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Recent Advances in C—H Bond Functionalization under
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Abstract Mechanochemistry has received increasing attention in the past decade. Among which, the mechanochemical
C—H bond functionalization has emerged as a hot research topic. In comparison with the traditional solution-based organic
reactions, the mechanochemical transformation features solvent-less conditions and short reaction time, constituting a green
and efficient synthetic method in the modern chemical society. Notably, given the outstanding features, some long-standing
challenges in the previous solution-based reactions could be well-solved by mechanochemical methods. Therefore, a timely
comprehensive overview to recognize the present status of the mechanochemical C—H bond functionalization is of great im-
portance to stimulate the development of more efficient synthetic methods. In this review, the state of the art for mechano-
chemical C—H bond transformation is presented. The limitation in this research field is also analyzed and the outlook of this
area is prospected.
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Figure 1 Number of peer-reviewed papers on mechanochem-
ical C—H bond functionalization (2011~2020)
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Scheme 1 Mechanochemical solid-state C—H bond activation
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Scheme 3 Mechanochemical Rh catalyzed C—H bond olefina-
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Pd(OAc), (10 mol%)
MnO, (1.2 equiv.)
HOAc (0.17 mL/mg)
silica gel (600 mg)
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O —
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N DMF N\ ball milling N
\
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Eiﬁime 4 Mechanochemical selective synthesis of 3-vinyl-
indoles or f,f-diindolyl propionates
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MRt Iy PR 4735 34K S W (Scheme 6), 1% 2 LA PA(OAc),
NI, Cu(OAc) H.0 Jy4AALTH, HOAC Joyi AR
#(LAG, Liquid-Assisted-Grinding), Silica gel [l {4 Bl
BEFR), A RSN & BREENLAE 30 Hz 251 N [ B 45 min,
AT LA B 85 5 92% Y Z= AL 7= L.
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REALIX — SRS N B 259 7 5 I A B e, i e R T
PLK4 #1157 CFI-400945 1+ [ 4L 1F1 HIF-10 46041 771
YC-120H) & i, JEBL AU AL 27 7 259 & B AU 1Y
N 7 71(Scheme 8).
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Scheme 5 Proposed mechanism of mechanochemical selective
synthesis of 3-vinylindoles and f,f-diindolyl propionates

[F]4F, Banerjee S5ZUHRIE AT 7 i3E 50 £ 5] e
il C-2 MM L R B (Scheme 9). CRIET
FIFREAT IS C—H IS SOV — AR LA 57 BREE
4 )8 e A R e221 T LS Bt 1) il 46 B DA MR AR R 1)
AU BLAFAE BRI A S B R ] e i@, bt e 37 A 3
&4 FHHI(EDG, Electron Donating Group) ¥
JeJ& (Terminal Alkynes). F) FH HLI AL 22 1 B R (MM,
Mixer Milling), UL W& g 24 5 [7) % 4] (DG, Directing
Group), 1F 3 MU fif 1k 173X — Ji 4 PRl £ 1) 8L, 55 3
By U ISR R A DA K TR A L BT B SESS
T EE ) SRS T 45 B R AR ) SRR
222 AR IR 2 BAEA A B R

2018 4, Bolm ZF23HE [ AU (2 2E 5] W 1 16 4%
PRI R B (Scheme  10). I FHAURAL 22 BRBEHR, DA
EBX (Ethynyl Benziodoxolone) Ay 351241, {3 K LK
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Pd(OAc), (5 mol%)

]\/>_ Cu(OAc),*H,0 (1.0 equiv.)
H + H\/\
HOACc (0.16 mL/mg)

Silica gel (0.45 g)
ball milling, 30 Hz, 45 min

X=0,8
E/?:‘]\/\>_//7R
u\;” X

up to 92% yield

B 6 B Sy (L i i ME Ny PR B AL S 7
Scheme 6 Mechanochemical alkenylation of furans or thio-
phenes
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900 r/min
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H
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Scheme 7 Mechanochemical alkenylation and heteroarylation
of indazoles

