionaphthalene were each irradiated in methanolic methoxide.

It was hoped that these experiments might shed some light on

an intramolecular mechanism for biphenyl formation, if such

a pathway exists

.

A methanol solution, which was initially 0.22 M in di-

benzothiophene and 2.08 11 in sodium methoxide, was irradiated

for 382 minutes (2 lamps, 42 mm). Glc analysis indicated

that 25 percent dibenzothiophene remained after irradiation

and that biphenylene, a product which might have been ex-

pected, was not present. The glc retention time of biphen-

ylene was determined by injection of authentic material.

Several unidentified compounds were present in small amounts

.

In the last experiment, a solution which was 0.52 M in

1-phenylthionaphthalene and 1.03 M in sodium methoxide was
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irradiated for 770 minutes. Glc and gc-ms analyses indicated

that a complex mixture of products had been formed. The pro-

duct mixture consisted of 6 percent naphthalene, 10 percent

benzene, unreacted 1-phenylthionaphthalene (not quantitated)

,

methylnaphthalene, and several components which mass spectral

analysis suggests may have been partially reduced 1-phenyl-

thionaphthalenesXtl throughXV. Several unidentifiable com-

pounds were also present in the product mixture.

H SC6H5
H

H SC6H5 SC^H^

XIII XIV XV

Investigation into the mechanism of biphenyl formation

during the photoinitiated reaction of iodobenzene in meth -

anolic methoxide . Low voltage gc-ms analysis was also em-

ployed to determine whether biphenyl is formed by the attack

of phenyl radical on benzene which is liberated during the

irradiation of iodobenzene in methanolic methoxide. In

Table 42, results are presented for three experiments in

which phenyl radical was generated in the presence of heavy

benzene and sodium methoxide. Phenyl radical was generated

in the first two experiments by photolysis of the iodide,

and in the last experiment by thermal decomposition of PAT.

For all of the experiments in Table 42, the biphenyl

component (2-4 percent) of the product mixture consists of

a mixture of labeled biphenyls in which the major product is
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Table 42. Isotopic Distribution of Deuterated Biphenyls from
the Generation of Phenyl Radical in the Presence o
Heavy Benzene and Sodium Methoxide

Run # Substrate

(42- ) M M

NaOCH.

M

Irrad. Tt

Minutes^

1

2

CgH^I, 0.30 1.0

C5H5I, 1.2
3.0x10-2

1.56

1.56

191

220

PAT,
-3.1x10' 1.1 1.56

Samples were irradiated with 2 lamps at a distance of 42 mm.

D .

Apparent mass distribution is uncorrected for fragmentation c

the molecular ion, as discussed in text. Values are averac
relative intensities at each m/e value for a series of scar

Sample was heated at 100° for 92 minutes while light was ex-

'

eluded.
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Table 42 - extended

l^°^/° - acted Start- Average Intensity (7o)°
Biphenyl

ing Material P-2 P-1 P P+1 P+2 P+3 P+4 P+5

2 3 20 27 74 18 17 24 29 100

3 3 5 6 20 14 23 32 53 100

4 - 11 14 34 13 19 25 29 100



195

biphenyl-d^. The ratio of biphenyl-dc to biphenyl-d^ in

the product mixture is dependent on the initial concentra-

tion ratio of heavy benzene to substrate. Higher ratios

of heavy benzene to substrate result in higher product

ratios. It is difficult to determine how much of the d,

-

through d,- products are present in each of the three ex-

periments, since fragmentation of biphenyl-dc can occur by

loss of two hydrogens, two deuteriums, or hydrogen plus

deuterium. Thus, the fragmentation of biphenyl-d^ at 15 eV

cannot be used, in this case, to estimate the amounts of

partially deuterated biphenyls present. In the second

entry, however, it appears as if a significant amount of

biphenyl-d, is present, due to the large magnitude of the

P+4 peak.

Experiments were also carried out in which phenyl

radical was generated in the presence of chlorobenzene

.

Phenyl radical was generated either via photolysis of iodo-

benzene or thermolysis of PAT. These results are presented

in Table 43.

I-Jhen iodobenzene was photolyzed in the presence of

chlorobenzene and sodium methoxide, 6 percent biphenyl and

only a trace of chlorobiphenyl were produced. Since chloro-

benzene was present initially in large excess, and it is

known that chlorobenzene is a more efficient trap for phenyl

radical than is benzene, it is reasonable to expect that
Q O

the biphenyl probably arises via chlorobiphenyl.

When PAT was thermally decomposed in the presence of
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chlorobenzene only a 1 percent yield of biphenyls is ob-

tained. The major product derived from phenyl radical,

other than benzene, was chlorobiphenyl . At least 2 iso-

meric chlorobiphenyls were produced. Gc-ms analysis of the

product mixture also indicated the presence of triphenyl-

methane, 4 isomers of a compound with the molecular formula

Cynllr)^, and trace quantities of other compounds.

One control experiment was undertaken to demonstrate

that chlorobenzene is only slowly reduced photochemically

in methanolic methoxide. A solution which was initially

_2
6.3 X 10 M in chlorobenzene and 0.62 M in sodium methoxide

was irradiated for 4045 minutes (2 lamps, 42 mm). Analysis

by glc indicated 51 percent chlorobenzene, 5 percent ben-

zene, and a trace of biphenyl.

Photoinitiated reductive-dehalogenation of chlorobi -

phenyls in methanolic methoxide . A brief investigation was

undertaken to determine how fast chlorobiphenyls undergo

reductive-dehalogenation. The results from two experiments

in which p-chlorobiphenyl was irradiated in methanolic

methoxide are shown in Table 44. Not only does p-chloro-

biphenyl undergo reductive-dehalogenation, but as demon-

strated in the second entry, this is a rapid reaction.

The low mass balance for the first experiment, in which

a long irradiation time was employed, is probably due to

degradation of biphenyl. Although no degradation products

of biphenyl were detected in the product mixture, related

experiments indicate that the aromatic ring of biphenyl
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may be reduced during irradiation in methanolic methoxide.

The reaction probably requires the presence of an oxidizing

agent.

I^Jhen a solution which was initially 0.11 M in biphenyl

and 1.56 M in methoxide ion was irradiated for 993 minutes,

analysis by glc indicated 84 percent unreacted biphenyl.

Trace amounts of di- and tetrahydrobiphenyls were detected

by gc-ms. Another sample was prepared which was identical

to the first except that it was 0.14 M in phenyl sulfide.

\Then the second sample was irradiated for 1370 minutes

glc analysis indicated the presence of 56 percent biphenyl

and 5 percent phenylcyclohexane . Phenylcyclohexane was

identified by a comparison of glc retention time of the

unknown with authentic material.

Finally, 997 minute irradiation of a solution which

-2 -2
was initially 1.5 x 10 M in p-chlorobiphenyl , 1.2 x 10

M in phenyl sulfide, and 2.07 M in sodium methoxide resulted

in the detection of only 2 percent biphenyl, 4 percent

phenylcyclohexane, and a significant amount of either

partially reduced biphenyls or, more likely, dimers of

reduced biphenyls. Phenylcyclohexane was determined by

glc retention time and gc-ms analyses. The compounds which

are tentatively identified as dimers of the type XVI ex-

hibited mass spectra with base peaks at either m/e 155

or 91 (both ions were always present) . The mass spectra

also exhibited peaks from m/e 156 to 159, and higher values

up to and including m/e 310, the molecular ion for C^,H^p.

The mass spectrum for one unidentified compound showed a
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peak at m/e 313. Peak shape indicated that the compounds

were probably decomposing or undergoing on-column reaction.

Phenyl sulfide has been completely consumed and benzene,

although present, was not quantitated.

_M_MO
XVI

Discussion

Conclusions concerning the mechanism or mechanisms by

which biphenyl is formed when phenyl sulfide is irradiated

in methanolic methoxide . Biphenyl is produced in low yields

when phenyl sulfide is irradiated in methanolic methoxide.

Since it has been determined (Chapter 3) that phenyl sulfide

degrades primarily via cleavage of the radical anion (equa-

tion 53) to generate phenyl radical and thiophenoxide ion,

it was expected that biphenyl probably would arise via attack

of phenyl radical on benzene which is formed in the reaction

medium. Surprisingly, however, high proportions of unlabeled

relative to labeled biphenyls were obtained when methanol

solutions of phenyl sulfide, sodium methoxide, and benzene-d/-

were irradiated with pyrex filtered ultraviolet light. Con-

clusions which are reached concerning possible mechanisms for

biphenyl formation are speculative, because of the superficial

nature of the investigations undertaken thus far . Although

these investigations pose some interesting questions concerning

the mechanism(s) for biphenyl formation, further studies

are warranted.

Three possible pathways for biphenyl formation might
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be postulated. These are (a) attack of phenyl radical

on benzene to produce intermediate phenylcyclohexadienyl

radicals which may, in turn, give rise to biphenyl
;

(b)

an intramolecular pathway involving extrusion of sulfur;

and (c) dimerization of the radical anion of phenyl sul-

fide, with subsequent loss of thiophenoxide ion from the

intermediate dianion.

Results of experiments (first two entries, Table 39)

which involved irradiation of phenyl sulfide in methanolic

raethoxide containing benzene-d^ may be used to speculate

on the relative merits of the three pathways. The correct

pathway (or pathways) should allow an explanation to be

made for the following observations (a) that the major

isotopic form of biphenyl whicn is produced is biphenyl-dj-,

and not biphenyl-dc- , even when the initial concentration

ratio of benzene-d^ to phenyl sulfide is increased; and (b)

that the yield of biphenyl does not decrease with dilution

of phenyl sulfide in entry 39-2. (Conclusions based on the

latter observation must be interpreted with caution, because

3-bromopyridine , a potential oxidizing agent, was present

as an additive in the second entry in Table 39, but not in

the first.) Based primarily on these observations, evidence

for, and against, each of the three proposed mechanisms will

be considered.

