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:Sulfur is not just a fat oxygen...
Electronic config.: [Ne] 3s23p* : J ye

Atomic number: 16

Divalent Sulfur Compounds Oxygen analogs Tricoordinate organosulfur

R 9 Electrons per shell: 2,8,6 RSH ROH 9 e.
B = Melting point: 239.4°F (115.2°C) (Thiol) (Alcohol) 3
o s i P

Discovered: 2000 BC s RO R R"@R
s u I.F u R Atomic mass: 32.065 RR (Sulfoxide)
Natural form: Sg (Sulfide) (ether)
ATOMIC NUMBER 16, A YELLOW COMBUSTIBLE NONMETAL. SYMBOL S. Over 400 allotropes m
1=, ¥ 3 ,S\ ,Rl /s\
R S R™ "OH
(Disulfide) (Sulfinic acid)
/s\ rd ~N
R”> OH rR-2~0H a N
(Sulfenic acid) (hydroperoxide) R’S\o'

PhCHO O 0
+4 RO.SO.OR 0 H* /“s”\(o"' ;{‘ﬁs
+ . . S, Ph (o)
5 RS.SO20R || _ S .~ o \

+6 RO.SO2.0R Redox neutral! H H

N

/o\

(Sulfinate ester)

R™ "OR' R” "OR' e)
(sulfenate ester) (sulfenate ester) HN, :~o
Ss
RSYSR RO\rOR R"®@R
R R (Sulfilimine)
(dithiane) (acetal)
Tetracoordinate organosulfur (Not
JSL j’\ discussed)
R™ R R™ R O\\S S
(thioketone) (ketone) R" " OH
s o o (Sulfonic acid)
o.,0
RJ\OR' RJ\SR' RJ\OR' :‘ 4
(thione ester) (thiol ester) (ester) R™ R
(Sulfone)

in a restaurant and suffered the humiliation of having a
waitress spray the area around them with a deodorant. The
odours defied the expected effects of dilution since workers

in the laboratory did not find the odours intolerable” 7<

"Recently we found ourselves with an odour problem i
L 0 Hyn beyond our worst expectations. During early experiments, a ° ”‘%'

Oxidation Stat s = o ¥ %

Xidation State Ph/\n/N =S Me n stopper jumped from a bottle of residues, and, although ; LE ACH
2 RSR HS OH N /\/S\S/\ replaced at once, resulted in an immediate complaint of iB T B
1RSSR NH, 0 OJ N, Me nausea and sickness from colleagues working in a building ', A\NAY )
0 Sg; RSOH H CO.H two hundred yards away. Two of our chemists who had done . "@
*1 RS.SOR ANNCOLH no more than investigate the cracking of minute amounts of SR
:g :'Ssg(')OZRR H = 2 trithioacetone found themselves the object of hostile stares
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Thiyl Radicals:

Thiyl radicals readily add to olefins: the Thiol-ene Coupling Reaction

N

1Zeq)

L

AcO
AcO
(0)

O
ACOMe hv (xmax=365nm) AcO
DPAP (110%) OA
CHzo 2, rt (bMe
Dondoni, J. Org. Chem. 2009, 74, 4422
Thiyl radicals can be initiated from thiol with AIBN, peroxides, Mn(lll), Fe(lll), etc
Stable radical and reversible additions:
CbzHN SH CszN
Fe(NO3); 9H,0 CbZHN
[———
N ~
O 3 R=CH,CCl3
RO,C co2 COzR
(58%)

Cabri, Tetrahedron, 1993, 49, 6837; Tet. Lett. 1976, 17, 4291.

Reversibility allows olefin isomerization

PhSSPh

—

hv

(95%)

Corey, J. Am. Chem. Soc. 1967, 89, 2758; Maki, Helv. Chim. Acta 1968, 57, 548.

