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LIGAND COUPLING THROUGH
HYPERVALENT INTERMEDIATES. REACTION
OF HETEROARYL SULFOXIDES WITH
ORGANOMETALLICS REAGENTS AND THEIR
IMPLICATIONS

S. OAE
Okayama University of Science, Ridai-cho 1-1, Okayama 700, Japan

INTRODUCTION

Earlier, pentacoordinate phosphorus and sulfur compounds were presumed to be of
3sp’d hybridization.! However, a three-centered-four-electron bond, called a hyper-
valent bond by Musher,?> was suggested by Rundle and others? to be consistent with
p-orbitals in the early 1950s. The structure of one such compound, SF;, is shown
below. Although the original theoretical treatment of hypervalent structure using
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three sp> and a p-orbital was modified slightly by introduction of 3d orbitals into
the calculation,*> the structural feature of such hypervalent compounds has re-
mained the same. Following two stable sulfuranes, one by Kapovits er al.® and
another by Martin and his coworkers’, are the first organic o-sulfuranes which have

(I)I
CF3
Kapovits's Martin's

both two polar and longer S—O bonds nearly at 180°. Hypervalent interaction was
noticed in the extremely short distance between the neutral divalent sulfenyl sulfur

13
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atom and the weakly nucleophilic oxygen atom of nitro group of the following
compounds, we prepared for X-ray crystallographic analyses. Thus the hypervalent

9 . 9 . 9

250A  Ph_ N, 2514
Qols w119
fonditieon

bonding is considered to be quite common and readily formed.

Another important concept in the chemistry of hypervalent compounds is pseudo-
and /or turnstile rotation which controls the steric course of the reaction.

The most essential feature of the hypervalent compounds or intermediates is that
the central atom is valence-shell expanded; e.g., the sulfur atom in the o-sulfurane
assumes decet. Therefore, the hypervalent species are relatively unstable and the
central atom tends to resume the normal valency by extruding a ligand bearing a
pair of electrons or a pair of ligands which couple with a pair of electrons, eventually
affording stable compounds.

There are three conceivable ways for hypervalent species to undergo transforma-
tion to stable compounds, namely, self-decomposition, ligand exchange and ligand
coupling.

One example of self-decomposition may be the following reaction.'’

Qe 2 OB~ e O]

Another is the Wittig reaction,!! in which the high energy gained by formation of
P=0 bond, ca. 536-578 KJ, would outweigh other possible reactions. A similar
reaction does not proceed with an analogous sulfurane in the same manner, but

r~ Ph -
Ph

‘.

/TCRZ — PhyPe0 * RC=CT
A3

N
L 0:-C< g

ligand coupling takes place, as shown below,'? due mainly to the weak S—O bond,
ca. 377 KJ,'? affording an epoxide.'*

"/SFTZ ——— R-S-R' ch\o7c<

O—C< ] (fj— denotes coupling of ligands on S atom.)
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Ligand exchange is the most common reaction for hypervalent compounds or
intermediates and proceeds through a typical Sy2 type stereochemical path with
inversion of configuration in most cases as illustrated by the following oxygen
exchange reaction of sulfoxides.'> However, if there is any cohesive interaction

Ar-*S-Ar' + AC.0 = [Ar-*s*-Ar'] “0AC

I 2 i
18} 180,

=0 Ar-*g—Ar' + AC180AC

krac. = 2kex.

between an axial and an equatorial ligand, such as a dipole interaction, oxygen
exchange reaction does proceed with retention of configuration through a hyperva-
lent intermediate which undergoes pseudorotation prior to elimination of a leaving
group, as shown by the following reaction.'®

Tol-p
Tol-p = "/'3*?,}’ , f;?r'-!
4=SSCHy 4 (CHY)S~0 — / 5 {'3=2 p-Tolt-g—ti"
< [ o)™
(¥1149 ——1— S
0\ CH,
cit, cH,
Tol-p
= +sZCHh
0
(+1439

Ligand coupling reaction is the last and the least known reaction of hypervalent
species and hence will be dealt with at this time.