=, AR 48 LA 70 AT DA 3 8 4 77) 1 A 10 9
W, A AR, R B> R AL
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2.2.3 MR AL ITIE A B AR 8 35 AL R

T VSV 1 5 17 B AR O 6 1) 2 S AR Bk 5
b S N7 S W B TS B AR I 9, BAEVAE I B A,
FAGF AR N5 AR A A TR BT B Gl 1 N
) AR S5 B BRI AT, BAFAE OB TR) Ky s B i
JE i SRR L, I BRI T 0T R R IE TS, RS
AT SRR, B i BRI R N T i —
W, VEPHEREALOT 2016 SEARIE T MU IR EAT (i
A EE RN BERZ AL A AR AL 75 FE A0 B, DABS R A AL
7, AXTEAEH 3~6 equiv. A LEURTT IR, 7EERES R
BE 1 h, it DAL S B USCRAS B 2K R 5 Tk 5l 75 S I
SR IT 28 AR T B ik =), HEA X8k
PR = 4R 5. (Scheme 11).

RNIRTCGHUAC S 7500 C—H SR HLEE, 1E#
it KIE S256, iR 7 3EL: M8 C—H #intb s —
A G [ I [ (R R SRR TS A 12 S S A R A5 R, T 3
0 IR R S BT A U2 PP BB (Scheme 12).
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S ° 0
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H Pd(OAc), (10 mol%)
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BNy H (2.0 equiv.)
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34% yield
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30Hz 1h HN~
72% yield
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HO
CHO NaBH, (1.1 equiv.)
= S
CeCl3+7H,0 (20 mol%) S
0 Silical gel (0.5 g) 0
ball milling N
N 20 Hz, 30 min N
! N
Bn Bn
85% yield
YC-1

B8 LI A K CFI-400945 hia A F1 YC-1
Scheme 8 Mechanosynthesis of an intermediate of CF1-400945 and YC-1

Reaction in solvent
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Mechanochemical synthesis
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. R r3 DIPEA (20 mol%) R! $ R3
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Rl ————— N HRY
N SiO,, mixer milling )\N
H(R*) 25Hz, 4~12h x”

L

X=CH,N[R", R?=H]
R'=OMe, CN, Br, [X = CH, R?=H]
R?=H, Me [X = CH,R" = H]

up to 97% vyield

R3 = aryl, heteroaryl, COOEt
R*= Me, Ph

B9 WU (e B fE A5 e C—H BEARFE AL SR
Scheme 9 Mechanochemical Mn catalyzed C—H bond alken-
ylation of indoles
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e SR C-2 £ 7 F AL [ B (Scheme 13). FIHIHL
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WAL 2 TR B B R, DL & B (PEG-400) 2y B B 7
(POLAG, Polymer-assisted Grinding), /75 244NN
A28 5 A [) B S 1) M| e 24 i ) < 3L 5 Ak e
W AT LAEIE 99%. (H13 —1RHRZ, ARORY 5] Mktm]
DU L, AEUS 2R AR BRAR. 1Ry SR iR B gt — 2P E B
1% R B B T AE R R A5

Rh'" catalyst

X
H ~ R2€E\>—EfTIPS
N ball milling Z N
S N—H AN R’
N A up to 97% vield
R’ Ri= N~
o
TIPS—— I—OO TIPS
\_ Au'catalyst /
(EBX) ball milling Rz:_\ \
TIPS = triisopropylsily 1 Z N
R'=H \
R1
up to 82% yield

B3 10 HUG ) (e ks ek £ C—H bR AL S B
Scheme 10 Mechanochemical selective C—H bond alkynyla-
tion of indoles
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Reaction in solvent