Equations 5 7 and 58 are based on the usual mechanism

which is advanced for biphenyl formation when phenyl radicals

are generated in the presence of benzene; in this instance
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phenyl radicals were produced in the presence of benzene-
Q O _ Q C

dg . In the first step, phenyl radical (which may be

XVII

XVII + CgH5. . CgH5-CgD3 + C^H^D (58)

produced as described in equation 53) attacks benzene-d^ to

generate an intermediate phenylcyclohexadienyl radical

(XVII). Another radical, such as phenyl, than abstracts a

deuterium atom from XVII to yield biphenyl-dc- . Thus,

according to the mechanism described by equations 57 and

58, photolysis of phenyl sulfide in the presence of a large

excess of benzene-d^ would be expected to produce one

arylation product predominately, biphenyl-dc. In contrast

to this expectation, biphenyl-dj-v is the major isotopic

form of biphenyl, present in a mixture of labeled products

(d-| through dj.) in entry 39-1.

Conceivable mechanisms may be advanced to account for

the formation of the d-, through d, biphenyls in entry 39-1.

One such pathway is presented in Scheme V. A phenylcyclo-

hexadienyl radical (XVII) abstracts a hydrogen atom from

methanol, equation 59, to produce a dihydrobiphenyl (XVIII)
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SCHEME V

XVII + CH^OH
H.v /^^ .H

D
Q + •CH2OH (59)

XVIII

^6^5' + ^6^5^

C6«5

H (60)

XIX

XVIII + XIX >
CgH

CgH3S H CgH3

H

H
+

XX

/D4

H^ /t^ n

D • ";<!$. '">

2 XX + 4R- ^ C^H^-C^H^D + C^H^-C^H^ + 2 C.H^SR

+ RH + RD (62)

XXI + R- ^ C.H^-C.D,H + RD
6 5 6 4 (63) i
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and hydroxymethyl radical. Attack of phenyl radical on

phenyl sulfide produces species XIX, equation 60. The

latter may then abstract either a hydrogen or deuterium

atom from XVIII to generate a mixture of products, equa-

tion 61. The phenylthiodihydrobiphenyl XX may undergo

hydrogen atom abstraction followed by loss of phenylthiyl

radical to produce biphenyl-d-, , and biphenyl-d^^ , equation

62. Deuterium atom abstraction from XXI by phenyl or some

other radical would result in formation of biphenyl-d,

,

equation 63.

The disadvantage of the mechanism outlined in Scheme

V is the requirement for formation of the phenylthiophenyl-

cyclohexadienyl radical XIX, in order to account for the

production of biphenyl-d^ and biphenyl-d-, . Although phenyl

sulfide might be more reactive than benzene-d^ towards

phenyl radical, in the presence of a large excess of ben-

zene-d^ it is expected that very little XIX would be formed;

consequently, biphenyl-d^ and biphenyl-d-, should be formed

in small amounts relative to the yield of biphenyl-d^ . In

contrast, biphenyl-d^^ is the major isotopic form of biphenyl

present in entry 39-2 (the initial concentration ratio of

benzene-d^ to phenyl sulfide in this experiment was 93 to 1)

.

Another possible mechanism to account for observed

deuterated biphenyls would be that depicted in Scheme VI.

This sequence of hydrogen atom abstraction reactions and

resonance structures involving phenylcyclohexadienyl radicals

such as XXII and XXIII could result in formation of the
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observed mixture of isotopically labeled biphenyls in

entry 39-1. Other investigators have noted that the cyclo-

SCHEME VI

R-
XVIII >

D C.H.
6 5

XXII

D CgH3

CH^OH

etc. <-

hexadienyl radical has a propensity to react at the center,

p c

rather than at the terminus, of its ir-system. Eberhardt

has shown that radiolysis of benzene produces mixtures of

1,4- and 1 , 3-cyclohexadienes in which the major product is

Q -7

the 1,4-isomer. The reactions of 6-phenylcyclohexadienyl

88
radicals apparently yield 1 , A-cyclohexadiene derivatives.

Although the previous scheme might account for the

observed hydrogen- deuterium exchange, an alternative pathway

may be postulated. The observation that biphenyl-dj-, under-

goes hydrogen-deuterium exchange to yield biphenyl-d-, and

biphe.nyl-d^ when irradiated in the presence of methanol-0-d

and sodium methoxide (sixth entry. Table 39) suggests that
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hydrogen- deuterium exchange may occur via an anionic inter-

mediate or via the biphenylide radical anion. As alluded

to in Chapter 2, a radical is expected to abstract a hydrogen

atom from the methyl group of methanol, whereas, an anionic

41intermediate abstracts a hydroxyl proton. Tlius , if it

is assumed that hydrogen-deuterium exchenge occurs via the

biphenylide radical anion in entry 39-1, the mechanism out-

lined in Scheme VII may be postulated.

SCHEME VII

initiation

:

propagation:

C.H.-C.D." + CH„OH ^ XVIII + CH„0" (65)
6 5 6 5 3 J

XVIII + CH3O" -> C^H^-C^D^H" + CH^OD (66)

CgH5-CgD^H^ + C6H3-C^D3 -^ C6H3-C^D^H + C^H5-C^D5^ (67)

CgH^-C^D^H + CH3OH -> CgH^-Z^-Y) + CH3O" (63)

XXIV + CH-O" -> CgH3-CgD3H2~ + CH3OD (69)

Scheme VII represent a chain pathway for base catalyzed

hydrogen deuterium exchange of an aromatic hydrocarbon in-

volving radical anion intermediates. Equation 64 represents
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1

i

I

an initiation step. Methoxide ion may serve as the electron
j

1

donor. Propagation steps such as 65-69 can continue so as i

i

to remove even more deuterium than that illustrated. i

In support of the above mechanism, it has been reported

by Sarai that biphenyl radical anion abstracts protons from

methanol with a rate constant of 1.7 x 10 sec at 25 .
\

This is exactly the same step as that proposed in equations j

65 and 68, and it seems reasonable that these may be revers-
i

ible reactions in the presence of excess methoxide ion. j

Thus, methoxide ion catalvzed hvdroo;en-deuterium '•

i

exchange could account for at least some of the observed :

isotopically labeled biphenyls in the first two entries in 1

Table 39.
j

It was also shown (entry 39-5) that deuterated biphenyls
j

(d, , dy , and d-,) are produced when phenyl sulfide-d|^ is j

irradiated in methanol-0-d, containing methoxide ion. This
,

result suggests that a precursor to biphenyl or biphenyl

itself undergoes hydrogen-deuterium exchange.

The observation, in the second entry in Table 39, that

essentially no biphenyl-d, or biphenyl-d-^^ was produced is

preplexing, since it would not be expected that dilution '

of phenyl sulfide (relative to the initial substrate con- i

centration in entry 39-1) would retard hydrogen-deuterium j

i

exchange. However, it seems possible that added 3-bromo- !

pyridine (a potential oxidizing agent present in entry 39-2
]

and not present in entry 39-1) may inhibit the formation of

biphenylide radical anion; this would retard hydrogen-
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deuterium exchange as depicted in Scheme VII. (Note that

3-bromopyridine might also inhibit formation of the bi-

phenylide dianion, another species which might undergo

hydrogen-deuterium exchange.)

It is significant that little hydrogen-deuterium ex-

change has occurred in entry 39-2. Moreover, unlabeled

biphenyl is the major isotopic form of biphenyl produced,

despite the large excess of benzene-d, which was present

initially. Thus, it seems that biphenyl-dg cannot have

arisen via biphenyl-d^ in this experiment. A corollary of

this observation is that biphenyl-dj^ must arise via some

pathway other than one involving attack of phenyl radical

on benzene-d^; i.e., equations 57 and 58 do not represent

the major pathway for biphenyl formation.

Two alternative pathways may be proposed to account

for formation of biphenyl-dQ. One conceivable mechanism

may involve intramolecular reaction of phenyl sulfide with

extrusion of sulfur. A second alternative might involve

dimerization of the radical anion (equation 70) , followed

by loss of thiophenoxide ion, equation 71. Both possibil-

ities are considered next.

C^H^SC^H^ " \V_. /\/ T^\ (70)

i-i.yv V
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XXV C^H3-C^H5 + 2CgH3S (71)

A few investigations were undertaken to determine

whether an intramolecular reaction is involved in formation

of biphenyl. These investigations were stimulated by a

report by Groen and coworkers that irradiation of phenyl

sulfide in ether, in the presence of iodine, gave rise to

dibenzothiophene , in addition to biphenyl and phenyl disul-

90
fide. These authors postulated the intermediacy of the

unusual intermediate XXVI, which they believed was oxidized

90
to dibenzothiophene by iodine. This report leaves open

XXVI

the possibility that some form of unstable intermediate

may give rise to biphenyl via an intramolecular pathway.

It should be noted that dibenzothiophene was not detected

by glc analysis of reaction mixtures which were obtaine by

photolysis of phenyl sulfide in methanolic methoxide

(Table 39)

.

As indicated in equation 72, if phenyl sulfide is con-

verted to biphenyl via an intramolecular process, then for-

mation of biphenyl may involve carbon- carbon bond formation

eitner a or 6 to sulfur. To determine whether an intra-
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^--O-Q^-^^
(72)

molecular process involving closure at the a carbons was

possibly involved, a methanol solution of dibenzothiophene

and sodium methoxide was irradiated with pyrex filtered

ultraviolet light. It was hoped that bond formation a to

sulfur might generate biphenylene. However, no biphenylene

was detected when the reaction mixture was analyzed by

glc.

In another attempt to determine the site of carbon-

carbon bond formation in a possible intramolecular reaction,

1-phenylthionaphthalene was irradiated in methanolic meth-

oxide. It was hoped that either 1-phenyl- or 2-phenylnaph-

thalene might be produced. Heither product was detected.

Although an intramolecular mechanism for biphenyl

formation cannot be invoked based on the few experiments

carried out, neither can such a mechanism be excluded.

Further investigations are warranted.