LIGAND COUPLING REACTION

Hypervalent species are rather unstable and hence tend to transform, by extruding a
ligand or two with a pair of electrons, to stable compounds in which the central
atom resumes a normal valency. If there is any cohesive interaction between an axial
and an equatorial ligand, the two ligands would be eliminated from the central
valence-shell expanded atom concertedly to afford a ligand coupling product. The
main cohesive interaction would result by the overlapping of orbitals of both axial
and equatorial ligands. If the coupling reaction proceeds concertedly between an
axial and an equatorial ligand, holding an angle of nearly 90°, the configuration of
both ligands in the resulting coupling product should be retained completely. This
has been shown by us in the reaction of optically active 1-phenylethyl 2-pyridyl
sulfoxide with methyl Grignard reagent to form 2-(1-phenylethyl)-pyridine.!’
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Similar ligand coupling reactions are numerous in the reactions of tricoordinate
sulfur compounds and tetracoordinate phosphorus compounds with nucleophiles,
while hypervalent selenium and iodine compounds also seem to undergo similar
coupling reactions. This concept of ligand coupling appears to be applied also to
many reactions of organometallic compounds with nucleophiles and some oxidation
reactions with metal oxides.

This lecture will deal first with our experimental work which has led to the
concept of ligand coupling reaction in the hypervalent species and then some
selected examples among many plausible ligand coupling reactions found in the
literature.

A. On Sulfur Atom

One of the earliest examples is the following reaction.!®1°
[ CHl]
<D0 O
. :)%-O—cn.nxu “‘" rT
e [ rTol Tol-p

— O—O—C“n + p=Tol=8=Tsl=p + ¢le.

Although a part of the reaction proceeds through the formation of an aryne
intermediate, ligand coupling products were obtained in a small yield, while the
yields of the coupling products increased substantially under milder conditions.?%?
Meanwhile, Sheppard observed the n.m.r. spectrum of what seems to be the
intermediary sulfurane, which upon warming, gave a coupling product, as shown
below.?

ICFLILCFSR~—~___ | §F
Y J,f‘é::' 25, (CoFu + (CIFS
(ICPU+SF,  — a. 1%

The following reaction is another example, in which the coupling product,
biphenyl and diphenyl sulfide were found to have 1,/3 and 2/3 of the original **C of
the starting sulfilimine at their ipso positions.?® In this reaction, the ligand coupling

O"N?;O + Ormane I \O—@ — TiMex

Mg’ir
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~0 OO0

3%

k (e¥C, 82/3"C, 01/3%C)

took place faster than the pseudorotation within ¢-sulfurane. If the pseudorotation
would be faster than the coupling, the resulting products should both contain 1,2 of
14C at their ipso positions.

Ligand coupling reaction seems to be more pronounced when the central atoms of
two coupling hgands are heteroatoms of high polarizabilities. The following is one
such example.”® The rate-determining step of this reaction is obviously the
nucleophilic attack of the phosphine on the central sulfur atom, while the sulfurane
formed can be trapped by protic solvents.?

— x—o—s—m + vOso,N-p(Qz)’

x=+3.7, py=+0.6, pz=-—1.3

Recently we have found many interesting ligand coupling reactions.?6-2® Espe-
cially mterestmg are the f1rst two reactions, since in both reactions the coupling
product is 2-benzylpyridine.? Not only benzyl, but also allylic groups can couple

0
PiM¢Br b
S—cnpy = @—cu Ph +PhSSPh+PhSSPh+ PhSSO,Ph
O- T THRL % 60%  16% 3%

@ ? _PACHMGCL O_ N
—S—Ph T, 0 CH,Py T elc.

n%
(]
*S—CH;Ph CH,Ph
PhMgBr
QO BEQ +w

60%

PﬁMlnr
Q-gcu,-cu—cn. THF, r.t. @—CH:—CH-CH: +ete.

61%
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0
N ¢ PACHMCl guz‘j,c (‘
C,}- S—CHs —mrom J-CH,Ph picrate * !¢
39%

CH,
O—so,-o-s-cu—m- . O—so.—O—cun + ete.

85%

with pyridyl group, while an aromatic ligand bearing an electron-withdrawing group
can also replace an heteroaromatic group to achieve a smooth coupling as shown
above.

