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WHY THE CENTRAL SULFUR OR ANY OTHER ATOM IN MAIN GROUP
ELEMENTS ATTRACTS THE ATTACK OF FREE RADICALS AND
NUCLEOPHILES ?

Shigeru Oae

Institute of Heteroatom Chemistry, 2509 Hirao, Mihara-cho, Minamikawachi-gun,
Osaka-fu 587, Japan

A, INTRODUCTION

This is a mere extension of my lecture, given at ISOCS-14 in L6(fz, Poland,
September of 1990,1 and of more philosophical than experimental. Therefore, most of my
talk is concentrated on unsolved problems which have remained to be solved in the future.

B. WHY SULFUR OR OTHER ATOMS BEYOND SECOND ROW ELEMENTS
ATTRACTS ATTACK OF NUCLEOPHILES AND RADICALS ?
Earlier, the alkali fusions of benzenesulfonic acid and diphenyl sulfone with
hydroxide ion was shown by us to proceed through the attack of hydroxide ion at the ipso
position without any intermediary formation of "benzyne", as shown below.2:34

ONa
I NaO,S_'8OH 180H
0-S=0 ™,

K%M + @ . __.©
OO - — @..—@
— O O 2 G O
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Although the reaction proceeds at somewhat a higher temperature, there is practically no
product which originates by the nucleophilic attack of hydroxide ion at other than the ipso
position. However, a question remains as to the initial attacking site of hydroxide ion
either at the ipso carbon atom(s) of benzene(s) leading to the aromatic nucleophilic
displacement of SO5- group or PhSO,- group or at the sulfur atom of the sulfonate or the
sulfone and the subsequent fast ligand coupling, as shown below.

2.
@-SOG + 1%0H ———»[ S‘O ] — @—"’OH + S03”

180H

Ok o [ OEO |
1BOH
O Qoo >

The reactions of diphenyl sulfoxide and sulfone with elemental sulfur are interesting.
Both compounds react similarly, affording dipheny! sulfide and sulfur dioxide as shown
below.>

O30+ ven =2 Go D -
9 330°C
OFO - m=n OO

.S = 353

However, by labelling 338, the sulfoxide was shown to undergo S-O bond cleavage, while
in the case of the sulfone, the reaction appeared to proceed by the homolytic attack of a
sulfur species,® very probably the triplet Sy species, which has a distinct red color.”

By the use of 14C-labelled diphenyl sulfone at the ipso position, we have found that
there were no scrambling of 14C in the resulting diphenyl sulfide.8

Here again, a question has remained as to the actual site of the free radical attack, i.e.,
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O+ O — OO

or S

[@e‘:@ Oxe O]~

S---

whether at the ipso carbon to result in the homolytic aromatic substitution or the sulfur
atom of the sulfone by the red sulfur species and the subsequent fast ligand coupling.
Though in many other aromatic homolytic substitutions with free radicals, the
intermediary formations of cyclohexadienyl species have been considered during the
reactions, we have found that there was practically no product formed by the homolytic
attack at other than the ipso position. Generally, bromo- and chlorobenzenes, having better
leaving groups than benzenesulfonyl, were found to undergo the similar displacement more
readily, as shown below.? In both cases, the reaction mixture turned to deep red,

O = A
250 °C n:mostly 2 or 3
[ @t)é ] X:Br or Cl
S;

indicating the formation of S3 species. Only when the reaction became so slow with
chlorobenzene, we noticed the formation of a trace amount of hydrogen sulfide, only by the
bad smell. This reaction has led to the efficient detoxication of PCB, polychlorodiphenyl
and many other polychlorinated aromatic hydrocarbons such as polychlorodibenzodioxine,
commonly called as "Dioxine" and polychlorinated dibenzofuran.10

Ch Cl, cl, Cl Cl cl

s\ NS4 NS— A

OO Qo S
PCB

DIOXINE Polychlorodibenzofurane
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When a sulfur atom is located in the close vicinity of a nucleophile or a free radicals,
it is quite well known that the sulfur atom attracts the attack of these nucleophiles or free
radicals. Among numerous examples, only a few examples will be presented here. A
strong interaction can be found in the iodine-catalyzed oxidation of o-thioanisyl-carboxylic
acid in buffer media, as shown below.!! This is a general acid-base catalyzed reaction,
while the p-isomer is inert under the condition. Thus, the reaction can be expressed in the
following manner, where the solvent kinetic isotope effect, kHZO/kDZO =2.3.