Finally, a pathway, such as that described in equations

70 and 71, involving the dimer ( XXV), could account for

observations that irradiation of phenyl sulfide in the

presence of benzene-d^ gives rise to mostly unlabeled bi-

phenyl. Furthermore, the dianion intermediate (XXV) might
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undergo hydrogen- deuterium exchange in methanol-0-d. A
|

similar mechanism to that described in equations 70 and

71, has been proposed to account for biphenyl formation in
;

experiments involving the electroreduction of p-fluoro-

91 '

benzonitrile

.

'

I

The major invonsistency of this mechanism v;ita the
;

i

experimental observations, is that the yield of biphenyl did

not decrease on substrate dilution in entry 39-2. The i

yield of biphenyl is expected to decrease with dilution of

substrate if product formation involves the bimolecular
;

process discribed by equation 70.

When phenyl sulfide was irradiated with ultraviolet

light in the presence of chlorobenzene and sodium methoxide
j

in methanol a surprisingly high yield of biphenyl (45 per- i

I

cent) was obtained. Discussion of this result is deferred
|

until after the mechanism has been established for biphenyl

formation via photolysis of iodobenzene in methanolic 3

methoxide.

Proposed mechanisms for the formation of biphenyl when

phenyl radicals are generated via photolysis of iodobenzene
;

in methanolic methoxide . Phenyl radicals were generated ;

in the presence of benzene-d^ in methanolic methoxide by I

(a) photolysis of iodobenzene and (b) by thermal decomposi-
'

tion of phenylazotriphenylmethane . Results of these ex-

periments demonstrate that biphenyl-dc is formed via the \

reactions described by equations 57 and 58. This is a well
O O _ Q C

j

established mechanism. ~
I
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In both types of experiments described above (Table

42) the ratio of biphenyl-d^ to biphenyl-d^ is dependent

on the initial concentration ratio of benzene-d^ to sub-
6

strate and, seemingly, not on the method of inducing phenyl

radical formation. The observation that a small amount of

biphenyl-dp, is detected suggests that biphenyl is produced

by arylation of unlabeled benzene, the latter probably

being formed in the reaction medium by phenyl radicals

abstracting hydrogen atoms from methanol.

Results in the entires in Table 42 also suggest that

a small amount of hydrogen-deuterium exchange may occur in

the reaction medium to produce biphenyls of various deuterium

content (d-, through d, ) ; however, the amount of hydrogen-

deuterium exchange which may occur is difficult to estimate

because the exact amounts of the differently labeled

biphenyls could not be determined by low voltage gc-ms. It

seems that a significant amount of biphenyl-d, was produced

in the experiment described in entry 42-2. This product

can probably be accounted for by the reaction described in

equation 59, in which a phenylcyclohexadienyl radical ab-

stracts a hydrogen atom from methanol.

The yield of biphenyl is apparently independent of the

method of initiation. About the same amount of biphenyl

(2-4 percent) is produced when reaction is initiated by

photolysis of iodobenzene or by thermolysis of PAT, under

similar conditions (concentrations of reactants and meth-

oxide ion). Furthermore, the mixture of isotopically
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labeled biphenyls (d-, through dc) is similar in each

entry in Table 42, excluding biphenyl-d, in the second

entry. These results lead to the conclusion that the

mechanisms for biphenyl formation must be at least very

similar when phenyl radicals are produced by either

method.

The mechanism described by equations 73 through 75

might account for production of some of the observed bi-

phenyl-d(-, when iodobenzene is photolyzed in the presence of

benzene-d^. Attack of biphenyl on iodobenzene to generate

the radical intermediate XXVII (or an isomer thereof)

followed by hydrogen atom abstraction yields an iodobi-

phenyl. The iodobiphenyl is then reduced photochemically

to biphenyl, via biphenyl radical, equation 75.

I

^6^5^/ ' V-H
^6^5' + ^6^5^ " _A A (73)

XXVII

XXVII + R- ^ RH + C,H.-CgH^I (74)

C6»5-C6V ^ C6»5-C6»4- + ^^ ^^5)

Although no iodobiphenyls were detected by glc analysis

of reaction mixtures, it was expected that iodobiphenyls

might have been rapidly reduced as they were formed. Iodo-

biphenyls have been detected as products in reactions in-

volving the liquid phase photolysis of iodobenzene in the

presence of silver metal.
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To confirm that reactions of the type described in

equations 73 through 75 might occur during the photolysis

of iodobenzene in methanolic methoxide, a series of experi-

ments was carried out in which phenyl radicals were gener-

ated in the presence of chlorobenzene . Phenyl radicals

were produced by photolysis of iodobenzene and by thermal

decomposition of PAT in methanolic methoxide containing

chlorobenzene

.

When PAT was decomposed in the presence of chloroben-

zene the major products were benzene and chlorobiphenyl (2

isomers). Biphenyl (about 1 percent) was also present.

In contrast, photolysis of iodobenzene in the presence of

chlorobenzene resulted in formation of 6 percent biphenyl,

a trace of chlorobiphenyl, and benzene (major product).

These results suggest that chlorobiphenyls are produced

when phenyl radicals are generated by both methods; however,

the chlorobiphenyls are reduced to biphenyl only in the

photochemical reaction. (Note that control experiments

demonstrated that chlorobenzene is only very slowly reduced

by irradiation in methanolic methoxide, but that chloro-

biphenyls are rapidly reduced.)

It is significant that only a slight increase in the

yield of biphenyl was observed when iodobenzene was photolyzed

in the presence of chlorobenzene, relative to experiments

in which iodobenzene was photolyzed in benzene-d^ (6 versus

^^^3 percent). Thus, additional biphenyl, but not a large

amount, is probably produced via attack of phenyl radicals
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on chlorobenzene to produce chlorobiphenyls , which are sub-
|

sequently reduced. An increase in yield of arylation pro- !

duct is expected since it is known that chlorobenzene is '

82 \

more reactive than benzene towards phenylation.
\

In summary, it appears that biphenyl may be produced

via two mechanisms when iodobenzene is photolyzed in meth-

anolic methoxide. These mechanisms are (a) attack of phenyl

i

radicals on benzene, which is produced in the reaction !

medium, to yield biphenyl via intermeidate phenylcyclohexa- '

dienyl radicals and (b) attack of phenyl radicals on iodo-
j

benzene to yield iodobiphenyls ; the latter are reduced :

photochemically to biphenyl.

A comparison of possible pathways for biphenyl forma -

tion from iodobenzene and phenyl sulfide . Several compari- !

I

sons can be made which demonstrate that iodobenzene and

phenyl sulfide may give rise to biphenyl via different path-
i

ways. First, when iodobenzene was photolyzed in methanol

containing heavy benzene, the ratio of biphenyl-dc to bi- ^

\

phenyl-dj-> produced was dependent on the initial concentra- 1

tions ratio of heavy benzene to substrate. Higher ratios
1

of heavy benzene to substrate resulted in increased ratios ;

of biphenyl-dc to biphenyl-dj-, , consistent with the proposed
i

i

intermolecular mechanisms for biphenyl formation. In con-
j

trast, the biphenyl-dc to biphenyl-dp, product ratio was not
^

. . 1apparently proportional to the initial concentration ratio i

of heavy benzene to substrate when phenyl sulfide was i

photolyzed in methanolic methoxide containing heavy benzene,
J



216

biphenyl-dQ always being the major product. Furthermore,

biphenyls of mixed isotope content were obtained, suggest-

ing that hydrogen- deuterium exchange had occurred.

Different results were also obtained when iodobenzene

and phenyl sulfide were photolyzed in the presence of

chlorobenzene and methoxide ion, under similar conditions.

Photolysis of iodobenzene resulted in formation of about

6 percent biphenyl, a trace of chlorobiphenyl , and 43 per-

cent benzene. Photolysis of phenyl sulfide resulted in

formation of 45 percent biphenyl and 61 percent benzene;

no chlorobiphenyl was detected. Since it was demonstrated

that biphenyl arises via an intermolecular pathway when

iodobenzene is photolyzed in the presence of chlorobenzene

(the yield of biphenyl was only 6 percent) , it might be

expected that no greater than a 6 percent yield of biphenyl

could be obtained in the reaction involving phenyl sulfide

if a similar intermolecular pathway were involved and

similar conditions were employed. The much greater yield

of biphenyl observed in the reaction involving phenyl sul-

fide suggests that another pathway exists for biphenyl for-

mation.



CHAPTER 5

EXPERIt4ENTAL

Instrumentation

Gas chromatographic analyses were performed with a

Varian Aerograph Model 1440 instrument equipped with a flame

ionization detector. Chromatograms were recorded with a

Sargent Hodel SR recorder equipped with a Model 204 Disc

Integrator. A Varian Instruments A-60A spectrometer was em.-

ployed to record all proton nmr spectra. For the determina-

tion of melting points, a Thomas-Hoover Unimelt apparatus

was employed; melting points are reported uncorrected. UV

spectra were recorded with a Gary 15 spectrometer. GG-MS

analyses were performed with a linear programable, Pye

Series 104 gas chromatograph interfaced through a silicone

membrane to an AEI MS-30 double beam mass spectrometer.

Periodic scanning and data handling for the GG-MS system was

accomplished with a PDP DS-30 data system equipped with disc

storage. Weighings were performed on a Sartorius-VJerke A6

analytical balance. For experiments requiring constant

temperatures below 100 a Kaake Model F constant temperature

circulator was employed. A mesitylene bath was used to

maintain a constant temperature at 165°. Microanalyses

were performed by Atlantic Microlab, Inc. Fluorescence

emission spectra were taken on an Aminco-Bowman SPF5 spectro-

photofluorometer

.

217
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Chemicals

Unless otherwise noted, all laboratory chemicals as

obtained from suppliers were of reagent grade quality and

were used without further purification. Quinoline (Baker

Chemical Co.) and pyridine (Mallinckrodt) were stored over

potassium hydroxide. Phenylazotriphenylmethane was obtained

from Eastman, and benzene-d^ (99 . 5 atom percent) v;as supplied

by the Aldrich Chemical Co.