The following cross-over experiments revealed the intramolecular nature of the
coupling reaction. Thus, the ligand coupling reaction to form 2-benzylpyridine may

@? g
S-CHz Ph - HZ Ph
Qz + PhMgBY —u ] ¢+ no other
D" SN 5-CD, Ph SN~cD, Ph product.
Gl
-CH Tol- N CHzTol-p
Qs }0 PhMgBy — /@ e no other
-CM2 Ph CHS CH, Ph produce,
be as shown below.?® The remaining organic sulfur species is PhSOMgX, which can

Ol QL

PRCH,MgC1

OMgX

o /LH "

0

CL !
CH,Ph  + PhSOMgX ——— PhSSPh
ICHSI \

R = CHy, Ph PhSDCHS PASSPh + PhSO,SPh

be converted by treating with methyl iodide to phenyl methyl sulfoxide or is
quenched with water to give diphenyl thiosulfinate and its disproportionation
products, as shown above.
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B. Stereochemistry of Ligand Coupling on Sulfur Atom

Since the coupling was found to proceed nearly quantitatively, we have carried out a
stereochemical study of the coupling reaction using optically active 1-phenylethyl
2-pyridyl sulfoxide as shown in the following equation.

af= L Py *
@ cn, (8)-( )[a]r,. 375. 1,04/ AcOH O\? CHy  SiCs
N ~sotupy (R =(+) (a]b=+375 N“>S—CHPh S,Cs

0-MgX ., OMgBr
. [ 4 “,

MeMgBr .\é—éi _L .S‘—CH:
- CHy — .
@ CH, }[ () /C\""""Ph
H

_.Q\ (S)~(+) [a)B= +63° 1 Mel CH,
CHP). (R) (=) [o)t=—g5 2 ASCIO. Ny CHPR
ee=100%  CHy
(R]-(=) [e]t*= ~55"

When the (S) isomer was converted to crystalline N-methyl perchlorate for X-ray
crystallographic analysis, the compound was found to have retained the configura-
tion completely.?’ This stereochemical study together with other accumulated ob-
servations clearly indicate that the ligand coupling within the o-sulfurane is a
concerted process.

C. Ligand Coupling and Ligand Exchange on Sulfur Atom

In the following reactions, the initial step is ligand exchange and the subsequent step
involves ligand coupling of two identical heteroaromatic groups.*® This was verified
by trapping of 2-pyridylmagnesium bromide in the former reaction. Namely, in the
presence of benzaldehyde, 2-pyridyl phenyl carbinol was obtained in 15% yield,

{Q\g-cn ::Ms '. x@—@x + Ph-g-c{3

80%
0
1 MeMgBr
—- —_— + H
QU )-E-cnm e (O + O
46% 46%

along with 2,2’-bipyridine, the coupling product. Similar reactions, summarized in
the following equations, are also found to proceed smoothly.
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?
S—CHs + RMgX —

AN

@-&@ +CiHMgBr __ Mi”'x

re

@—g—cnﬁ- @-Li — ’ 0

PhMgB:
INene + [CH,SOMgX] ——— PhSCH,

N:
=)

H
(E—Ph
OH

[@—M.x] + n—g—cu.
@-g—cn.+[©mx]-"ﬂ9. @-

This is a very convenient method for preparing various 6.6’-substituted 2,2’

dipyridyls, as shown in Table 1.%°

It is interesting to see the change of yield of 2,2’-dipyridyl when R group changes
from methyl to r-butyl in Table I1.>! As the bulkiness of R group increases, direct
coupling between 2-pyridyl and phenyl group starts to compete with the consecutive
reaction of ligand exchange and coupling. When R is t-butyl, the only reaction
occurring was the direct coupling between 2-pyridyl and phenyl group. This would
be expected due mainly to the bulky ¢-butyl group which would be placed at an axial
position rather than at an equatorial position where the readily exchangeable
2-pyridyl group would be placed for facile ligand coupling.

TABLEI
o]
HLOlI: . miy  _L5min, r.t. WOLO],
N N ) N N
2
Time Yield Time Yield
X R R'M Solvent (min) (%) X R R'M Solvent (min) (%)
H CH,; CH;MgBr THF 15 73 (H @ C,H;MgBr THF 15 63
N
H CH; C,HMgBr THF 15 57 | CH, CH,Mgl Et,0 12h 24
H CH, C,H;MgBr Et,0 15 30 | C CH,; C,H;MgBr THF 12h 33
H CH; PhMgBr THF 15 79 | Cl CH; C,H;MgBr Et,0 1h 55
H CH, @ Li THF 15 59 | Br CH, C,H4MgBr Et,0 1h 50
H C,H; C,H;MgBr THF 15 55 |SCH, CH,; C,HsMgBr Et,0 1h 61
H Ph C,H,MgBr THF 15 42
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TABLE I1

[?512 r.t., 15ain
X S-R + PhMgBr -'IT—GF—_-.