Reversibility makes allyl sulfides good radical acceptors:

OTBDPS _
Melt
‘\ tamyl/ ~0 h
'\:] T BuPh B
OMe

OTBDPS
OTBDPS H

Me'*'

\
N Yo
H ™ 62%)

Myers, J. Am. Chem. Soc. 2005, 127, 5342

Enantioselective radical cyclization via thiyl/sulfanyl radicals

A 0By cat. (3 mol%)
BPO (6 mol®), /\05028”
oluene.
A COZBn OOC, 2h _ tBuo\\\ COan
CO2Bn  hv (100W Hg lamp/sunlight)  (95%, 19:1 dr, 86% ee)
viam RS CO,Bn
COan
BuO | CF3
[ )
RS CO,Bn
COan
‘BuO
CF3
Maruoka, Nat. Chem. 2014, 6, 702
Reversibility pertains to interactions with triplet oxygen:
.JRI R
— ' RS,
] 0, . _ R 0, \,<
0O == RS® << —_— 0-0
RS-0 °
1)PhSH (1-3 eq)
e o] SI%#SPgﬁ(m ) O™\ OH Me
, cat.
2 2) PPhs o SPh Meﬁ\/\ \ O\O
: —»  Me R
(20-30%) Me — Y Me
Me OH yingzhaosu A

Bachi, J. Org. Chem. 2005, 70, 3618

Peroxide radical intermediate can be rearranged:
PhSH 02 . OH
: OH SiMe; °
OH JMes  acoH, ﬁzt4N0Ts R sPh R sPh
r _—
oo° TMSO”
OH O
R SPh -

Yoshida, J. Org. Chem. 1989, 54, 5655
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Thiyl radicals react readily with isonitriles

N—R2
AOR3 S—(¢ RR3
——— R
R2NC , ® .
Rise — > RyZA\g-R > RNCS R'e
—>X—> RI'SCN RZ%
Harnessing the imodyl radical:
J/ OTBS
= . IS~ (80%)
AIBN > X,/ CO,Et o
| tolugne EtS N
otes —80°C |
OTBS
CN™ "CO,Et

HO/\/SH ',,
<’ CO,Et

Generation of alkyl radicals

.\\O
HS wO, tBuNC
< BEts, rt j;) <
o "o Q d (>95%)
%’O
AIBN
NC toluene
HS reflux
Ph (80%)
Ph / L
Ph Cl
i
———  NC7siOMe);  (81%)
/\Si(OMe) HSVCN ( )3 °

Minozzi, Angew. Chem. Int. Ed. 2004, 43, 3598. |

Thiyl radical in hydrogen atom abstraction: a brief survey:

For a more detailed account on polarity reverse catalysis (PRC),
see Julian Lo GM " Hydrogen Atom Transfer", 2014

Acyl radicals via thiyl mediated hydrogen abstraction:

5 0

! CHO o0

' Me
: (82%)

: o]
: HO L~ 0 0O l
: o)

: Me N ‘ Me
5 CAN, Cu(OAc),

' [bmln;BF4

‘t NHBoc

: PhS\\ 7] ,SPh
' Y

o> e | Se = ;

! d NB = T NBoc Me

: | 0C ——07 NBoc > N _— NN
m/};:Me NG~ Me o Me Boc

5 0 i on o ] 0

; Simpkins, Org. Lett. 2011, 13, 6472. (98%)
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Thiocarbonyls
Not discussed: Corey-Winter Olefination; Barton ester radical chemistry; Eschenmosr sulfide

contraction; Fukuyama indole synthesis; thiourea; sulfines
1. Thioaldehydes are unstable and are usually in situ generated

3. Photochemistry of thiocarbonyls

TMS .
OTBS . H O H O
Meun, Mo %\H/OTBS E S ‘
Ph "o o — —» Ph i HO O H hv
[Norrish] Ph gj s/ ; ., S PhMe, rt —
g z : (65%)
z § oTBS ! O H Y
Ph\{ Vedejs, J. Am. Chem. Soc. 1990, 112, 4351. Dithiatopazine CFI)-lpr(IJSI
0 2Ll
Thioaldehydes/ketones using Bunte Salts - Nicolaou, J. Am. Chem. Soc. 1990, 112, 3029.
1. LDA e LR EEEER
CO,Et CcO Et I . .
\( 25" NagS:0q \n/ 2 2.Mel :Q/CO Et Dithianes and disulfides
Br NEt S Generation of thionium
Cacl, coM
CO,Et (87% CO,Me 2Vie O R

MeOzC

MeS _» / :‘l Y
O MeS
MeS

Larsen, J. Am. Chem. Soc. 1988, 10, 5932.
Also See Jacob Edwards, "Boehringer Ingelheim" GM 2015"

ae

Oda, JCS Chem. Comm. 1993, 437 Baldwin, Tetrahedron 2000, 56, 6053.