(0]
H,0'®
180
N 1
s+ CHa S—CH,
"\Mao’ e (:[
c—o:_H co,*
g

Another would be the facile oxygen exchange reaction of o-phenylthiosalicylate
sulfoxide in 65.7 % sulfuric acid, as shown below.,

18
0 180H 186H
’* | I 2
C[S —Ph H* S*—Ph H* S*ph
—— —_—
e 2] e msmsnn .
COOH C :COOH C/O
1]
(0]
H>O
2 OH

+ |
slow inversion C{S& Ph inversion @S+_Ph
———————————- D A
o}
c” COOH
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One finds that the p-isomer undergo both the 180 exchange and the racemization at nearly
the same rates of phenyl p-tolyl sulfoxide, while the rate of oxygen exchange is ca. 104
times faster than that of the racemization, which is nearly the same as that of the oxygen
exchange of phenyl p-tolyl sulfoxide, indicating clearly that the interaction of nucleophile
and the sulfur atom through the five-membered ring is very much favored, as one see can
data in Table 1.12

Table 1. Rate Constants of Oxygen Exchange and Racemization of pp_g

. o o v \X
in 65.7 % Sulfuric Acid at 24.8 °C. 0 X
X Koy X 105 (sec]) Kpac X 105 (sec1)
o-COOH 3200 0.318
p-COOH 0.736 1.84
0-CH,COOH 2.01
p-CHj 0.768 1.52

There are many similar examples. Musher, Doi-Takahashi et al. have shown the
following reaction.13

3

+
R—?—S :NMe, ———» |+
1" S—NMe,
[ 2 +

A specially facile ease of the oxidation of methionine may be another one, as shown
below.14

COOH ! COOH
—
CHsS  NH, H,0 CHyS——NH
+

The first observation of hypothetical formation of the sulfurane is also responsible for
the facile O-O bond cleavage of o-t-butylperoxy-methylthioanycilate.!5 Many similar
reactions have followed.!5
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s—»0
free radical .
Me,C=CH,+ C[
products COOH

Even when the two sulfur atoms are located at o-position to each other and capable of
forming a four-membered cyclic structure, there was a few cases in which the interaction is
substantial. Perhaps the C-S bond is longer and the size of the sulfur atom is larger. Thus,
the following oxygen exchange took place as shown below.16

S—CH,4 CH3 S—CHj,
-—S-l-o—w-> Q,%?Aro AroQ— rQQ-S —Ar
—~——— 5
S_CH3 ®S —-CH 3 S CHa CHa
fast fast
H,0 s—ar  -H® S—Ar
— —
~— ® ———— e
?_CHa ?_CHS
CH 0

A similar four-membered interaction was observed in the electrolytic oxidation of the
following compound. 17
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not @ o

R = CH3(CHg)s-
R = CHg(CHa)4-CHD-

Numerous examples of five-membered interaction of two sulfur atoms are very well
known.18,19,20,21

. +

S + ?

s $ s

+ +
S
+

\ /
2TFO"
+
S concd S S
H2SO4 | H0 P
S § 2X° S
(X=PFg, HSO4 )

S

S

S concd 53

H,O
. ¢ HzSO4 7

S

s S

S 184 (o

O (0%)

s ®-"%0(75%)
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Okuyama et al. were puzzled in explaining the results but suggested that the
following mechanistic route involving the nucleophilic attack on sulfur and subsequent
transfer of

+
HCI)CHZOMe Ph
HA
PhS—0~-CH,OMe + Nu° o/ “S—py — I O)
Nu I'\ CH,OMe

—— PhSOH + Nu-CH,OMe
nucleophile,22 much the same as what we have in our mind. The abridged data of their
experiments are shown below in Table 2.
Table 2. Rate Constants for Nucleophilic Catalysis in the Hydrolyses of

Ph-S-OCH,OMe, Ph-§(0)-CH,0Me, PhS-OEt, and CH3-l
(ionic strength = 0.50 at 25 °C).

Compounds Ph-S-OCH,OMe Ph-S(0)-CH,OMe PhS-OEt  CHg-l

kg M1s71 knys M71s71 kg, M1s71 kne. /k
Nucleophiles (rel. value) (rel. value) (rel. value) Nual
H,O 2.7 x 10-7 4.4 x103 2.4x 103 0.01
OH - 4.87 x 104 2.3
Cl- 0.0015 9.0 17.9 1
Br - 0.008 54 95.9 2.2
1= 1.6 950 1160 7.0
SCN - 73 3500 2950
{HOCHoCHo),S 3.6 5900 3600

Apparently the cohesive interaction is enhanced by some metal ion. The following is
a typical?3 among numerous examples.