Spectrograde methanol was used in all photolysis ex-

periments. The purities of chemicals which were utilized

either as standards for gas chromatographic analysis or in

the determination of molar response factors, were determined

by glc analysis prior to use. A minimum purity of 96 per-

cent was considered acceptable; usually purities exceeded

97 percent.

Several compounds had been prepared or purified pre-

viously. 3-Methoxypyridine and the lithium salt of 2-nitro-

propane were prepared by T. II. Oestreich. J. K. O'Halloran

had prepared the 5-chloroisoquinoline which was used. Iso-

quinoline (Pfaltz and Bauer) had been purified by distilla-

tion from zinc dust, bp 245-246° (lit^^ bp 242°). 4-Phenyl-

thioisoquinoline had been synthesized by T. M. Oestreich,

and was recrystallized from hexane using dry-ice cooling to

induce crystallization, mp 58-59.7° (lit mp 60-61 ).

Other chemicals which required purification are listed

in Table 45. Methods of purification and appropriate refer-

ences are listed therein.

Sodium methoxide solution v;as prepared by dissolving
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Table 45 . List of Chemicals and Purification Procedures

Chemical,

mp or bp

Purification Method,

Comments

Literature Supplier

Ref
.

, mp or

bp

thiophenol distillation from zinc

turnings under reduced

pressure

Eastman

3-iodopyridine , sublimation at 40o 42, mp 52.3- Aldrich

mp 52.4-54.2° (0.1 mm), solutions in 53.0°

methanol were stored

in the dark to prevent

discoloration.

AlBN, mp 98.5- successive recrystal- 93, mp 101- Aldrich

100"^ dec. lizations from methanol 102 dec.

4-phenylthio- vacuum distillation

pyridine, bp
.o

103-104.5

(0.25 mm)

4-nitrothio-

phenol, mp

78-79°

8-chloro-

quinoline,

bp 92-93°

(0.025 mm)

4-bromoiso-

quinoline, mp

40.7-42.0°

procedure of Barnett

and Jencks, stored

under argon at o

distillation from

potassium hydroxide

94, bp 158" Eastman,

(14 mm) practical

95, 96, mp Aldrich

77°

92, bp 288° City

Chemical

Corp

.

recrystallized from 92, mp 40°

diethyl ether, dry-ice

cooling to induce crys-

tallization, crystals

stored under argon atmos-

phere and refrigerated

Aldrich
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Table 45 - continued

Chemical,

mp or bp

Purification Method,

Comments

Literature Supplier

Ref
.

, mp or

bp

thiazole, bp distillation

112-112.5°

2-bromothi-

azole, bp

26-26.5°

(0.15 mm)

7 , 8-benzo-

quinoline, mp

48.6-50°

92, bp

116.8°

Aldrich

vacuum distillation 97, bp 171° Aldrich

recrystallization from 92, mp 52 Pfaltz
^o30-80 petrolium ether

4-thiopyridone, recrytallized from

174.5-177.5 benzene

dec

.

98, 177°

dec

and

Bauer

Aldrich
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the appropriate quantity of sodiiom in methanol. The concen-

tration of methoxide ion was determined by nmr , using the

formula

y = (2.00 X 10"^ X b) - 0.40, (76)

where b is the difference in chemical shift in Hz between

13the hydroxyl proton absorption and the downfield C satel-

lite of the methoxy signal, and y is the calculated molar-

99,100
ity.

Preparations

The compounds, which are discussed below, were prepared

for use in the determination of molar response factors. In

the preparation of these compounds, purity, rather than

optim.ura yield was of the ultimate concern. Reported yields,

therefore, are low for several of the syntheses. Also, the

conversion of hetaryl bromides to the corresponding sulfides

by photolysis in liquid ammonia was a low yield process,

due to the slow conversion of the bromides to product.

3-Phenylthiopyridine . In a 150 ml capacity Monel bomb

were mixed 90 ml of freshly prepared 2.9 M sodium methoxide

solution (0.26 mol) , 5.7 g (0.028 mol) of 3-iodopyridine

,

0.37 g (0.0028 mol) of anhydrous copper (II) chloride, and

6.5 ml (7.0 g, 0.063 mol) of thiophenol. The bomb was

sealed and heated at 100° for approximately two and one-half

hours. Analysis of the product mixture by glc on column A

indicated the presence of pyridine, small amounts of 3-

methoxypyridine and 3-iodopyridine, and a large quantity of
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3-phenylthiopyridine . For work-up, the solution was decanted

into an Erlenmeyer flask, and the reamining solids were

washed with methanol. The washings and solution were com-

bined, and the pH of the mixture was adjusted to approximately

5 with 30-35 ml of concentrated hydrochloric acid. A sodixjm

chloride precipitate, which formed upon acidification, was

removed by filtration. The sodium chloride was washed with

methanol, and the wash solution was combined v/ith the clear,

yellow filtrate. Solvent was removed in vacuo to provide a

yellow oil, which contained a trace of colorless solid.

Approximately 30 ml of water was added to the oil, and the

pH of the solution was adjusted to 8 by the addition of

sodium carbonate. The mixture was extracted with ether, and

the combined organic layers were dried over anhydrous sodium

sulfate and filtered. Ether was removed under reduced

pressure, and the resulting oil was distilled to provide

4.6 g (0.025 raol, 89 percent) of 3-phenylthiopyridine as a

yellow oil: bp 108.5-111° (0.58 mm) [lit^^^bp 102.5-103.5°

(0.25mm)]; nmr (CDCI3) 67.00-7.67 (m. 2) 7.29 (m, 5), 8.42

(d of d, 1, J = 4.6, 1.6 Kz) , 8.55 (d, 1, J = 2.1 Hz).

Analysis of the sulfide by glc indicated greater than 99

percent purity.

3-Phenylthioquinoline . In a 150 ml capacity Monel bomb

were mixed 8.3 g (0.040 mol) of 3-bromoquinoline , 9 . 3 ml

(9.9 g, 0.090 mol) of thiophenol, 4.0 g (0.030 mol) of an-

hydrous copper (II) chloride, and 90 ml of 2.3 M lithium

methoxide solution (0.21 mol). The mixture was heated, at
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approximately 165 , for seven and one-half hours. Work-up,

similar to that used in the isolation of 3-phenylthiopyridine

,

provided a brown oil, which solidified upon standing at

room temperature. Recrystallization of the yellow solid

from hexane afforded 1.7 g (0.0071 mol, 18 percent) of

crystals, mp 76-79.5 . A second recrystallization provided

0.79 g (0.0033 mol, 8 percent) of crystals: mp 78.5-80.8°;

nmr (CDCI3) 67.15-7.87 (m, 3), 7.35 (ra, 5), 7.98-8.20 (m, 1),

8.06 (d, 1, J = 2.2 Hz), 8.82 (d, 1, J = 2.2 Kz)

.

Anal. Calcd. for C^^II^^NS: C, 75.91; H, 4.68; N, 5.90.

Found: C, 75.30; H, 4.69; N, 5.89.

2-Phenylthiothiophene . In a 150 ml capacity Monel bomb

were mixed 3.6 g (0.027 mol) of anhydrous copper (II) chlo-

ride, 5.5 g (0.026 mol) of 2-iodothiophene , 9.3 ml (9.9 g,

0.090 mol) of thiophenol, and 90 ml of 2.3 M lithium meth-

oxide solution (0.21 mol). The bomb was sealed and heated

at approximately 111 for two and one-half hours. Gas

chromatographic analysis of the resulting solution indicated

that the major product was 2-phenylthiothiophene . Also

present were thiophene, 2-methoxythioDhene , and 2-iodothio-

phene. The mixture was filtered to remove a yellow residue.

The solid was washed with emthanol, and the washings and

filtrate were combined. The pH of the solution v;as adjusted

to 5 with 10 ml of concentrated hydrochloric acid, and the

precipitate of lithium chloride which formed was removed by

filtration. The salt was washed with methanol, and the

washings were added to the filtrate. Solvent was removed

in vacuo to provide an oil, to which 35 ml of water was
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added. The pK of the aqueous mixture was adjusted to 8 by

the addition of sodium carbonate and aqueous hydroxide. The

mixture was then extracted with ehter, and the combined ex-

tracts were dried over anhydrous sodium sulfate. Evapora-

tion of the solvent provided a red-brown oil, which on

vacuum distillation, yielded four fractions. The fourth

fraction [bp 90-97.5° (0.05 ram)] solidified upon cooling.

The crystals, so obtained, were washed with methanol and

dried, mp 57-57.3 . Analysis by nmr and a mixed melting

point determination indicated that the solid was phenyl di-

92 o
sulfide (lit mp 60-61 ) . The first three fractions from

the distillation were combined and redistilled from zinc

powder to provide 0.75 g (0.0039 mol, 15 percent) of 2-phenyl-

10 9

thiothiophene as a yellow oil: bp 82-84 (0.2 mm) [lit

bp 155-157° (15 mm)]; nm.r (CDCI3) 66.87-7.28 (m, 2), 7.11

(m, 5), 7 37 (d of d, 1, J = 5.6, 1.5 Hz); mass spectrum

m/e (rel intensity) 194 (0.6), 192 (100), 159 (13.5), 77

(13.8). Gas chromatographic and mass psectral analyses of

the sulfide indicated greater than 99 percent purity.

1-Phenylthionaphthalene . A modification of the pro-

cedure of Bunnett and Creary was used to prepare this sul-

fide. Into a 250 ml round bottom flask were introduced

10 g (0.048 mol) of 1-bromonaphthalene and 5.4 g (0.049 mol)

of thiophenol. Liquid ammonia was condensed, and the solu-

tion was irradiated with two Sears 250 watt sunlamps for a

period of four hours, with magnetic stirring under a nitro-

gen atmosphere. After evaporation of the liquid ammonia,

the solid residue was dissolved in ether. The ether solution
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was washed with aqueous hydroxide, dried over anhydrous

sodium sulfate, and concentrated under reduced pressure to

provide a brown oil. Vacuum distillation of the oil afforded

two fractions: (first fraction) 1.9 g, bp 134.5-144 (0.1

mm); (second fraction) 1.6 g, bp 143-144 (0.1 mm). Both

fractions solidified after standing at 0° for several hours.