R PhMgBr  Products (%)

Me 05 @@ 799

Me 1 QIO 78

Me 1 Q) 68

Et 0.5 Q)] 56

Et 1 QO 56

i-Pr 1 QA 59
PR

@L
E§1.Ph
Gil.Ph
@p.Ph

PhS(=0)Me 36"
PhS(=0)Me 39¥
9 PhS(=0)Me 30 PhSMe 23
4 PhS(=0)Et 30 EtSS(=0)Et &
6 PhS(=0)Et 52 PhSE1 20
17 PhS(==0)i-Pr 42

i-PrS$(==0)-Pr 23
85 r-BuSS$(=0)r-Bu 63

4) by g.l.c. analysis. In all reactions, 2-alkyl pyridine was not obtained.

D. Ligand Coupling and Pseudorotation

In the reaction of 2-pyridyl benzyl sulfoxide with either alkyl or aryl Grignard
reagent or in that of 2-pyridyl alkyl or aryl sulfoxide with benzylmagnesium halide,
the ligand coupling takes place always between 2-pyridyl and benzyl groups. This
means that regardless of the incoming nucleophile which approaches the sulfur atom
from an axial direction, pseudorotation always puts a 2-pyridyl group at an
equatorial position and benzyl group at an axial coordinate for facile ligand
coupling. However, there are cases in which ligand coupling proceeds faster than
pseudorotation, as shown previously in the reaction of N-p-tosyldiphenylsulfilimine
with phenylmagnesium bromide by our *C experiment.?® Another example may be
our recent finding, shown below.’! In the former reaction, the incoming benzyl

0
1)1 C
ENj‘S-CD Ph + 0.7 PhCH aMgCl— CHzPh N CD,Ph

2

r.t.

-68°¢C

12%
954 St

! Qe .CL
E;;LS-CHZPh + 0.7 p-TolCH,MgCl— ™ H,Ph + “N““CH,Tol-p.

50°C

r.t.

604 404
224 78%

group couples preferentially with 2-pyridyl group, whereas in order for 2-pyridyl and
benzyl-D, groups to couple, the original sulfoxide has to undergo pseudorotation
from (A) to (B). However, in the latter reaction especially at a higher temperature,
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ng ?Mx
,..MCD Ph A%
CH'z Ph CDzPh
(A) (8)

ca. 50°C, pseudorotation seems to become relatively faster than ligand coupling. In
view of the small values of free energies of activation for pseudorotation of
sulfuranes, i.e., 7.4 Kcal (31.4 KJ)/mole to 13.5 Kcal (56.6 KJ)/mole for Martin’s
sulfuranes,’ and 10.3 Kcal/mole for SF,.*® Ligand coupling would proceed much
more readily than ligand exchange in most cases. The acid-catalyzed oxygen ex-
change, a typical ligand exchange reaction of sulfoxides, requires about 20 Kcal /mole
of free energy of activation.’* Thus, the ligand coupling is considered to be quite a
common reaction for most hypervalent species.

The scope and limitations of this coupling reaction of hypervalent species have
not been well studied yet. However, in the reaction of sulfoxides with Grignard
reagents, not only pyridyl group but also other heteroaryl groups, such as 2-thienyl
and 2-furyl groups would undergo ligand coupling, based on our crude diagnosis of
possible reactions on the basis of 1*C n.m.r. spectroscopic data. This crude diagnosis
reveals that not only benzylic or allylic groups but also vinylic and electron-releasing
alkyl groups such as ethyl, #-butyl groups can couple within the incipient o-sulfurane
formed in the reaction of sulfoxides with Grignard reagents.

