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highly reactive alkenes in excess and slow addition of Sn-H (Giese reaction)
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Prof. Zard began his independent career on the trail of Xanthates

The degenerative radical system of Xanthates

peroxide R2
(initiation)
R'SC(=S)OEt+ A R2 R1\)\
Z "R reflux SC(=S)OEt
very radicophilic
S/
initiation R!
R1\ )I\ R 3 \/\ 1 j\ 1
s OEt active species RS * R
/ low conc.
sR /
e h a .
S OEt s OEt

. Wake me up in Spring.
dormant species

radical reservoir
1. Active radical gets captured by xanthate precursor very rapidly and reversibly,
the dormant radical is very stable;

J. Chem. Soc., Chem. Commun. 1988, 4. 308

2. Self-regulation: the equilibrium between active and dormant radicals favors the
later, thus the conc. of active radical is very low in the system (prevents radical-

radical coupling);
3. Extened lifetime of active radical enables inter-/ intra-molecular addition to
unactivated alkenes;
4. Initiator: mainly peroxide, such as lauroyl peroxide (DLP)
5. R on O of xanthates (mainly Et) should be less or similar stable than R1 on S;
6. Solvents: EA, DCE, PhClI, etc.

CH;(CH,)sCHC(0)OOC(O)CH(CH,)CHs

Other advantages:

e reagents are available, cheap, stable but smelly ¢ no heavy metals

e under high conc. (typically 1-2 M, even neat) e safe and easily scalable

e mild and neutral conditions e broad tolerance for polar FGs and protection free
o radical-polar crossover reactions

lauroyl peroxide (DLP)

For reviews, see:

ACIE, 1997, 36, 672; Chem. Eur. J. 2006, 12, 6002; Pure. Appl. Chem. 2010, 83, 519;
CHIMIA, 2012, 66, 404.

For book chapters, see:

Top. Curr. Chem. 2006, 264, 201; Handbook of RAFT Polymerization, 2008, 151

Selectivity issue:

1. Reactant radical should be more stable than product radical to prevent
oligmerization (2 kcal/mol differance in energy results in 100-fold difference

in their relative concentration).

2. Terminal alkenes are normally required for regio-selectivity and high reaction rate

Selected array of xanthates
e Stabilized by phthalimide:

> 100 xanthates > 2000 additions

)M\e NPhth NPhth NPhth
Me

PhthN” “Xa  PhthN Xa ~ MeOC Xa Y “Xa

NPhth OAc

NPhth NPhth
EtO X
a
OFt NC Xa (EtO),0P Xa
o
e Stabilized by ketone, amide, ester, nitrile, etc.:
o o Xa 0
\)k/ 3C\)I\/Xa t( Xa\Hl\/xa
o lo) R Me
M JI\/X OMe
Xa e\N a MeO,C Xa Xa
R | MeO
OMe NHBoc
CN
e Organofluorine compounds:
Cli F

F,C—X'a

X'a
F

o Stabilized by heterocyles:

N Xa D
©: \: /(j\/xa
S Cl N

)\/Xa
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Introduction of xanthate alkene formation
e ionic methods cheap, commercially NHBoc

available (3 $/kg)

most important route
for electrophiles: S

EtO(=S)SK )l\

R—-X —— > Rs
OH PCls cl EtO(=S)SK
P
Fi€7 “NHAc  59% o Snpac  100%

for nucleophiles
1. NaH, THF,

-78°C rt.
©/\0025t >
2. [EtOC(=S)S],, 0 °C

bis-xanthate 58%

e radical methods
for -COOH

X=O0OH

(o)
PhthN
PhthN,, X X=cClI EtO(=S)SK \C\
_
0,
NPhth 50%

for -OoH fromLysine

R—OH Me
hv
EtO(=S)SK O s (visible)
R-O(CO)CI —> —
OJI\SJI\OEt
Me
Me
Transformations of xanthate
removal
RZ S R2