NHO

[ ;r TcV-gluconate [ \" / :r N:;S:(:; E j

PhCHZS MTHF PhCO copn
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These interactions are not limited only on the sulfur atom but also many other atoms
beyond the second row elements. One example is silicon atom which can attract more than
mere proton that does not have such a net work of 3d orbitals for attracting any nucleophile
or radical. Thus, the following Aldol type condensation can be achieved so smoothly.24

CHj
O*éi"“CHa o)
\
H,) o + H
N/‘%/(_';H3
H
CH,CI,,23°C
H
N <
H L2 CHD
-
rYe)
o-si*
| “ch | “cu
CHy 2 _ i CHy ° _
pseudo-boat pseudo-chair
T.S. much more T.8. much less
favored favored
“‘\\CH3
0—Si

0 H,
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Silo-Pummerer reaction, shown below,25 may be another one.

+

1] + -
R I\ — |
O SiMe, -O_,SiMe; OSiMe,
+
R—S=CHR' R—S—CHR'
- . B — |
OSiMe, OSiMe,
Peterson elimination, shown below,26 is another example.
Me,Si OH
base F—\
H 1o, .'\‘\\H —
J' ( Pr Pr
Pr Pr .
acid
" PH base / i
Messi I""'-. v.“\\\ H ——
Pr
Pr Pr

When one looks at the free radical substitution of phenyl group on aromatic
compounds,?7 it is easily seen that the substitution at 2-position is more than other ones, if
X is an atom beyond the second row element.

X
A =7
v O —

X X
A S =
' /, + R+ ———mm Ar \ 7 + RH

Let us look at the works of the late Dick Noyes who studied the following halogen
exchange reaction.28
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ACl + *Cl* Z——= Arcl + CI

ArBr + CI* —  ACl + Br

Arl + CI* —  ACI + I

ABr + *Br- =——= Ar'Br + Br

Arl + Brr —— ABr + |-

Arl + I /= Al o+ | -
Here again, there was not much formation of other products and the suggested mechanism
is formulated in the following way.

Br Cl. Br cl

Cl + —_— —_— + Bre

He has extended the iodine exchange reaction to aliphatic iodides, shown below.29:30
- + Rl — R + I"l

R- + |2* ——— R + |*-
oo+ 1t TS I* = iodine-131
21" — b

R+ + I+ — RI

SR — Ry or (X +Y)

Although the reaction was carried out in polychlorinated hydrocarbons, these are quite
different from those of SN2 or Sy1. Apparently there was practically no product formed
by the radical attack of iodine on the other aliphatic moiety.

Thus, when the central atom is beyond the second row in the Periodic fable, thisis a
quite common phenomenon.

Although the exact attacking site of nucleophiles or free radicals, whether the ipso
carbon or the central atom and subsequent ligand coupling, is not clear, the central atom
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beyond the second row elements in Periodic Table can spread the net work pretty widely
using its empty d orbitals and would catch any electron-rich nucleophile or free radical,
eventually allowing the reaction to proceed.

C. ARE THE SIZE OF COVALENT BOND RADII ADEQUATE? DOSE THE
SIZE OF ORBITAL CHANGE BY CHARGE?

Although the covalent bond radii, which Pauling assumed,3! may be quite adequate
for all first row elements, they would be somewhat inadequate for atoms of second and
third row elements in Periodic Table. It has been so long in my mind since I was writing
Sulfur Bonding32 and hence asked W. C. Hamilton to analyze S-O bond length of o-
nitrophenylsulfenyl methyl ether. However, the observed value was only slightly shorter
than that of the calculated one, as shown below.33 But, in most cases, the calculated sum

o/Me
|=----1.65A
s sum of covalent bond radii = 1.70 A
'<----.244A  O-S-Oangle=177°
//N—O
o}

from covalent bond radii of any particular bond is usually much longer than the observed
value.

In the solvolytic reactions of B-heteroatom-substituted alkyl halides or related
compounds, the neutral B-alkoxy group, e.g., EtO-, exerts no neighboring group effect,
instead reduces somewhat the rate of solvolysis due to the inductive effect of B-oxygen.

R—O:

R—0O: \
CH2-CI)H2 CHa—flle
X X

CH2—0H2 CH2_0H2
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Whereas, the negatively charged B-oxy function, -O-, is highly rate-enhancing and shows a
large neighboring group effect. This would mean that by putting a negative charge on
oxygen, p orbitals might diffuse enough to overlap with the vacating p orbital or the anti-
bonding orbitals on a-carbon.34 Similarly, by putting a negative charge on a-carbon atom
of a-sulfenylcarbanion, the p orbital of a-carbon might spread enough to be able to overlap
with even the highly diffused 3d orbitals of adjacent sulfur atom, as shown below.

Q0. QD
oY T

This unsophisticated concept have led us to uncover the acid-enhancing effect of divalent

sulfur groups.35

D. WHAT IS THE SPECIAL FUNCTION OF CLUSTER MOLECULAR
COMPLEXES LIKE FERREDOXIN ?
Many cluster molecules or complexes are known,36 but not much works have been
carried out why such a molecule, as shown below, is a good redox.

~l%‘Fe/ \
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