The colorless crystals from both fractions were recrystal-

lized from aqueous ethanol to afford, respectively, 1.2 g,

mp 40.2-41*^ and 0.94 g, np 39.7-40.8° (lit^^ mp 41.8°) of

sulfide for a total yield of 18 percent (0.0089 mol) . The

low yield reflects the partial conversion of bromide to

product

.

2-Phenylthiothiazole . This sulfide was prepared by the

same procedure as that used for the preparation of 1-phenyl-

thionaphthalene . Into a 250 ml round bottom flask were

introduced 10 g (0.061 mol) of 2-bromothiazole and 6.7 g

(0.061 mol) of thiophenol. Liquid ammonia was condensed,

and the mixture was irradiated for five hours . After isola-

tion of 8.0 g of a crude oil, gas chromatographic analysis

indicated that the conversion of bromide to sulfide was low.

To the oil was added 3.2 g (0.0062 mol) of thiophenol, and

the mixture was reirradiated, using the above procedure, for

five hours . Work-up provided 7.2 g of an oil , which on

vacuum distillation, yielded 12. g (0.0062 mol, 10 percent)

of the desired sulfide, bp 88-89° (0.025 mm) [lit bp 145°

(3 mm)]. An additional 1.75 g of liquid, comprising two

other fractions, was also obtained; however, analysis by

glc of these later fractions indicated purities of less than
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95 percent. Analysis of the 88-89 boiling fraction indicated

that the sulfide was more than 95 percent pure: nmr (CCl,)

66.97=7.73 (broad m, 7)

.

Photolysis Procedures

For all photolyses, 275 watt Sears sunlamps (cat. #7080,

mercury vapor arc) were employed. The lamps have an approx-

imate warm-up time of one minute for full UV output. Samples

were irradiated in either sealed or tightly capped pyrex nmr

tubes. Either one or two lamps were employed, and the dis-

tance between lamp and sample was varied, depending on the

rate of the reaction under investigation. The number of

lamps used, and the distance from the center of the lamp(s)

to the center of the sample tube for each set of conditions

is as follows: 2 (42 mm); 1 (42 mm); and 1 (165 mm).

Control samples were irradiated under each set of con-

ditions to determine the temperatures attained during photol-

ysis. The control sample consisted of an nmr tube contain-

ing methanol to a depth of approximately 4 cm into which

an iron-constantan thermocouple wire was immersed. A hole

in the nmr tube cap, through which the thermocouple wire

ran, was sealed with epoxy cement and allowed to dry at least

12 hours prior to subjecting the sample tube to irradiation.

Temperature readings were taken periodically with a Brown

Portable Potentiometer Model 126W2. When two lamps were

employed at a sample to lamp distance of 42 mm, a temperature

of 71 + 2 was attained after approximately one minute; for

a single lamp at a distance of 42 mm, a temperature of 62 +
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2 was reached after 15 minutes of irradiation; whereas, for

a single lamp at a distance of 165 mm, the temperature was

assumed to be 23 .

Usually samples were irradiated for a given length of

time and then analyzed by glc; however, some of the samples

were preiodically removed for analysis during an irradiation.

Preparation of Solutions for Photolysis

Reaction mixtures were prepared in 1 or 2 ml volunietric

flasks. Liquids were added via microliter syringe. Aliquots

of the appropriate stock solutions of substrate, standard,

and sodium methoxide were added, followed by the addition of

thiophenol. The amount of thiophenol added was generally

determined by weight. Other reagents were either weighed

into the volumetric flask, or were added as stock solutions.

Aliquots of the mixed solutions V7ere then transferred to nmr

tubes for photolysis.

Occasionally, samples were prepared by mixing the re-

agents in an nmr tube, followed by the addition of enough

methanol to bring the volume to approximately 1 ml. Stan-

dard was either added with the reagents or was added to the

mixture after irradiation of the sample. Addition of stan-

dard after sample irradiation resulted in a negligable volume

change (1-2 percent) and no volume correction was made.

Preparation of Solutions for AIBN and PAT Initiated Experi -

ments

AIBN or PAT was weighed into a 2 ml ampoule and the
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appropriate stock solution of substrate was added, followed

by the addition of sodium methoxide solution and thiophenol.

Enough methanol was added to bring the final volume to

approximately 1 ml. Although small amounts of the AIBN or

PAT were often initially insoluble, the undissolved solids

were consumed during the reaction. Ampoules were v/rapped in

foil and then heated in a darkened hood at 100° (steam cone)

.

Sample Degassing Procedure

Samples were degassed, to remove dissolved oxygen, by

the utilization of alternate freeze-thaw cycles under vacuum.

Preconstricted nmr tubes, containing sample, were affixed to

a vacuum line by measn of teflon o-ring fittings. Samples

were first frozen by immersion into liquid nitrogen, and

_2
then were evacuated (ca. 10 torr) for a period of from 1

to 2 minutes. After thorough evacuation, samples V7ere iso-

lated from the pump and allowed to thaw. The above procedure

was repeated for two or three more cycles, after which the

nmr tube v;as sealed with a torch at the point of constric-

tion. Once sealed, the tubes were placed behind a safety

shield, as samples occasionally ejcplode while thawing.

Column Preparation and Routine Operating Procedures for Gas-
Liquid Chromatography

Three different types of 1/8" O.D. copper columns were

employed for routine sample analysis. For all columns the

solid support consisted of HMDS treated, 60/80 mesh Chromo-

sorb W. Column A was 2 meters in length and consisted of
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a 17 percent loading of Carbowax 20M on the solid support;

column B was 1 meter in length with a mixed loading of 20

percent Versamid 900 and 10 percent sodium carbonate; column

C was 4 meters in length with a 20 percent loading of UCON-

LB-550. The rotating evaporator method was used to coat

104
the Chromosorb W with the appropriate liquid phase.

Columns were prepared by the following method. The

appropriate packing material was introduced via an attached

funnel. The column was vibrated until no more packing could

be added, and the open end was plugged loosely with silanized

glass wool (the other end of the column had been plugged

with silanized glass wool prior to introduction of packing

material)

.

Packed columns were conditioned by first bringing the

columns to maximum normal operating temperature with the

carrier gas flow on. Gas flow was then interrupted for

approximately 1 hour after which time the gas flow was con-

tinued. At least 24 hours of further conditioning time was

allowed prior to use.

Oven temperature was generally maintained at the pre-

programing temperatures (minimum normal operating tempera-

tures) of the individual columns when columns were not in

use. Carrier gas (helium) flow was reduced at these times

by reducing outlet pressure at the two stage pressure regu-

lator. Prior to sample analysis, hydrogen gas flow was

adjusted to the appropriate rate and measured with a soap

bubble flow meter. Carrier gas flow rate was generally
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measured at the column outlet when columns were interchanged

or during machine maintenance. Air flow rate was usually

monitored after cleaning and reassembling the FID.

Periodically the injection port became clogged with

residue and required steam-cleaning. Unusually long reten-

tion times for compounds during routine sample analysis

suggested that cleaning was necessary. Steam-cleaning was

accomplished by disconnecting the column and forcing water,

under 5-10 lbs. of helium pressure, through the heated

injection port.

Usually % to 2 microliters of sample solution were in-

jected for analysis of reactions which were carried out at

high initial substrate concentrations ('V/0
. 3 M) . For the

analysis of samples at low substrate concentrations (-^-O.Ol M)

2 to 8 microliters of solution were usually injected. The

electrometer setting (attenuation x range) for the latter

analyses was either 32 x 10~ or 16 x 10 . For analysis

of high concentration samples the electrometer was set at

64 X 10"-^°.

Cut and Weigh Method of Integration for Gas-Liquid Chromato-
graphy

In the analysis of certain samples by glc, the peak for

the compound of interest eluted on the tail of the solvent

peak. Samples of this type and those in which substrate

_2
concentration was 10 M or less, often were difficult or

impossible to integrate by disc integration. For the analysis

of samples of this type, the cut and weigh method of inte-

gration was employed.
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In the cut and weigh method of integration, five copies

of the original chromatogram were made on standard Xerox

paper. Five cut-outs of each peak of interest were made

and then weighed. Response factors were used for this method

just as in the disc integration method, although separate

molar response factors were determined for each method.

Molar Response Factors for Gas-Liquid Chromatography

Molar response factors were necessary for the quantita-

tion of reactants and products by glc. A molar response

factor relates the number of moles of substrate or product

to the amount of a given reference compound which is also

present in the mixture. Molar response factors were deter-

mined utilizing stock solutions of substrate and reference

compound in methanol. Analysis conditions such as oven,

injection port, and detector temperatures, gas flow rates,

and temperature programing rates were reproduced as closely

as possible for different samples, so as to avoid differences

in compound response. Equation 7 7 may be used to calculate

the molar response factor of a compound X,

^r ^x
f = _£ . ^ • f (77)X A^ M^ ^r ^"^

in which the reference compound is arbitrarily assigned a

response factor (f ) of 1.0. A and A represent the areas
*- XT X

of reference compound and substrate respectively; M and M

are the respective molarities.
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Equation 77 is generally used for the determination

of molar response factors with two assumptions: (a) glc

detector response for a given compound is linear over the

concentration range for sample analysis; and (b) the straight

line for the concentration-response profile has a zero inter-

cept. To achieve this ideal situation several rules have

been formulated. These are (a) the concentrations of

reference compound and unknown should be similar, (b) the

reference compound should be structurally similar to the

unknown, and (c) the reference compound should elute in close

proximity to the unknown. Obviously, these restrictions

are difficult to meet in every practical situation. This

is especially true when one standard is employed to quanti-

tate several compounds which elute with very different re-

tention times. Also, if an internal standard is to be em-

ployed (present during reaction) then the choice of suitable

compounds is further restricted since it must be unreactive.