conditions
R1\)\ )]\ - R1\)\
S OEt H

OEt

OL 2003, 5, 2655

CO,Et capricious nature
ill-defined scope

Synlett 1998, 1435

OL 2009, 11, 3554

JACS 1990, 112, 2034

1. peroxide (stoichiometric),

2. Bu;SnH (AIBN)
3. H,PO;, Et;N (AIBN)

Xa NHBoc

PhthN DBU, 0 ,c PhthN
co,Me  86% CO,Me

DBU rt. PhthN
2°/ CO,Me

iteration
NPhth

S
NC” “Xa “prp(nt), >
EA, reflux

NPhth H
OMe
NC

OMe

radical addition-elimination

NHBoc

OL 2004, 6, 4969

Me

\J\ . .
OMe  TMS,SiH, AIBN(int.)

/\)\NPhth DLP (int.),

73% EA, reflux

84%

Tetrahedron 2010, 66, 6656

o /=<
EtO,S Cli
Me TMS o R _.Cl ~°°-°-
Xa Di-t-butyl peroxnde 70% Corey Fuchs
(int. )B PhCI, reflux + SO,
r

s

OL 2009, 11, 2868

\/\( Di-t-butyl peroxnde

Xa (int.), PhCI, reflux

rich ionic chemistry of Sulfur

MeO \ﬂ/

\/\(\"/ + SO,
CgFy7 !l 69%

ACIE 1998, 37, 2864
1. NH,(CH,),NH,

MeOH, rt. o= f,) R
(release thiol) =S
> N
2. TfOH, DCM, rt. MeO very difficult
(dihydrothiophene) e 77% to prepare
3. mCPBA (sulfone) ®  andless

exploited
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DBU R i 2. trifluoroketone (self- 3. chloroacetone (base sensitive)
CyH, reflux \ 789, i condensation)
-S0, > N\ ¢ V- . SC(=S)OPiv Bn N
MeO CC2002,1532 |  F,C o HN %2_0 Cl_ X=Xa65% >
------------------------------------------------------------------------- H X=H 92%
. . . . : o]
The application on organic synthesis . O / /\Tme o} NH y
. . MeO “
e Alternative to alkylation of enolate For review, see: ACR, 2018, 51, 1722 ¢ mMe” ! H from apicidin
e Rt
Enolate chemistry is key to organic synthesis but can be difficult to control CC 1996, 2511 o HDAC inhibitor

X JOC, 2013, 78, 3655
4. 1,1-dichloroacetone (more
base sensitive)

]
(Z) CO,H
olefm Et;N —
Cl —_—
EDII-\-P ('f'l“ ) H,O/THF
reflux t.
(+)-[3-p|nene Xa

o
Me Me
Me Me

OoM
)J\l g easier than M 3
. X tetrahedron sp
flat sp?
OL, 2015, 17, 5320
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i electrocyclization H,0 2
Eto(=S)SK o R3 R3 X ! - R COZH
a | Cl R —
(X = Cl, Br) Xa / o | SN dirotation Cl R — Hel \—/
- ! —
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(o] base R2
RK)J\ R2-X R1 \)\

regloselectlwty O-alkylation polyalkylatlon
also: self-aldol, base sensitivity, etc.

Favorskii rearr.

T e
more stabilized
favored 3-4 kcal/mol 200-fold in relative conc.

PivO O/ﬁ/
HWE reaction TL, 2003, 44, 7703

Me/\\_o

Me

from Pleuromutilin ¢ 2002, 2312
natural antibacterial

lack of generally applicable methods for a-ketonyl radical generation © fo)
\ X \ 2@
R LDA, ~ R eroxide 1 i i
R2 then [EtOC(=S)S], R2 p R unsymmetric ketone synthesis
(X =H) R?
i troublesome ketones:
]
o OH ! 1. cyclobutanon(_e (F)rone to self condense, W)J\/ —(rm—)—> NW X= Xa reductive
X Me E hydrazone or imine used) X=H dexanthylatlon
(o] 1 DLP
s : MeO,C p— (int)
Me Me . o
]
H (EtO),0P s
o M : s | —_—
X =Xa 60 % o i - o
X=H 60 % ) ' 69%
:
]
]
]
]
]
]
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il o
[EtO,C on
ArC02