(o) .
s o2 s/\ CI)W EtOH :
R S | reflux MeS s
SMe 2. HN ZocN® w :
o) SMe o 3 (67%)EtO,CHN H
-90°C to -60°C to rt : Padwa, Org. Lett. 2002, 4, 1515.
OCN EtO,CHN ' wa, &g b
Moran, Tetrahedron 1990, 46, 1057. i Not covered: Carbonyl Umpolung through dithiane
Photochemistry of thiocarbonyls ' Sulfenic acids and esters
Paterno-Buchi overrides Norrish reactions in case of thioamides : Sulfenic acids are highly unstableftransient intermediates:
'+ Morin Rearrangement: Penicillin to Cephalosporin
' ®
o benzene (S © |/ : ~~ B /THS
— —» Ph h o HO
NHz PR ) (72%) i phth PH  TsOH (cat) |phin, & Phth s
o hv NH, : 7S |/ DMF ‘. ﬁ\ R
| Y B - [ Iy T S I
E/) MeOH : o (50%) o o] Me
—> E COBn Bro,c e CO2Bn
[Mechanism] .
(82%) - =
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O\ _-CHoO PMP
AT T L
pheS~-Ph >_/
ArCHO

Ar SO,Ph

v b
R~N~/s0,pn

reduce

(10 mol%) MeO (78%)
Walsh, J. Am. Chem. Soc. 2015, 137, 10346

Su/fenic esters as radical precursors

.Me
N N,Me

Me O N’Me
PhSCI hv
NEt (Bu3Sn)2 P4
97% —_— — >0
H 0,
o) (31%) OH

PhsS”

Saicic, Helv. Chim. Act. 2003, 86, 3179.
N-centered radical generated in a similar fashion: Newcomb, Tetrahedron Lett. 1993, 34, 6877.
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Generation via retro-Michael reaction | | eo - Sulfenic esters: vinyl sulfoxide precursors 0SPh o
S ' N
. S
R,S _ ‘ PhSCI —
— ® R=menthol ' _—=—CH,0H NEt — [2,3]
Iy ... EWG=CN 'HOH,C—=— — -
o Me (75%) ‘ PhSO o
@ '
1 —_— — '
S R.__O Arl ' HO
R™INEWG S szdba3 R=p-Tol : 9 N
Ar=thiophenyl SO,Ph I, sUso,Ph
KOH - t ' = R'" "R CPBA “Ph [2,3]
EWG COQ Bu ' 1 m
, PhMe/H,0 1 R=N~/5q -~
Poli, Org. Lett. 2006, 8, 5951 100°G 82%) ‘ R ) ,Ph S0.Ph
Menichetti, Tetrahedron 2005, 61, 11902 (82%) : R? 2
Sulfenate catalysis in alkyne synthesis = ;
g yne sy o _J| PwmBgI ;
cl KO'Bu hS Q\ '
THF .
80°C, 1h / / P Jo : [3+2]
[ '

Padwa, PAC 2013, 85, 701

More on Sulfenate-Sulfoxide Rearrangements

OH ) LINEt,/PhSSPh
nBuLi 2
N —oE— /é:\/\ 2) HgCl,/H,0 NG
Trn o

(25% overall)

demcmceeaaaa

Mukaiyama's reagent from sulfenamide:
Also see Ishihara, "Teruaki Mukaiyama" GM 2008 H NCS
Review: J. Synth. Org. Chem. Jpn. 2004, 62, 574 N

Trost, J. Am. Chem. Soc. 1975, 97, 4018

Vitamin A to B-carotene

S
/Nl \/k/\
Oxidative Mannich Reaction N \//’,\‘ N\\/N Réamkt:ergé-
t /N\ t ®1Ph Et02C COzEt NHCbz R/w/\/OH O ackliun B—carotene
Bu \?Ph BU([)\I S\NCb NCbz p C02Et
NHCbz & > Me r CO,Et
M
. Pr e
n Pr” H =
Pr BuLi (81%) R=

w
(<]
\
/
(9]
U
>

Ishibashi, Org. Lett. 2006, 8, 4371 Buchi, J. Am. Chem. Soc. 1974, 96, 3332
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Mariano's annulation strategy