Equation 77 was used to calculate molar response factors

for the analyses which are reported in Chapters 3 and 4.

The majority of the reactions, the results of which are re-

ported in these chapters, were carried out at initial sub-

strate concentrations of '\-0.3 M. The entire concentration

range for products generally varied between about 0.01-0.3 M.

For quantitation of products over small concentration ranges

it is reasonable to assume that detector response is linear;

hence, equation 77 should be applicable.

The data in Table 46 were obtained on column A with
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Table 46. Molar Response Factors and Retention Times for
Compounds on Column A (Carbowax Column)

.

Compound Molar
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Table 46 - continued

Compound Molar Response Factor Retention Time
(min. )

1-phenylnaphthalene 58 .

biphenyl 0.547 + 2% 22.8

p-chlorobiphenyl 0.600 + 4% 31.0

phenylcyclohexane 0.569 + 1% 18.0

dibenzothiophene 0.607 ± 1% 51.0

triphenylmethane 75.0

3-ethylthiopyridine 19.8

3,4' -dipyridyl sulfide 60.1

2-thienyl 4-pyridyl sulfide — 45.8

^ The retention time was determined by analysis of a reaction
mixture containing 3-phenylpyridine ; the mixture was pre-
pared by irradiating a 0.39 M solution of 3-iodopyridine in
benzene for 261 minutes (2 lamps at a distance of 42 mm)

.

This compound was identified by the procedure discussed on

P-
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anisole as the internal standard. Samples were chromato-

graphed isothermally at 77 for 10 minutes, and then tempera-

ture was programed ballistically to 200 (power setting

of 4.5). Operating conditions were as follows: injection

port, 230 + 10°; detector, 230 ± 10°; helium flow, 30 + 0.5

cc/min.; hydrogen flow, 37.5 + 0.5 cc/min.; and air flow,

'^^300 cc/min.

Molar response factors were not determined for several

of the compounds listed in Table 46. Thiophene, which

elutes close to the solvent, cannot be quantitated. 1-

Phenylthionaphthalene does not elute. For other compounds

retention time was the only required information.

For several experiments involving 2-iodothiophene

,

p-dimethoxybenzene was used as an internal standard. The

following molar response factors were determined for these

runs: 2-iodothiophene, 1.76 + 3 percent; 2-phenylthiothio-

phene , 0.667 + 2 percent. These molar response factors were

simply calculated from data in Table 46; e.g., to calculate

the response factor for 2-phenylthiothiophene, the ratio of

response factors for 2-phenylthiothiophene to p-dimethoxy-

benzene is taken (0.694/1.04 = 0.667).

Biphenyl was employed as standard for several experiments

involving 3-iodopyridine in which AIBN initiation was used.

It was necessary to employ a standard other than anisole

since a degradation product of AIBN elutes with the same

retention time as anisole on column A. The new response

factors were calculated from the ratios of the molar response
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factors for the respective pyridines in Table and that of

biphenyl. The values are 3-iodopyridine , 3.03 (1.66/0.547);

pyridine, 2.80 (1.53/0.547); and 3-phenylthiopyridine , 1.33

(0.726/0.547).

Data for compounds which were analyzed on column B

are presented in Table 47. This column was used primarily

for the analysis of product mixtures which contained sulfides

that were unstable to analysis on column A. Samples were

chromatographed isothermally , at 110° for 8 minutes, and

then temperature was programed (power setting of 5) to 230°.

Operating conditions were as follows: injection port, 245

± 5°; detector, 245 + 5°; helium flow, 30 + 0.5 cc/min.;

hydrogen flow, 37 + 0.5 cc/min.; and air flow, '>-300 cc/min.

AIBN initiation was employed for a series of reactions

involving 4-bromoisoquinoline . For these experiments 7,8-

benzoquinoline was used as glc standard since a degradation

product of AIBN elutes with the same retention time as that

of p-dimethoxybenzene . The molar response factors for the

series of isoquinolines vs. 7 , 8-benzoquinoline are as follows:

isoquinoline, 1.80 + 3 percent (1.67 + 2 percent by cut and

weigh); 4-bromoisoquinoline, 1.68 + 6 percent; and 4-phenyl-

thioisoquinoline , 1.01 + 5 percent. These analyses were

carried out on a different Versamid column than that for

which the response factors in Table 47 were determined.

1-Phenylthionaphthalene was quantitated on column C,

using either naphthalene or 1-bromonaphthalene as glc stand-

ard. (Naphthalene and 1-bromonaphthalene were first quanti-
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Table 48. Molar Response Factors and Retention Times for
Compounds on Column C (UCON-LB-550)

.

Compound Molar Response Factor

anisole 1.00

benzene 1.07 ± 4%^

thiophene 1.72 ± 3%

2-iodothiophene c

chlorobenzene 1.01 + 17o

p-dimethoxybenzene

Unless otherwise specified, anisole is the reference
compound.

A cut and weigh molar response factor of 0.931 ± TL was
also determined

2- lodo thiophene was quantitated on column A.

Retention
(min.

)
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tated on column A, using anisole as internal standard.) The

molar response factors for 1-phenylthionaphthalene vs. naph-

thalene and 1-bromonaphthalene are 0.575 + 4 percent and

0.663 + 4 percent, respectively.

Coliomn C was employed primarily for the quantitation

of benzene and thiophene. Data for analyses which were per-

formed on this column are presented in Table 48. Samples

were chromatographed isothermally , at 81 for 10 minutes,

and then temperature was programed to 150 (power setting

of 5). The following operating conditions were employed:

injection port, 185 ± 5°; detector, 190 + 5 ; helium flow,

40 + 0.5 cc/min. ; hydrogen flow, 40 + 0.5 cc/min. ; and air

flow, '^>300 cc/min.

For the quantitation of thiophene (column C) in ex-

periments involving AIBN initiation, p-dimethoxybenzene was

employed as glc standard rather than anisole. The molar

response factor for 2-iodothiaphene was determined (1.77 +

4 percent) , this compound was not quantitated due to peak

overlap with an unidentified degradation product of AIBN.

Quantitation of 3-Iodopyridine , Pyridine, and 3-Phenylthio-
pyridine by Gas-Liquid Chromatography

It was noted that equation 77 is appropriate for the

determination of molar response factors only if detector

response is linear over the concentration range for the

compounds to be quantitated. In the investigations in Chapter

2, pertaining to the photoinitiated reactions of 3-iodopyri-

dine with sodium methoxide and sodium thiophenoxide , experi-
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ments were carried out in which the initial substrate con-

centration was either 'v^O . 3 M or '^^0.01 M. The maximum var-

iation in concentration range for 3-iodopyridine, pyridine,

and 3-phenylthiopyridine in these experiments was a factor

3of '>-10
. The linear dynamic range for flame ionization

detectors is generally assumed to be 'x-lO . However, it

was necessary to determine if detector response is linear

over this concentration range, since it is advantageous

to be able to accurately compare product ratios for substi-

tution to reduction for reactions at both high and low con-

centration.

The least squares response curve for pyridine is

presented in Figure 13, and can be described by equation 78

only if linear over the entire concentration range. If the

A
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of 1.53 would be applicable only at high concentrations,

since the intercept correction would be negligible when A

is large. However, for low concentration samples A would

be small, and there would be a large intercept correction,

i.e., pyridine would have to be quantitated by linear re-

gression analysis. In the second case, if detector response

were grossly non-linear, equation 78 would not be applicable.

However, if non-linearity were slight, then linear regression

analyses could be applied in each concentration range, since

over small concentration ranges the curve would approximate

linearity. An analysis of the curve in Figure 13 demonstrated

that situation (a) is applicable. The response curve for

pyridine is linear with a non-zero intercept.

In an examination of Figure 13, the response for pyri-

dine is apparently linear. The line has a slope of 0.644,

an intercept of -2.22 x 10 , and a correlation coefficient

of 0.999. The standard deviations of the slope and intercept

9 /

are 1.1 x 10~ and 4 . 09 x 10~
, respectively. The correlation

coefficient is excellent and the inverse of the slope (f /f

= 1/f = 1.51) is within 1 percent of the molar response

factor for pyridine of 1.53, which had been determined at

high concentration. Hence, for the quantitation of pyridine

at high concentrations the intercept is negligible and the

previously determined molar response factor of 1.53 is used.

A linear regression analysis in the low concentration

_2
range of the response curve (<10 M) reveals that the line

has only slightly different characteristics in this region.
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The least squares line for low concentration response has

a slope of 0.648, an intercept of -1.80 x 10 , and a corre-

lation coefficient of 0.968. The standard deviations of the

slope and intercept are 7.55 x 10 and 3.45 x 10 , respec-

tively. Although the molar response factor of 1.53 for

high concentration pyridine agrees closely with the inverse

of the slope (1/f = 1.54), the intercept correction cannot

be neglected in this concentration range since A is small.
X

/ — 9
Therefore, pyridine is quantitated in the 10 - 10 M

concentration range using the least squares line. It should

be noted that the large value of the standard deviation for

the intercept signifies there is a large uncertainty in

the quantitation of pyridine at lower concentrations (<<10 M)

_2
For instance, if a 10 M solution of 3-iodopyridine is photo

-

lyzed and the calculated yield of pyridine is 5 percent, the

degree of uncertainty in this value is high. In fact the

line could possibly have a zero intercept since zero falls

within one standard deviation.

The response curve for 3-phenylthiopyridine in Figure

14 was also analyzed by linear regression. Analyses over

the total concentration range and at low concentration de-

monstrated that response for the sulfide is also linear and

that there is a non-zero intercept. For the entire con-

centration range the slope is 1.35, the intercept is -8.30

X 10 , and the correlation coefficient is 0.997. The

-2
standard deviations of the slope and intercept are 3.9 x 10

_ o

and 1.17 x 10 , respectively. Since the inverse of the
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slope (1/f = 0.741) agrees closely with the molar response

factor of .lib (within 2 percent) which was calculated

using equation 77, the value of 0.726 is used for quantitation

of 3-phenylthiopyridine in the high concentration range of

the response curve. The intercept is neglected.