71% (1st addition)
81% (2nd addition)
67% (dexanthylation)

NaNOZ, FeSO4

NH,OH

Ph
——————> ArCO; NH
/
5% g o

Arcoz/\/\\/\/\Ph 60%

AcOH, H20
o
Xa Xa
CO,Et

JACS, 2016, 138, 8404

Radical allylation using allylic alcohols

o
LG int.
R-X + B —_—
R

2

y ) LG = -SnBu; or SO,R
R R

complications associated with a-substituted precursors

R1 BU3sn *

R1 R1

_)—LG —_— Bugsn\_)—LG ———> Bu,;Sn >more stable

less reactive

—" ]
N\
® R3 0" N">F R'Xa R R
S~ R
RVOR? A R3 R2 DLP, reflux _):(
aH, | _ R1 R4 RZ
F N E as major isomer
cl
(o) Me
o o
X ) 76%
(]
0 1%, E/Z=95:5 Me acs, 2008, 130, 8898

OMe

to better control Z/E

fj\

|

N
RS

\
I":_NPhth 91%

0
)‘J_)\\ﬂ 63%
/,

_—
DLP, EA ’e _ ;é O wOAc
reflux - EJ\
OMe OAc
LG OAc 5%
Me Me, R
N\
1. RXa
DLP, EA
reflux
—_—
2. DLP, PhCI
|jeflux Aco™ 47-64%
stepwise Xa transfer E/Z = 80:20-95:5
and elim. OMe

s
o FRxa  PhO:S.  R® Nays,0, NaHCO, H R
PhO,S — _ - _)=<
RL DLP, reflux R4 E RL EtOH/H,0, reflux R4 Z R
JACS, 2011, 133, 15954
z
| o EtO RS o RS
(o) N F R\)J\/Xa —
EtO RS - E Rt hydrolysis oL
Rt DLP,reflux O > 5
R 1,4-diketone
o R
OH Me *
3 (0] o
R2 Me R\)I\/Xa
1 - 3 1 very useful
R' Ph DLP, reflux R . synthons for
’ R2 1,5-diketone heteroaromatic
cumyl group as LG stnthesis

JACS, 2013, 135, 3808
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Me
Me \)WJW
—_—
DLP, EA, reflux

TL, 2010, 51, 6000

Paar-Knorr pyrrole synthesis
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Modular Construction of Complex Ketones by Sequential Radical Reactions i
R3 3
1. o i I R R3Xa @ DLP (st0|ch|) @W e R R
CI\)]\/Xa ! —
HO Q o N Dipgnt) N N
DLP, EA, reflux PivOC(=S)S H 2 2 2
Me Ph IvOC(=S) p R R R
]
Me 2. PivOC(=S)SK 56% over 2 steps e | o Ph
Me i W 65% \I\> 62%

i N oMe 2-5-substituted  EtO,C N 23-substituted
! Me H H 0BC, 2009, 7, 1388
!
]
]
]
]
]
]
]

e Construction and modification of (hetero)cycles
intramolecular addition to alkenes

Me
Me Xa
o ; DLP (int.)
(o) 60%
DCE,reflux e ° .
8-endo-trig [0} Pleurom.ut!hn sl_(eleton
antimicrobial
Xa
o o

OL, 2003, 5, 325
radical-polar crossover

e0 o \/\ 0
ji)\ﬂ J\/ DLP (stoichi. ) N
O N Xa DCE reflux

—>
then p-TSA

p-TSA 82%

e
J/‘ —> MeO‘d Erythrina skeleton
_7 F-C alkylation Med 01_ 2002, 4, 1135

3
R? OPiv R? Xa R
1
R! = R! R3NH, N._R
- iv — =
Xa " eroxide OPiv p-TSA \ |
(o] (int.) (o] dioxane, reflux R2

Ph OEt
R.
L
s” “Ph (vis)
o 0
R Et
Ph) ’
s

RS OEt

E:EN —Bn pPhCOSCSOEt (cat.)
E b (vi
\ 59% v (vis)
F

0, o,
90%, 98% Xr:it 74%, 93% 62%, 71%
Synlett, 2003, 75

Xa

v
L

_/—OAc PhCOSCSOEt (cat.)
hv (vis)