E. Extension of Concept of .Ligand Coupling on Various Reactions Involving
Nucleophilic Attack on Tricoordinate Sulfur Atom

Since the concept of ligand coupling within the o-sulfurane has now been fairly well
substantiated, it is interesting to see how we can extend this concept to interpret
mechanisms of hitherto known reactions and also to apply this concept for discover-
ing many new reactions, useful for organic syntheses. Among so many examples,
only a few reactions will be cited at this time. Hori et al. carried out many interesting
reactions, which are typical ligand couplings,>> among which only one example is

shown below.
PASNy gy ‘__L_ s |
Ph
SPEN~"ocH,

OCH,
OCH,
SPh
OCH,

Another example is the following reaction.’® Among numerous examples of
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Hs CH,
s=Bull .-g,-\. — CH’ + n-Bu—S—CH:
CHy—1—S CH e Acu,
]

CH, Ch cujB CH,

nucleophilic additions of sulfonium ylides to electrophilic conjugate olefins, only two
works are chosen3"3#

0 0
1. |
Ph-S -CH L1 + PR P Ph-S/WPh
| VANV !
NMe 0 NMe Ph O
1) separation of diastereomers tI'IJ (l?
2) Meso’ BF,, 3) t-BuoK PhCx __ _Ph PhC,,
b1 |
7
0 lllMez Ph
So —MaS
MesSCHy + A\ — —
CHi~S3-CH,

/]
CH,

The following reductions of sulfoxides with either triphenyl phosphite®® or thiols
in the presence of amines®® may be good examples of ligand coupling reactions.

Ph mf’c, Ph

, Slow
S —0 + P(OPh)g —-oln;';'.s 0" |*Ph-S-Me « (PhO); P<0
Me * P(OPh),
Reactivities : MeC6 H‘S(O)Me> PhS(0)Me?> c1c6 Has(O)Me

(C1C6 H, )SP ? Ph:P

t
S

NE |, R "SH
\/s-'O +R'SH —:l.—"°[ 0'} —_— >S +{R'S—0"] R—' R*'SSR" +H,0
R’ R™ sgp* R’

The following two reactions of sulfilimines would also proceed through ligand
coupling. 442

Ph . fh S
N 0, /
S-NH + CS.,-»| S—S —s Ph.,S + HN—C=S| —™ §
/7 2 pR! | 2 8
Ph C
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Ph, SeNT PhSSPh — *.NTs * —_—
N s o [ths NTs SPh]

Th ?ph SPh
{,:‘;iy-n-h]-—. PhyS o PhS-N-SPh

| o .
SPh s 160°C _ppS—iTs + PhSe —v e

The following is another interesting example.*® Pyrolysis of triphenylsulfonium

Ph-C=2C-SO,Ph + n-Buli =78°C, THE
oLi
[Ph—s'*° ‘ — —  .PNC=CBu-n » PhSO,Li
n-Bu C=CPh

chloride may also be another example.
Ph, Ph
PhyS*Cl ~—| i=54Ph{ —= PhCl + Ph-S-Ph
c1

Among many analogous reactions carried out, the following two reactions of
selenium and tellurium compounds are cited as examples.*>

Phsse’C).' + PhLi——Ph-Ph + Ph,Se

a4
Ph“rg ~—=—ms Ph=-Ph 89% . thTQ 921

F. Ligand Coupling on Phosphorus Atom

Pentacoordinate phosphoranes seem to be more stable than corresponding
o-sulfuranes, due probably to the neutral nature of the central P atom and hence
have been often isolated; however, upon heating at a high temperature, they seem to
undergo ligand coupling, as shown below.4” Facile ligand couplings, found in the

literature are the following two reactions.*s4°

Ph Ph

- {
Ph,P*Br” o CH,=CH-Li-— "”‘“-L- Ph :""}:}cu-cuz —— PhCH=CH,
Ph éu-cuz Ph by
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_ = X
QL0 . Lo <
X SRNTX e ROT—x JLr—o A |
|
Ph Ph or

50,51

Two more examples are shown below.

o -
75°C ggp
P-'"R -  — — —

INg
R R = Ph

§——S

s
5/;..-9)1 25°c, CHCly = 2 r& + ~P~pPh
1™ @\) E:/

ot

Wittig er al. carried out the following reactions of hypervalent arsenic and
antimony compounds.>

Ph‘As’Br' + PhLi — Ph.As ——a Ph-Ph o  PhyAs

+ -
Ph,Sb7Br" + PhLi ﬁPhsSb —_— Ph-Phgs.s‘ . Ph35b96\

Unfortunately, no stereochemical study has been conducted to verify the coupling
of axial and equatorial ligands.

G. Ligand Coupling on Iodine Atom

Iodine-centered hypervalent compounds are also well known.>® Interesting and quite
useful reactions are the three following>*>* perfluorinations which are considered to
be ligand couplings.

