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Introduction

The Activation or
Functionalization of the C-S Bond

C-X Bond Dissociation Enthalpies (kcal/mol)

H3C'H H3C'F H3C'C| H3C'Br H3C-Csp3 H3C'N H3C'O H3C'S

438.6 459.7 350.7 291.8 307.8 356.0 385.7 307.8
Me NH,
C1oH21 R )I\ _ | N
R s N Me~g N\
Ph

I:E Widely found in natural products, pharmaceuticals and materials

{_i} Commercially available i:} Good substrates in synthesis

Pan, F.; Shi, Z.-J. ACS Catal. 2014, 4, 280
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Introduction

Transformations of Thioethers

via C-S Bond Cleavage
A) The Cleavage of Activated C-S Bonds B) The Cleavage of Unreactive C-S Bond of Thioethers
.S S [Ni] [Pd] [Rh]
OLH\I:] ‘O/I+ OTf| - (0 027 > (O—CBN
reactive sulfoniums as substrates direct transformation of thioethers
................................................................ C) Only Selective Cleavage of the C(aryl)-S Bonds
.S transformation of C-S bonds
\\// S
2 O% ﬁ ]—» 00 @™ g
reactive sulfones as substrates disadvantage: alkyl moiety cannot be utilized




Introduction

The Cleavage of Activated C-S Bonds (Sulfonium Salts)

dimethylglyoxime (10 mol %) |/\/S\|/\
Ir[dF(CF dtbpy)PFg (1 mol % TT:
O\©\ . [9F(CF2)pPy1z(d1opY)PF (1 mol %) O\©\ ey
Cu,0, MeCN/H,0
TT/TFT 2% 2 OH F S F
blue LED, 30 °C NN
© 25 examples TFT. | |
BF, .
up to 84% yield F/\/\S/\/\F
/_\ [Cu'+ H0]
i ésésés ﬂ
ir] hv e [CU'OH] Ar-OH
reductive
Ar® i elimination T
[Ar-Cu''OH]
oxidative
@ o} ligation
Ar-TT TT
[Cu"OH] Ar®

[ir']

Sang, R.; Ritter, T. Angew. Chem. Int. Ed. 2019, 58, 16161
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Introduction

The Cleavage of Activated C-S Bonds (Sulfones)

Ni(COD), (10 mol %)

B(OH
(O SOzPh N (OH)2 CysPeHBF, (20 mol %) °
o | + O >
= KOH, THF, 60 °C

46 examples
up to 92% yield

O_ _SO,Ph N
O/ O _SO,Ph
k\gg
0
O _Ar NI O NI
oy Sk
A ArB(OH),
+
KOH

(J/ \Ar
C PhSO,K

Gong, L.; Niu, D. J. Am. Chem. Soc. 2019, 141, 7680
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Introduction

Rh-Catalyzed Cleavage of Unreactive C-S bond

PCy; (12 mol %)

p SMe [Rh(OH)(cod)], (2 mol %) O_@/Bpln
O +  (Bpin), >
N | n-hexane, 80 °C

30 examples
up to 99% yield

1/2 [Rh(OH)(cod)]»

(Bpin),, 2PCy
n-hexane, 80 °C 2_ °
HO-Bpin, COD

(Cy3P)2Rh-Bpin SMe
A
pinB-SMe ©/
Bpin
(Bpin), ©/
(Cy3P)2Rh-SMe

B

Uetake, Y.; Hosoya, T. Org. Lett. 2016, 18, 2758
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Introduction

Pd-Catalyzed Cleavage of Unreactive C-S bond

KHMDS/Toluene

H
SR Hy,N N
= N 2 X SingaCycle-A3 (2.5 mol %)
o | | SO >
X Y dioxane, 100 °C

25 examples
up to 99% vyield

Ni-Catalyzed Cleavage of Unreactive C-S bond
SM NG dcype (15 mol %) SMe NC
7 | © . | AN Ni(COD), (10 mol %) e+
A F o-xylene, 140 °C -

64 examples, up to 99% yield

Sugahara, T.; Osuka, A. Angew. Chem. Int. Ed. 2014, 53, 9329
Delcaillau, T.; Morandi, B. J. Am. Chem. Soc. 2021, 143, 3723

9



Introduction

Transformations of Thioethers

via C-S Bond Cleavage

D) Direct transformation of thioethers E) Using thioethers as dichotomous
for the C-Si formation electrophiles
seletive C-S
%S transition metal - ‘7-0.;3 bond cleavage Ar—()
> (Ar—Si ¢ -
@ \IZI unknown ! » @