DG /O [Pd]
@ 70 ~ 100 °C
solvent 16 ~36 h

e

DG = CONHAr, CONR',, NHPiv

Mechanochemical synthesis

DG DG
H H R2  Pd(OAc),/Na,S,04 N
R, A DMF/TfOH
|

= Z ball milling, 600 r/min

6 x (10 min + 1 min break)  yp to 85% yield
(3 ~ 6 equiv.)
PR N
DG = (22& \N/OMe or ‘2%/ \n/
(e}

B 11 HUBR I P EEAR A 5 U S AR I TT 2 A s
Scheme 11 Mechanochemical Pd catalyzed cross dehydrogena-
tion coupling arylation

QMe
_N ?Me
\Ho" Pd(OAc),/Na,S,0g ZN
| . DMF/TfOH “
// ball milling, 600 r/min |
DaHq 3x (10 min + 1 min break) ~ ~/F
(6.0 equiv.) KIE=3 D4/Hy

_N =
N
“ 30equw) Pd(OAc),/Na;S;04 Q |
_ DMFTOH X
Ha/Ds
ball milling, 600 r/min

6 x (10 min + 1 min break)

3 0 equiv.) KIE=1

B 12 HU et AL Y C—H #5246 [ 8 KIE 536

Scheme 12 KIE experiments for mechanochemical Pd cata-
lyzed C—H bond arylations

Pd(OAc);, (5 mol%)
AgOAc (1.2 equiv.)

AcOH (0.5 equiv.) N\
R?
_ PEG-400 | T P N \ \

mixer milling ]
3 30Hz 2h R
up to 99% yield

7N
R’ R

B 13 Bl st Pd AL RIS C—H B 5 HE A0 S B
Scheme 13 Mechanochemical Pd catalyzed C—H bond aryla-
tion of indoles

224 HURAIREEITIE A BEA 6 b AL RS

2017 4, FoNRHR L ROMRIE T AU A7 02 128 5 1
A RIS AT AE ) C—H B84 T 254K B (Scheme 14). 1]
W AT A W DR LA SRR IR AR s PR T 4 52 R0 E, B
FIHANURAZZER BB H AR, A=A & AT, wE ko)
TR, N-Ps g LG | e b5 20 FE i TR IR 1 s T 24 s B A
TR FHEEE 30 min, B3RS &L 98%MIICEK.
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SBR[ FEAB BEAS BISRAL A . iR it
AT (K B BIAR EEDSL, 277k DL R B AL AU B 4K
ST AL, NI R pE S 10 h 4ikEE 30
min. FEAFIZLEAR L, 2 TTVEAE AT AR AR Y PR NG
WRIAL S G P B 2 2 L 5.

[Cp*Co(MeCN)3][SbFg], (5 mol%) R3
AgOAc (20 mol%)

1 R! OH
R R )OL Silica gel RZ\\ —
|\\ Ny, o Yo ballmiling \
_oallmifing
Z >N \)—( 800 r/min, 0.5 h N
N \\)
up to 98% vyield
ElZ =28/

0] N\ -
Neti+ 04 ball miling /
y 5 N HO
) SoA~© 800 rimin, 11 N
7N N™
") =)
1.394 g, 94% yield

1.062 g ElZ=2.6/1

BRI 14 AU G2t Bl (ARSI e C—H SR P 20 2
Scheme 14 Mechanochemical Co catalyzed C—H bond allyla-
tion of indoles

B2 rp A “ppay RN, AT DL 250
T R A A EE B3, Pilarski ZEP24E 2020 4
RIE T HUR B C—H BE Ak I EAK 52 R (Scheme
15). 1E3& R 22 BR BE R, DL SR R sl 3
FE RN O R, SR NG, BRIERER A
o5, fEBRER R N 1/3 & 4 h EDaI 15 3] H b= 4. 1E#&
T RN 12 AN E BRI IR 20 ASAN[R]F m) B A 1 5
1, UEBA T R AU SR i3k B A s B FR AT AT M AN i
PE. AH B R A AT 16 R Ak s R BY, AR AU )
PR32 1 R AN S R ELAT B v X e Rk o IR )
JERADIE RV VR Re A M S50 . R R AEE 2
T2 53 T4 B ) Ja B R Sk S B, LB AL 27 SR
IR L g P e o AR 3
2.2.5 HUARARIILIE 2 B BEISAL RS