Linear regression analysis of the response curve for

_2
3-phenylthiopyridine in the low concentration range ( < 10 M)

indicates that an intercept correction must be made for

quantitations in this region of the curve. The line has

a slope of 1.33, an intercept of -6.97 x 10"
, and a corre-

lation coefficient of 0.986. The standard deviations of

the slope and intercept are 0.101 and 7.15 x 10"
,
respec-

tively. For quantitations which are made in the lower region

of this curve the large standard deviation in the intercept

indicates that the yields of sulfide have a large uncertainty.

The linear regression analyses which were performed on

the response curves for pyridine and 3-phenylthiopyridine

indicate that glc yields for these products are reliable in

the high concentration range; consequently, substitution to

reduction product ratios should be accurate. The linear

regression analyses at low concentration suggest that yields

are less reliable in this range; hence, product ratios may

be somewhat less accurate.

Quantitation of 3-iodopyridine was more difficult than

quantitation of either pyridine or 3-phenylthiopyridine for

two reasons. First, detector response for 3-iodopyridine

was less linear than response for the other compounds. Second,
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the response curves on two different carbowax columns (de-

signated as columns A and A^) for 3-iodopyridine are grossly

different, a perplexing observation, since molar response

should be a characteristic of the detector and not of the

column, especially when both columns appeared to consist of

the same percent loading of Carbowax 20M on 60/80 mesh

Chromosorb W. Fortunately, most of the analyses for 3-iodo-

pyridine were carried out on column A, the column with the

more linear response. The response characteristics of

column A are analyzed first.

The detector response curve for column A is presented

in Figure 15. The curve has a slope of 0.607, an intercept

of -1.03 X 10'
, and a correlation coefficient of 0.993. The

standard deviations for the slope and intercept are 1.6 x

10 and 8.13 x 10 . For this curve, detector response

is plotted as molarity of 3-iodopyridine vs. glc peak area.

Since injection size of standard solutions was varied in

constructing this plot, this curve is not a true profile of

detector response vs. on-column concentration, but rather

a profile of detector response over a concentration range

(a concentration range which represents the working range

for quantitation of 3-iodopyridine)

.

To demonstrate that the curve in Figure 15 is reliable

for the characterization of detector response, another curve

was plotted for detector response vs. on-column concentration

(ymoles 3-iodopyridine) using the data that was employed in

constructing the curve in Figure 15. This second response
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curve has a slope of 0.617, an intercept of -5.88 x 10 ,

and a correlation coefficient of 0.996. The standard devi-

ations for the slope and intercept are 1.6 x 10 and 2.96

- 3
X 10 , respectively.

Note that although the response curves in Figures 15

and 16 are plotted differently, there is excellent agreement

between the values for the slopes {"^2 percent) . The inverse

of the slope (1/f = 1.62) for the response curve in Figure

16 agrees closely with the molar response factor of 1.66

which had been determined using equation 77 for high concen-

tration 3-iodopyridine . The correlation coefficients of

0.993 and 0.996 for the two curves are excellent. Hence, the

molar response factor of 1.66 is employed for the quantita-

tion of 3-iodopyridine at high concentrations, and the inter-

cept is neglected.

Some other interesting observations can be made by

comparison of the response curves in Figures 15 and 16. In

both curves there is considerable scatter in the high concen-

tration range, in which two corresponding points in both fig-

ures fall above the line generated by the least squares fit.

The one significant result of plotting the response curves dif-

ferently is the change in intercept. Thus, the intercept ap-

pears to be largely due to scatter and the value of the intercept

changes according to the way in which detector response is

plotted. This demonstrates that the glc yields at low concentra-

tions are probably unreliable, since the intercept is defined

by the type of scatter in the data. (This argument is also
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applicable to the intercept corrections which are applied

in the quantitation of pyridine and 3-phenylthiopyridine
.

)

The low concentration response curve for 3-iodopyridine

is shown in Figure 17. Response is plotted against ymoles

of 3-iodopyridine on column. For this curve the slope is

0.575, the intercept is -2.84 x 10 , and the correlation

coefficient is 0.984. The standard deviations for the slope

-2 - 3and intercept are 3.6 x 10 and 1.61 x 10 , respectively.

Low concentrations of 3-iodopyridine are quantitated using

this response curve. The large uncertainty in the intercept

indicates that these quantitations may be inaccurate, es-

pecially for experiments in which little 3-iodopyridine

remains after sample irradiation.

The response curve in Figure 18, for the analysis of

3-iodopyridine on column A2 , is signigicantly different from

the response curve for 3-iodopyridine on column A. The

response curve for analysis on column A^ has a slope of 0.961,

_2
an intercept of -2.19 x 10 , and a correlation coefficient

of 0.985. The standard deviations for the slope and inter-

-2 -2
cept are 6.4 x 10 and 1.44 x 10 , respectively. There is

significant scatter in the data, as reflected in the corre-

lation coefficient. Using this coliomn, it was difficult to

obtain reproducible results for the quantitation of 3-iodo-

pyridine at high concentrations (0.1 - 0.3 M) using equation

Therefore, substrate was quantitated by linear regression

analysis. Column A^ was employed for quantitation of 3-ipdo-

pyridine and in pyridine experiments 1-1 through 1-3, 1-5,
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and for the experiments which are represented in Figure 1.

AIBN Controls for Gas-Liquid Chromatography

The thermal decomposition of AIBN in a methanol solution

containing hetaryl halide, methoxide ion, and thiophenoxide

ion yields numerous products. The presence of these products

severely complicates analysis by glc. A control experiment

was run to determine if any of these compounds are substrate

derived.

Approximately 5 mg (0.03 mmole) of AIBN was introduced

into a 2 ml ampoule. Enough thiophenol, sodium methoxide

solution, and methanol were added to make the solution '^-0.49 II

in sodium thiophenoxide and '^^0.55 M in sodium methoxide. The

mixture was then heated at 100 for 60 minutes. The control

solution was then analyzed on columns A, B, and C. The reten-

tion times for the AIBN derived products are listed, for each

column, in Table 49.

The results from the analyses of the control solution

indicate that none of the unidentified products are substrate

derived, either for 3-iodopyridine , 4-bromoisoquinoline , or

2-iodothiophene

.

However, for the AIBN initiated experiments on 3-iodo-

pyridine, the 22.5 minute component (column A) introduces a

small quantitation error for the runs in which biphenyl was

employed as glc standard. Fortunately, the 22.5 minute com-

ponent is present in small amounts relative to the amount of

biphenyl which was employed as standard. Examination of
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Table 49. Retention Times for Degradation Products of AIBN

Column Retention Time of Degradation Product (min
.

)

B

2.7
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several chromatograms from AIBN initiated 3-iodopyridine runs

also revealed that baseline drift correction for the disc

integration of biphenyl eliminated most of the error due to

the overlapping impurity.

Several difficulties are encountered during the analysis

of mixtures from the AIBN initiated reactions of 2-iodothio-

phene . On column A, both thiophene and 2-iodothiophene elute

with retention times which are approximately identical to

those for AIBN derived products. Although thiophene could be

quantitated on column C, 2-iodothiophene elutes with a reten-

tion time of 25.2 minutes on this column and could not be

quantitated because of overlap with another compound with the

same retention time. For this reason, mass balances are not

reported for AIBN initiated experiments on 2-iodothiophene.

Control Experiments Undertaken to Determine Whether the Inter-
nal Glc Standard, Anisole, is Consumed During Sample Irradiation

Two experiments were initially carried out to determine

if anisole is consumed during the photoinitiated reactions of

3-iodopyridine with sodium methoxide and sodium thiophenoxide

in methanol. In these control runs 3-iodopyridine was irra- '

diated in methanolic methoxide containing thiophenoxide ion

in the usual method except that internal standard, anisole,

was added after the solutions were irradiated. In one control .

run, listed as part of entry 5-6 (entry 5-6 represents the

average results of six experiments) , a mass balance of 83 per-

cent was obtained. The average mass balance for the five runs

in which standard was present during sample irradiation
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(entry 5-6) is 89 f 3 percent. The results in entry 6-1 rep-

resent the second control experiment; the mass balance is 86

percent

.

The results of the above control experiments demonstrate

only that anisole does not react extensively when present

during the photolysis of 3-iodopyridine in methanolic methoxide

containing thiophenoxide ion. An additional experiment was

undertaken to determine more exactly the extent of anisole

degradation. In this experiment a sample consisting of a

mixture of 0.13 mmol of anisole, 0.30 mmol of 3-iodopyridine,

0.49 mmol of thiophenoxide ion, and 0.43 mmol of methoxide

ion (volume of 1 ml) was irradiated for 60 minutes with two

lamps at a distance of 42 mm. After sample irradiation,

solution containing 4.8 x 10 mmol of biphenyl was added.

Quantitation of anisole, using biphenyl as glc standard,

indicated that 3 :!: percent (duplicate analyses) of the ani-

sole had degraded during sample irradiation.

Products Derived from the Thermal Decomposition of PAT in

Methanolic Methoxide^

The thermal decomposition of PAT in methanol or in

methanolic methoxide was used as a method of generating phenyl

radicals for several experiments in Chapter 4. When samples

were analyzed by gc-ms, several compounds derived from the

decomposition of PAT were detected, some of which had not

been previously reported. Analysis of the product mixture

corresponding to the second entry in Table 43 indicated that

the following compounds were present: triphenylmethane

,
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4 isomers of molecular formula C^cH^j-,, benzophenone , triphenyl-

carbinol, benzhydryl phenyl ether, and either triphenylmethyl-

carbinol or methyl triphenylmethyl ether. The last four prod-

ucts were detected in trace quantities.