T

@ lIron-catalyzed site-selective C-S bond cleavage of aryl alkyl sulfides

@ Extremely challenging: strong dissociation energy of the C-S bond
the uncontrollable reactivity of iron catalysis

@ lIron-catalyzed site-selective C-S bond cleavage of aryl alkyl sulfides




Introduction

Fe-Catalyed Cleavage of C-O bond
t-BuXPhos (10 mol %) Bpin

0
2 | X Fe(OAc), (5 mol %)
Q [ N +  (Bpin), >
= = £BuONa, toluene, 120 °C

35 examples, up to 95% yield

Fe(OAc),
(Bpin), ¢ t-BuONa

[Fe(Ot-Bu)s] t-BuONa
A

[BpinFe'-(Ot-Bu),] _
[OPy-Fe'-(Ot-Bu),]
B

0 Y _ A i
| N BpinFe'-(Ot-Bu), Bpin
N e Ph (o4

Zeng, X.; Feng, Z. Org. Lett. 2020, 22, 2950

11



Introduction

This Work: Controllable Site-selective

Silylation of Aryl Alkyl Thioethers

O I > & w ":"7\4n
asi G . s
e : . alky i
+BuONa
downstream aryl alkyl thioethers downstream
transformations transformations
ar—) O

high regioselectivity

advantages: y.o functional groups could be used




Optimization of Cyclopropanation Reaction

&,
‘?Efs\M Ligand (20 mol%) SiEt;
e Fe[CH3(CH CO5]3 (10 mol%
/@ + Et;Si-Bpin 3(CH2)16C0als | o) /O/
MeO t-BuONa, dioxane, 130 °C, 15 h MeO

1a 2a 3a

NH NI NH NI NH N|
Me)\/kMe Me)\/kMe Me)\/kMe

L1, 27% L2, 10% L3, 44%

@it-su t-Bu;© i-Pr i-Pr Et  Et

NH N ; :NH NI ; ; “NH N| ;
o I AL e e AL

Me)\/kMe M N Me Me” N Me

L4, 40% L5, trace L6, 23%

Et Et Me Me Me Me Me Me
; NH N| ; ; NH N| ; ; NH N| ;
Me )\/k Me Me )\/k Me Me )\/k Me
Me = Me Me X Me Me X Me

L7, 62% L8, 65% L9, 84%®

@Reaction conditions: 1a (0.2 mmol, 1.0 equiv), 2a (0.9 mmol, 4.5 equiv), Fe[CH3(CH5)15C0O,]3 (0.02 mmol, 0.1 equiv),
ligand (0.04 mmol, 0.2 equiv), --BuONa (0.5 mmol, 2.5 equiv), dioxane (1.0 mL), 130 °C, 15 h. ®Dioxane (2.0 mL).
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Optimization of Cyclopropanation Reaction

&
@Sf/\/% . Et;Si-Bpin “BuoNa o ~"Ns;i
DME, 25 °C, 16 h 'Ets
Me 4a 2a 5a
Entry2 [Fe]/ligand base Yield
1° Fe(OTf),/L9 t-BuONa 96%
2 without t-BuONa 99%
3 without t-BuOK 54%
4 without t-BuOLi nd
5 without MeOK 8%
6 without MeONa 38%
7 without MeOLi nd
8 without K,CO4 nd
9 without NaOH nd

aReaction conditions: 4a (0.2 mmol, 1.0 equiv), 2a (0.45 mmol, 2.25 equiv), base (0.8 mmol, 4.0 equiv), DME
(1.0 mL), 25 °C, 16 h. "4a (0.2 mmol, 1.0 equiv), 2a (0.5 mmol, 2.5 equiv), Fe(OTf), (0.02 mmol, 0.1 equiv), L9
(0.04 mmol, 0.2 equiv), base (0.8 mmol, 4.0 equiv), DME (1.0 mL), 130 °C, 16 h.
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Substrate Scope

AN e Fe[CH (CLI-? §2°c"5°}%()1o mol%) SIEts
(o)
O—(j +  Et,Si-Bpin A >
X t-BuONa, dioxane, 130 °C
1

2a 3
silylated products

Substrates Scope

MeO SiEt; MeO SiEt;
SiEt; O SiEt; SiEt;
/g MeO [ I ] /( ]
MeO (@) PhO
OMe OMe

3a, 75% 3b, 62% 3c, 93% 3d, 85% 3e,51%
SiEt;
o TMS TIPSO 0 Me,N
3f, 67% 39, 69% 3h, 75% 3i, 73% 3], 85%
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Substrate Scope