Chemistry of Sulfoxides

: o
Sulfoxide as strong directing group/ Sulfoxide "metalation” CozEt: |/\O eO\S“\\.' o Q 0
[ ] I ; A Tol - CREOC o’ N "STol  Zn/AcOH / "STol
(0] : [Mechanism] - o =
.. MgCI Lo I iPrgel Lict " 5 MeO 1‘/ MeO _>=o
PM PMP —— > ' 0 Me
2) I2 COzEt . MeO OMe MeO OMe  MeO
F 3) Pd(PPh3),s F ; MeO
TMS—=——2ZnCI.LiCI 2) 6% ' OMe 1)K>CO3
| : OMs 2)CH N,
, - Pd(PPh;), : -
The peculiar case of pyridine ' O
' <
Ar iPrMgClI LiCl ’ OMgCI : o o M O/LO
N iPrMg i '/:, . €
(I pyp G, Smins ﬁ/ D e @Ar : Aoy
—_ T '
N S” P . (+)-mesembrine Kosugi, Tet. Asym. 1993, 4, 1409

il (83%) N~ “PMP

O

Oxidative Initiation: Feldman synthesis of diboromophakellstatin

PhI(CN)OTf NH - I(CN
Vr[»_ iPrNEt | \>~sph

Knochel, Chem. Eur. J. 2011, 17, 5362

N TMS “ ~TMS
X Qe ©
“ + P AN
N" 9 N7 “MgBr NT
Me N =

Furukawa, Tet. Lett. 1989, 30, 7091

Pummer Reactions:
Pummerer cascade: Padwa synthesis of jamtine

©
CSA 0 @ o
Toluene SEt o SEt
D\/\ Jl\/s Reﬂux S;\NJl\é &N’)\\/

- |
N COzMe s COQMG
X COzMe

C)

MeO,C % SEt

Br | i I In situ Lewis Acid Activation: Sulfoxide as a "chiral" aldehyde
L[4n, con] . _ _
E Ti(O'Pr),
' o ° 'PngC ,TOI: ~ @ Tol @ CHO
MeO ' = \ToI 02u e «™S-0 / O o
H ® : = 0 Ti(O'Pr),—= Ti(OPr), —
N © 2 M
H MeO qo : = = e
\\\‘ : i Me Me (40%, 90% ee)
Padwa, J. Org. Chem. 2002, 67, 5928 Br :

Sato, Angew. Chem. Int. Ed. 2002, 41, 3671
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Interrupted Pummerer Reactions A serendipitous indole C4 functionalization

CF3

Pummerer| OX Nucleophile  Nu Nu H, CO2Me
B — —>» ;

S_R i

O , , | .
R'® SR S _R R NHAc DMSO/TFAA COzMe §-Me

<% i " | ousom;
Interception by heteronucleophiles: : N -78°C N\ -NAc
Ph : N N
s H I

CO,Me

Kawasaki, Org. Lett. 2014, 16, 3613. Li, Org. Lett. 2014, 16, 6036

™ Ph,SO |
QTMS 55,0 Y
Me  Phile @ e Raney Ni
Me  ——>™ ¢ Y Y ----- Bailey, Tet. Lett. 1999, 40, 4593 0°C
SPh
MeS
. 2013 CRY
S P Maiide, J Am: Chem. Soc. 2013, 135, 1312 coMe 4 05 _co,Me
Interception by carbon nucleophiles: N\ -NAc - NA
Ortho-allylation/cross coupling : / ¢
Me . N N
eo\ R \/\RF E ''''''''''''''''''''''''' |'-| ''''''''''''''''''''''''''''''''''''
S\/\ THO S 1 Interception of Swern Intermediate by olefins
M ® allylTMS e Ni(PPh3),Cl, S , e)
€ rt to 60° = » Me \ / ! 0
MW, 65% S o é@ 0 O _SPh
Me Me E/)—MgBr | : “Phy, TFAACHC, CHO 1o Me
' e —m—> 7
(70%) ! basic work-up \ O
....................................... Procter, Org. Lett. 2011, 13,5882 __ .. .. : Me g Me i Me  709%)
Interception by indole nucleophiles ‘ expected observed
A\ : Danishefsky, J. Am. Chem. Soc. 2011, 133, .7.5.2. ..........................................
MeMgBr. N Me ' Allylic amination/transposition @ .
8/ / PMB (99%) ; SPh, ph2 BnHN 5 ph SO
N DMSO/TFAA ; Ph SO : BnﬁH2 NBn
—_— TMSN; ! — . \>
N CH,Cl, N \ 5 “BoNH, PP Ph
PMB PMB N : (79%) :
N N3 : '
. PMB : Mukaiyama, Chem. Lett. 2003, 32, 626 ! Chem. Lett. 2003, 32, 492
Kawasaki, Chem Comm. 2011, 47, 6728. 3ttt ettt ettt ettt
1 Allylic alkylation via interrupted Pummerer
MeO,CN ! 9 110 /Ph
DMSO- Tf o} . —?—> —_—
NHCO,Me DT 2 : / S then KO'Bu S @
N\ NHCO,Me DC ! SPh
y __78°Cto0°c to 0°C :
! DMSO
Me (63% NCO;Me
E then KO Bu (76%) No net transposition
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) o ) :Sulfur dioxides and sulfinic acid derivatives
Chiral sulfoxides in total synthesis ' Pericyclic react/ons of 802 the ene reaction
Me :
. BCI NaOH, BnBr
r...al\ ' -780 Me S,OH BCl3 Bu,NCl Me
i ] oMe : \HA,, \“/\SOZBn
) ‘\_6 1 HO ' <\ (91% (0] (85%)
/ﬂ' T = | — 0 ' reaction endogonlc at above -100°C; trapping by BCl; necessary
A L —_—> : Vogel, Chem. -Eur. J. 2010, 16, 5969
T HO . . Corey's olefin isomerization via retro-ene Corey, Tet. Lett. 1984, 25, 149
e / O. : Me Me Me
- : mCPBA
el ReolE="RecY=so
N 7/, ‘, o =)
Cavicularin v g SH 3 ’S, S h
Suzuki, Angew. Chem. Int. Ed. 2013, 52, 10472 ¢ \ ’\( H=0"% T\ (80%)
Nitrogen sulfoxide analogs : ....................................................................................
The aza-Mislow-Evans Reaction Me .
M i : S ~ HO PH] i
e - ' )
SMe Q e I i g0 @ ECHO ~ ®S-N ‘s’%N,K HN«
J AN 0o s* ) 0 : Toluene =
Me Me Me > X LN ; Ph_soc  ( 0 1 RS
P(OEt), Me Me| ! —Q NNBn;—> Wnenl [l 2
NaBH;CN : (62%) $ 3 2 //‘\
0 C/30m|ns ' N 3
' OH
l[2,3] : NBn2 //\OH //\OH