The 4 isomeric C^cH^^ compounds were probably tetra-

phenylmethane and the 3 isomeric biphenyl diphenylmethanes

represented by XXVIII. This conclusion is supported by the mass

C— H

XXVIII

spectral fragmentation patterns for the 4 components which

eluted from the glc. Each compound exhibited a molecular ion

at m/e 320; other significant ions appear at m/e 243 (CinH-,c)

and 165 (C-|^3Hg)''".

Product Confirmation by GC-MS Analysis

3-Phenylthiopyridine . Gas chromatographic analysis

(column A) of the solution which was obtained by irradiation

of a mixture of 3-iodopyridine and thiophenoxide ion in metha-

nol indicated the presence of pyridine and one major unidenti-

fied component which was assumed to be 3-phenylthiopyridine

.

The retention time of the latter component was identical to

that of authentic sulfide which was prepared by independent

synthesis. GC-MS analysis of the above solution confirmed
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this assignment: m/e (rel intensity) 187(9.5); 124(93.3);

110(23.9); 109(100).

3-Ethylthiopyridine . Gas chromatographic analysis

(column A) of a solution resulting from the irradiation of a

mixture of 3-iodopyridine , thioethoxide ion, and methoxide

ion in methanol indicated the presence of pyridine, 3-iodo-

pyridine, and two unidentified compounds. The retention times

of the unidentified compounds were 10.6 and 19.8 minutes. The

latter compound was tentatively identified as 3-ethylthiopyri-

dine, based on a comparison of the retention time of this

compound with the retention times of other pyridines. GC-MS

analysis (column A) of the reaction mixture indicated the

presence of ethyl disulfide and 3-ethylthiopyridine (in order

of retention time) . The mass spectrum of ethyl disulfide ex-

+2hibits a molecular ion at m/e 122(100?o) and an M ion at m/e

124(10. 57o). The following ions are significant in the mass

spectrum of 3-ethylthiopyridine: m/e (rel intensity) 141(4.9);

139(100); 124(36.6); 111(32.2); 78(15.6).

3 ,4 ' -Dipyridyl Sulfide . Gas chromatographic analysis

(column A) of a solution which was obtained by irradiation of

a mixture of 3-iodopyridine, methoxide ion, and 4-mercapto-

pyridine anion in methanol indicated the presence of pyridine,

a trace component with a retention time of 17 minutes, and a

large quantity of an unidentified product with a retention

time of 60.1 minutes. GC-MS analysis (column A) of the solu-

tion indicated that the major product was 3 ,

4 '-dipyridyl sulfide

The major features of the mass spectrum of 3 ,4 ' -dipyridyl sul-
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fide are a molecular ion at m/e 188(1007o) and an ion at m/e

78(26. 57o). The identity of the trace component, which was

present in the product mixture, was not confirmed by GC-MS

analysis; however, the glc retention gime of this compound is

almost the same as that for 3-methoxypyridine . Therefore,

the trace component in the mixture is likely to be 4-methoxy-

pyridine

.

2-Phenylthiothiophene and 2-Thienyl 4-Pyridyl Sulfide .

Gas chromatographic analysis (column A) of the solution which

resulted from irradiation of a mixture of 2-iodothiophene

,

methoxide ion, thiophenoxide ion, and 4-mercaptopyridine anion

in methanol indicated that two major unidentified products

were present, in addition to thiophene. The unidentified

products had retention times of 32 and 45.8 minutes. The

former component was tentatively identified as 2-phenylthio-

thiophene, based on a comparison with the retention time of

independently prepared sulfide. The latter component, which

was present in larger amount of the two, was assumed to be

2-thienyl 4-pyridyl sulfide. The mass spectrum of 2-phenyl-

thiothiophene exhibits the following major ions: m/e (rel

intensity) 194(9.2); 192(100); 115(22.7); 77(12.4). The

major features of the mass spectrum of 2-thienyl 4-pyridyl

sulfide are as follows: m/e (rel intensity) 195(9.4); 193

(100); 115(15.7); 78(14.6). Other compounds which were detected

by GC-MS analysis of the product mixture are: phenyl disulfide

m/e (rel intensity) 218(100), 154(10.6), 110(38.6), 77(13.2);

4-methoxypyridine 109(100), 94(2.5), 79(39.0); and bithienyl
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168(9.4), 166(100), 160(85.2), 134(10.6), 83(8.9). 4-Methoxy-

pyridine and bithienyl were present in only trace quantities.

Low Voltage GC-MS Analysis of Labeled Biphenyls

For several of the experiments in Chapter 4 (Tables

39 and 48) , low voltage (15 eV) gc-ms analysis was employed

to estimate the proportions of isotopically labeled biphenyls

present in samples. Since fractionation of the mixture of

isotopically labeled biphenyls may occur during elution of

the biphenyl component during glc separation, the gc-ms system

was operated in the periodic scan mode. At least five scans

were taken during elution of the biphenyl peak. By averaging

the relative intensities at each m/e value over the number of

scans taken, error in analysis due to fractionation of labeled

biphenyls is minimized. A 5 foot glass column consisting of

a 3 percent loading of SP2100 on acid washed, DMCS treated

100/120 mesh Supelcoport was employed for low voltage gc-ms

analyses. The complete mass spectral data are presented in

Tables 50 through 55 . For each table the corresponding entry

in Table 39 or 42, in Chapter 4, is noted.

Kinetic Study of the Reaction of 2-Bromothia2ole with Sodium
Methoxide

Pseudo first-order rate constants for the reaction of

_2
2-bromothiazole (6.0 x 10 M) with 1.0 M sodium methoxide

were determined at 50.0 (4 points, correlation coefficient

0.998) and 71.4°. (The rate constant for reaction at 71.4°

is an estimated value, since only two data points, in addition
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to time zero, were determined.) These rate constants are

2.0 X 10 M sec and '^'1.4 x 10 M sec , respectively,

Since 2-methoxythiazole was rapidly cleaved by reaction

with methoxide ion, on introduction of samples into the

heated injection port of the gas chromatograph, the concen-

tration of 2-bromothiazole was used to follow the progress

of the above reactions. Both reactions were followed for

approximately three half-lives.

Reactions were carried out in sealed tubes, each con-

taining about 1/2 ml of solution. Temperatures were cali-

brated with a National Bureau of Standards certified ther-

mometer. Reaction was followed by periodically quenching

the solution in an ice-water bath, and removing an aliquot

for analysis by glc . Anisole was used as internal standard

for glc analysis.

Photolysis of N-tert-Butyl-a-Phenylnitrone and 2-Methyl-2-
Nitrosopropane in Methanolic Methoxide Containing Thiophen -

oxide Ion

In a 1 ml volumetric flask were mixed 4 . 6 mg (0.026

mol) of N- tert-butyl-a-phenylnitrone and 75 microliters of

3.11 M sodium methoxide solution (0.23 mmol) . Methanol

was added to the mark. A time zero nmr was taken, using

13the upfield C satellite of methanol as an internal area

standard. A singlet at 6 1.60 (t-butyl) was the only up-

field singal which could be attributed to the nitrone.

After the solution was irradiated for 8 minutes (two lamps

at a distance of 42 mm) another nmr spectrum was taken.
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Tne signal at 6 1.60 had decreased to approximately 1/3 of

its original intensity, and a new singlet at 6 1.17, 2/3

the intensity of the original signal, was observed. At an

irradiation time of 20 minutes, the original signal at

6 1.60 had disappeared, and only the singlet at 6 1.17 was

visible in the spectrum. The intensity of the latter sig-

nal equaled the original intensity of the signal which had

been present at 6 1.60. The signal which emerged at 6 1.17

can probably be attributed to the t-butyl protons of N-

benzylidene- tert-butyl amine.

A methanol solution was prepared which was 0.032 M in

N- tert-butyl-a-phenylnitrone, 0.44 M in sodium methoxide,

and 0.49 M in sodium thiophenoxide . A time zero nmr spec-

trum exhibited a singlet at 6 1.60. After 20 minutes sample

irradiation (2 lamps at a distance of 42 mm) two signals

were observed at 6 1.60(s) and 6 1.30(s), in an approximate

1:2 ratio. After 72 minutes irradiation only the signal

at 6 1.30 was observed.

Both of the above experiments demonstrate that the

nitrone degrades during irradiation in methanol under con-

ditions (base concentrations) typically employed for the

photolysis of aryl and hetaryl halides. Degradation appar-

ently is complete within short reaction times.

When 2-methyl-2-nitrosopropane was dissolved in meth-

anol, an initially colorless solution was produced. As the

spectrum was recorded, a gradual change occurred in the

spectrum, coincident with the development of an intense
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blue color. (The ratio of intensities corresponding to two

singlets at & 1.23 and 6 1.58 was about 1.6 to 1 approxi-

mately 5 minutes after preparing the solution. After 8

minutes this ratio was 2.7 to 1, and after 11 minutes, 5.3

to 1
.
) A literature investigation revealed that these

spectral changes were probably due to a chemical equilibrium

108 109
between the monomer XXIX and the trans dimer XXX.

"0

/
0_

XXIX XXX

A brief investigation, by nmr , into the stability of

2-methyl-2-nitrosopropane in methanolic methoxide containing

sodium thiophenoxide suggested that this compound is un-

stable in this medium. A solution was prepared which was

0.03 M in 2-methyl-2-nitrosopropane, 0.45 M in sodium

methoxide, and 0.48 M in sodium thiophenoxide. Nmr analysis

of the solution, immediately after preparation, indicated

that several new absorptions were present, in addition to

those of 2-methyl-2-nitrosopropane and its dimer. These

additional absorptiosn occurred at 6 l.l(s), 1.29(s), and

1.49(s). After the sample v/as irradiated for 77 minutes

(2 lamps at a distance of 42 mm) the original absorptions

due to monomer and dimer forms of the nitroso compound had
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disappeared. Two absorptions were present at 6 1.30 and

6 1.50, in addition to less intense signals.

The above described observations suggest that 2-inethyl-

2-nitrosopropane degrades to some extent in the presence

of methoxide and thiophenoxide ions prior to photolysis.

Moreover, extensive degradation occurs during sample irra-

diation .
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