Substrates Scope

SiEt; SiEt; t-Bu SiEt i
N N g O
| t-Bu
O\) Boc

t-Bu
3k, 97% 31, 83% 3m, 92% 3n, 91% 30, 54%
SiEt; SiEt; SiEt;
‘ SiEt,
o C O
Me
3p, 68% 3q, 60% 3r, 58% 3s, 53% 3t, 58%
SiEt;,
SiEt,
/“/SiEt3 SiEt; O O <j[3iEt3
pes 'O ate (T "
3u, 53% 3v, 50% 3w, 70% 3x, 53% 3y, 44%

16




Substrate Scope

s\
@[ e .50 Bpin tBuONa Etsiae~g

DME, 25 °C
Me 4 2a 5

Substrates Scope

e) OMe OMe o)
Et3Si\ﬁ/© Et3Si\ﬂ/©:> Et3Si\H@[ )\(_)/Q/ ')\H/©:0>
3 5 5 OMe Et3Si 5 Et,Si 5

5a, 98% 5b, 64% 5c, 98% 5d, 53% 5e, 50%
O
)\H/Q/ \© N
Et;Si . Et,Si . Et,Si \O
5f, 64% 59, 56% 5h, 91% 5i, 93%

(\snst3

_ 0

Et3S|\H/OBn N /O Etﬁi’“zﬁ/ Et;;Si’Hﬁ/ OMe
3 Et;si” " 07 o 0 OMe

5j, 60% 5k, 40% 51, 98% 5m, 95% 5n, 98%
. Et,Si
Et;Si Et,Si
Et;Si .
3 \/\OTBS \O> \(jo E%SI\/\/\/
50, 88% 5p, 70% © 5q, 79% 5r, 54% 5s, 56%
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Applications in Biomolecules

Applications in Biomolecules

/@SiEh
5

Et;Si

gi : \\\O\Q
SIEt3

6,32% 7,69% 8, 53% SiEts 9, 53%
(from Diosgenin) (from Citronellol) (from (+)-Menthol) (from L-Borneol)
SiEt;
/©/ SiEt,
0o 0
- o ’p\f_?\ SiEt,
O~'\
10, 55% 1M, 47% 12, 67% 13, 92%
(from Diacetone-D-glucose) (from Diacetone-D-glucose) (from Oleyl alcohol) (from Oleyl alcohol)

SiEt .
rﬁ?smg OKH? 3 (H;s.Et3

0o O
iPr Me

Me 14, 84% 15, 87% 17, 76%
(from liquid crystal building block) (from Carvacrol) (from Dicumylphenol) (from Cumylphenol)

18




Scale-up Reactions

Scale-up Reactions

L9 (20 mol%)

e Fe[CH3(CH2)16COx]3 (10 mol% SiEts
e o
/©/ +  Et3Si-Bpin [CH3(CH2)16C00ls ( 0) /©/
i [0}
MeO t-BuONa, dioxane, 130 °C o

1a (8 mmol) 2a 3a, 72%

S.o~-Ph o t-BuONa .
+ Et;Si-Bpin - Et;Si
DME, 25 °C
Me

4a (6 mmol) 2a 5a, 96%

19



Experimental Mechanistic Studies

SMe
Q/ + Et;Si-Bpin
MeO

1a 2a
So~u-Ph
@ +  Et,Si-Bpin
Me 43 2a
Et;Si-Bpin
2a
Su,
@ (\/ +  Et3Si-Bpin

4f (ee = 62%) 2a

Radical Inhibition Experiments

Y

standard reaction conditions SiEt;
s 9
TEMPO (1.0 equiv) MeO

3a, 75%
standard reaction conditions . Et3Si\/\/Ph
TEMPO (2.0 equiv)
5a, 0%
TEMPO (2.0 equiv)
t-BuONa, DME, 25 °C N
HRMS(ESI): C45H340NSi (M+H), 272.2399 3y Oy
SiEt3
The Radical Pathway
Me
t-BuONa
> SiEt3
DME, 25 °C

5f, 72% (ee = 6%)

4a 18

s\/ﬁ Et;Si-Bpin SiEt;
©EM pn | Ph t-BuONa, DME, 25 °C Bpin
e

19, 89% 20, 0%
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Experimental Mechanistic Studies