RE=1-Cl ArSNa in DMF l}f Rf

Me SAT -P (] P
——————n Rf-S-Ar Rf : Perfluoroalkyl group.

RE—[—0SOH o  PRCHMgX ——sRE-CH,Ph
Ph

RE— I—OTs +  PhOH ———s Rf-Q—OH
Ph

PS. B



08: 09 30 January 2011

Downl oaded At:

26 S. OAE

While many examples of pyrolyses of diaryl or diheteroaryl iodonium compounds
would be ligand couplings,>® oxidation of sulfides to sulfoxides by phenyliodoso
diacetate is considered to be a ligand coupling reaction, as shown below, since the
rates are nicely correlated by the Hammett o-values, giving p-value of —0.8.%

Ar-S-Me + PhI(OAc), OAc
!_}..-dph AC
—_
1’ OAC|  pr.S-Me + PhIOAc
/ \M
Ar ® ArS(0)Me + PhI  Ac,0

Similarly oxidation of sulfides by alkali metal periodates,*®>® would also be ligand

coupling reactions in view of the steric requirement of the reaction.

H. Ligand Coupling on Transition Metal Atoms

Among numerous investigations on the reactions of organometallic compounds, one
finds many reactions in which retention of configuration of the coupling ligand is
observed, similar to the ligand coupling in the hypervalent species. Indeed, in most
these reactions, the intermediates are hypervalent species. Coupling with cuprates,
R,CuLi,®*-62 is most interesting, since coupling of two ligands on Cu is known to
proceed with retention of configuration, after the initial S)2 type reaction.®

R R
R—éu(l)' e Sc-x 10¥e pocu(rrpNCz-LeEL R-CZ+ RCu(I)

Even the Ullmann type reaction was shown to be stereoselective as shown below.**

Y H
~c = c=f,

(]
~1 _cu,10
i=c - ol S100 | Y=o . el 96%  YsCO,Et.

Johnson et al. found two stereospecific reactions.®*-%

(=) (R)=2-C Hg-Br —EMCULL (1) (5)-2-CHy-Ph  (87V)

ll’h ,I“ Ph lllc !lde
Ph-Cu-Li + '(l:H-O‘l's —.{Ph-Cu (I::n] ._.ph-tlzln + PhCu.
Bt Et Et

It is interesting to note that nucleophilic solvents such as ethers, amines and
sometimes phosphines are used in these ligand coupling reactions on Cu atom.
Perhaps by coordinating to the central Cu atom, which in turn becomes so rich with
excess electrons, two ligands on Cu atom are readily extruded concertedly to afford
the ligand coupling product. Many similar coupling reactions are found among Pd,
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Fe, Co and Ni catalyzed condensation reactions which are used for many industrial
processes. However, these will be dealt with elsewhere.’

1. Oxidation of Heteroatoms with Metal Oxides

Certain metal oxides, such as MnO,; and acid chromate, HCrO, , are strong oxygen
transfer reagents to heteroatoms and the reactions are usually acid-catalyzed. One
interesting example was selected to illustrate the oxygen transfer to be another
ligand coupling reaction, as shown below.®

Ar Q OH . \l
\S . \}F r Ar-L-Me . "LC
r—o

yd -h-hl Op
Me Onll:r |HO
(o]

Ar~ S Me

Although the oxidation was suggested to involve the initial rate-determining one
electron transfer (SET) from sulfur atom to chromate, the large p-value, —1.66 at
40°C, obtained by a nice correlation with the Hammett o-values, seems to suggest
that the rate-determining step to involve the nucleophilic attack of the divalent
sulfur atom on the chromium atom, followed by fast ligand coupling, as shown
above. The slow rate of oxidation of phenyl r-butyl sulfide, i.e., 1/10 of that of
thioanisole, is in keeping with the mechanism. Oxidation of sulfides and olefins with
other metal oxides, such as permanganate and osmium tetroxide are also considered
to proceed through the same mechanistic path.

J. Conclusion

A new concept of ligand coupling within hypervalent intermediates has been
presented with numerous experimental data, especially reactions involving the
nucleophilic attack on the tricoordinate sulfur atom. Although this new concept has
to be tested with numerous critical experiments, it would be quite interesting to see
how this concept will be used for discovering many new reactions in the future.
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