70%
OAc
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Betaines from S-propargyl xanthates: ionic chemistry ' Nu= o % o
H 8-
For review, see: Synthesis, 2019, 51, 1006 E fo) o) F  60%
| ! me. O o 7 o+ cl 59%
A SR S R Ny RNu | 0 Me I 47%
]/\LI/ - - =0 —» _s ' me” O 07 07 1%
o33 I ~ * ; >= ' Me
or ol | S )z S o 97% JACS, 1994, 116, 9739
= ' o TL, 1998, 39, 7301
good LG E other Nu but not used in this case Synthesis, 2016, 48, 3393
a general method for esterification and other substitution E O N,
H s R2CO,H o s i N—OH —O—OH Nl, N
2 - // / etc.
0 J]\ R! + i >=0 E \ H
S or! t° t;lene RZ 0~ /S volatile, evaporated | o)
retiux with solvent 1 o
| elimination Me
]
]
S e A
]
o ' +
HO Me>’\ o o " ! OTf Me collidine
Me CO,R' Me” O e
O R'=Me78% 93% Me ! CgHy7
]
1=
R'=Bn 74% CO,Et i
~aMe H collidinium triflate
(o) O—r 1
32 H inversion E (10 mol%) _
\'CFs i toluene o
9 |
OMe 80% : reflux
i
]
]
]

Natural product synthesis
NuH

Y

toluene For review, see: /srael Journal of Chemistry, 2017, 57, 202

reflux
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RAFT/MADIX process for block polymer manufacture

Block copolymers: two or more homopolymer subunits linked by covalent bonds

—A-A-A-A-B=-B—B—B—B—-A-A-A—-A—
R Ph
1 Xa 1
Ph m+
) _/ n Ph Ph pPh . CO2Me
)J\ lR Ph =/ =/
- N\ / —> R E——
RS OEt int. d int. - Xa int.
living/controlled
polymerization
Ph  Ph CO,Me co,Me
R sequential addition
Xa of monomers —A-A-A—B=B—-A-A—
n m E—

block polymer

RAFT (reversible-addition-fragmentation chain-transfer )

named by CSIRO (Australia)

IUPAC defination: Degenerate-transfer radical polymerization in which chain
activation and chain deactivation involve a degenerative chain-transfer process which
occurs by a two-step addition-fragmentation mechanism.

MADIX (macromolecular design by interchange of xanthate)
coined by Rhodia (France, now owned by Solvay)

Original patents on RAFT/MADIX:
Rhodia and CNRS: WO 9858974 (1998)
CSIRO: Int. Pat. 9801478 (1998)

MW. distribution of RAFT/MADIX is excellent
S S. S s /S S
Pn * Y Pm‘—_ P Y \Pm=P" Y + Pp
z faster than V4 z

chain propagation adjust addition and
fragmentaion rate

For book chapter, see: Handbook of RAFT Polymerization, 2008, 373

commercial block polymers:
Rhodibloc® (Rhodia-Solvay) and Asteric® (Lubrizol)

e Rhodibloc® FL: cementing additives for the oilfield

¢ Rhodibloc® FL-A/D/X: fluid loss block polymer additives ( retaining water within
slurries over a wide range of temperatures)

¢ Rhodibloc® GC: gas migration control agent

>100 other companies: DuPont, Arkema, Henkel, 3 M, etc.

By the end of 2018, all the RAFT foundation patents have expired and
RAFT will be free to use by anyone on a commercial basis!

For review, see: Poly.Chem. 2018, 9, 4947

Lubrizol
ST et

i =
S)O 72,’\,
)j\ o/ 9 \v‘

"It is an amusing twist of fate that potassium ethyl xanthate was one of the first organic
compounds | prepared as a teenager in a small room next to the kitchen, to my
mother's utter disgust. It is perhaps only fair that | should also thank her and the rest of
my family for putting up with such smelly activity for a good many years."

ACIE, 1997, 36, 672