Determination of Possible Intermediates

Me .
standard reaction conditions SiEt; CH,CHj
S = g /©/ ’ D/
2
Me Ph
Ph 21

Et;Si-Bpin
22, 51% 23, 41%
X S/Bpin standard reaction conditions CH,CH,
Fe >
Ph Et;Si-Bpin Ph
24 23, 55%
XPS Experiments
Fe(I1)2p3/2

3
Fe(I)2p112 Fe(Il1)2p3/2

Fe(I11)2p1/2

736.0 728.0 720.0 712.0 704.0
Binding Enerev (2V)
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Proposed Mechanism

Iron-catalyzed Silylation

\
I
ArS-alkyl ﬁN\Fe/
I
SiEt
|
W
N _N
Fe
75 &
EtsSi,  S.alkyl
I A“r/ I
f N
ArSiEt; " Salkyl

t-BuONa-promoted Silylation

Et;Si-Bpin 0 t-BuONa
t-BuONa - -

silyborane o==B—SiEt; silyl radical

activation generation

I Na-O—t-Bu

. OtBu
” TNa

t-BuOBpin

Et;Si-Bpin

/@/ id %\
Ot—Bu

alkyl-SBpin
¢ SET

P

Et;Si-Bpin

t-BuONa  alkyl-H (isolated)

ArS-alkyl
— > Et;Si-alkyl

Et,Sie
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Summary

Controllable Site-selective

Silylation of Aryl Alkyl Thioethers

“%, S< Fe[CH (CLI-?) CO,l SiE
Z N\ e[CH3(CH5)16CO2]3
QL | Me . Et,si-Bpin -

_ t-BuONa, dioxane, 130 °C

silylated products
I
S
~ t-BuONa .
Oi c‘{/\o +  Et3Si-Bpin - Et3S|\/\O
DME, 25 °C
Me silylated products

® 57 Examples, excellent chemoselectivity
® Complement noble metal-catalyzed silylation of C-S bonds
° Offer new insights into the unique reactivity of iron catalysis

° Providing good opportunities for applications in drug development




Writing Strategy

O The First Paragraph

Importance of
aryl alkyl sulfides

Limitations of
cleavage C-S bonds

Challenge

v' Aryl alkyl sulfides are widely found in natural

products, pharmaceutical molecules and mate-
rials. Many aryl alkyl sulfides are commercially
available, enabling them as good substrates in
synthesis.

However, the strong affinity of sulfur atoms with
metals significantly hinders the transformation
of sulfides under transition metal catalysis. To
address this issue, unreactive sulfides are
always converted to active sulfonium salts and
sulfoxides, which then perform downstream
transformations.

The C(aryl)-S bonds in aryl alkyl sulfides are
usually preferentially cleaved, while the cleav-
age of the C(alkyl)-S bonds has been scarcely
reported. Site-selective cleavage of the C-S
bonds in aryl alkyl sulfides remains a long-
standing challenge.
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Writing Strategy

O The Last Paragraph

Summary
of this work

Advantages of
the current method

Outlook
of this work

v In summary, we have developed iron-catalyzed

and transition-metal-free site-selective silylation
of aryl alkyl sulfides using the silylborane reag-
ent as the silicon source.

The silylation of C(aryl)-S and C(alkyl)-S bonds
shows good efficiency, affording the corres-
ponding silylated products with excellent che-
moselectivity. Moreover, this protocol exhibits
good functional group tolerance and enables the
late-stage silylation of bioactive compounds,
thus providing good opportunities for appli-
cations in drug discovery and development.

These transformations can complement noble
metal-catalyzed silylation of C-S bonds and also
offer new insights into the unique reactivity of
iron catalysis. Further studies are ongoing in
our laboratory to understand the mechanisms of
these reactions.
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Representative Examples

Radical clock experiments further demonstrated the radical nature of
the C(alkyl)-S bond silylation, yielding the ring-opening silylated
product instead of the alkylated product. (demonstrate: &7~, WERH;
AI &R X iA): prove, indicate, display, confirm, verify, illustrate)

To gain insight into the mechanism of the silylation of aryl alkyl
sulfides, the radical inhibition experiments were first investigated
using TEMPO as a radical scavenger. (3 T &N\ T %)

In the C(alkyl)-S bond silylation reaction silyloorane reagent was
activated by using t-BuONa to yield complex I', which was then
triggered by the additional t-BuONa to generate the silyl radical via a
single-electron transfer process. (trigger: ff%, 5|i2)

26



Thanks
for your attention
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