Me” N7 N Me” SN7 NP
H

(+)-Pinidine Dolle, Tet. Lett. 1991, 38, 5029

Free sulfilimines: aziridinate very electron-deficient olefins: Oae, Tetrahedron 1980, 36, 73.
dienone amination: Magnus, J. Am. Chem. Soc. 1997, 119, 6739.
Aldehydes to nitriles: Oae, Tet. Lett. 1980, 21, 761.

Protected sulfilimines:

TsN3
cat. (2%) TsHN N
then KOH
PhS\/\/Me —0> Me
15°C
(81:19 E/Z) (84% ee)

Katsuki, Tet. Lett. 2001, 42, 7071.
Racemic reaction: BocN3/FeCl, (cat) (Bach procedure)
Bach, J. Org. Chem. 2000, 65, 2358,

Gates, J. Am. Chem. Soc. 2003, 125, 4996.
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Ve ll_ IC,)
TBSO S=0 TBSO/\S=O AcOH/H,O/THF OtBu
OBy OtBu (75%) o @'
| PRV
..... e PN Y Sorensen, J. Am. Chem. Soc. 2014, 136, 9918
OH
9 { 9 2
Bro, HO_S. Z S< S,
r 7" 0ONa o Og o}
Rongalite B
TBAB Br ——
Br DMF
Br Br Br
Br See Ryan Gianatassio, Br Br

SO Diels Alder 0, Vogel, Tet. Lett. 1997, 38, 6201

TBSOﬁ)’ Also see Ruben Martinez "Cheleotropic Reactions" GM 2013

“Fluorinated Synthon” 2013 Kaninath, Tetrahedron 2002, 58, 9633__sultine :

Z f\JSEs H
o} SESHNS

Weinreb, J. Am. Chem. Soc. 1999, 521, 9574

~ SO, !
-78°C o TBSOTf | (70%)
™ —_— | |\ —_—
(6] OH//,,I SOzMe
T4
Me (83%)
Weinreb synthesis of agelastatin o :
@ ]
OZ.Ph :
®.2  PhH o ® PhMgBr T g @ :
- 0°C THF A —_— .
O e A O o
N‘COQMe L2 \ MeO,HCN OSPh
MeO,HCN' 1HMPT
" EtOH
e 2) Boc,O
\ O  NSES 2
HO, N o H 00 SES\ SESN\ '
2 i O '
5 H NH e @, 0 :
r g - _—NBoc SESN’S" \( NBoc .
74 N NH H - ) Q/NBOC<— :
7, '