2019 4F, Fp BRI BRIE T UM 7 (2 328
1 C—H #EfEFEAL [ ¥ (Scheme 16). 1F# F| ML 2
BREBROR, A TR Z MW 5 1 & 1) 4 Bh A Ak 7
Cu(OAC)*H20 Jik/b> ZEA E(20 mol%), FF HLAZR B
i 0, fRE AgCOsv AgoO FETT & E A LAY, I
FACEN. CHENBIEER, BB 2 hoh AL R Ui %645 3
WAL=, AEE RIS VE AR B B 55 e A7 e Tt
SRR, BRI 12% 322 66%, RN 1Z RN EA T
ZWVE RE N 52 1%, REAS & PP as f 1 SE HRING H 1 2
A, FEBREE F g AT B e BOR SR B AT T 77% Uk
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e Me-B(OH)2 ({Cp*RhCly}, (5.0 mol%) ey
i (2.0 equiv)  Ag,CO, (1.5 equiv.) N
+ or 9203 (1.5 equiv. 2
H
\' N ball milling H/Me Me
11 (het) 1 Me-BF3K - \’
g 6.0 eauy) J8Hz V3h~4n f (hej)ﬁ

w0

85% yield

g@

X= CH2, (0]
82% yield up to 88% yield 92% yield

B 15 BB C—H B HEAL N
Scheme 15 Mechanochemical Rh catalyzed C—H bond meth-
ylation

u(OAc),°H50 (20 mol%)
(/\E\g RQJ\IrOK NaCl (3.0 g) [ e\
0O,, MeCN (0.11 p,lL/mg / N
ball milling
8 x (15 min + 1 min break) up to 89% yield

83% yield

o}

Y o Ph

N\ Ph)J\n/OK ball milling N\

N 750 r/min N

H O 8x (15 min + 1 min break) H
1.053 g 1.532 g, 77% yield

B 16 UL ARSI 5 o BRI IR A ISR AL S
Scheme 16 Mechanochemical Cu catalyzed decarboxylative
acylation of indoles with a-ketonates

22.6 AR ARIARFRAER 89 L AABIR R L

NG 22 BR BE AR S i i BREE B P BEER . SN 4
A AT W R AR R A T T B, T A R A P R
o, AEE AT R I A A R A B A R, R AT DA A
BE () Bt o] DAL A AR, 2011 4R, 5 RHR
AHBSRAE AT AR A A DU S S e R R S A%
1 28 X i &A% Bk B2 (CDC, Cross-Dehydrogenative-
Coupling). DDQ (2,3- ~5-5,6- & J&-1,4-2K %) 58 b
[FfEAL, TETERIZEAE T, THEAR L 40 min B 58 A%
N7, ARG DL K 5| W Ak, A 0123 55 4 Rl LR D 28 A% T
% 5 ] J¥i(Scheme 17). BB, 1B 1 XM HHER
REAE A S R R I AR AR, 7EJC 78 I NS & i fi
B EOLT W R 2RISR 25 R, IF HARBRAT LA
FEFE .

FEREIEA b, ZURRZHBOE 2013 4F ARIE ALK
FIE VU S S EEMR C(sp®)—H AN FR2E B S A8 1Bk
R, AR A A T AT 2 S A AR BR A B AR, R
FRERCN BB, i ik T Box WCA4 & i il LA
79% ee [T £ (Scheme 18).
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up to 80% yield

H
4 I
R R

up to 87% yield

copper balls
ball milling
10 ~ 40 min

B 17 WU HE A A5 S AR B S

Scheme 17 Mechanochemical Cu catalyzed CDC reaction

R2
AS DDQ/ngand
R | |
- Nt " copperball
Ar H Silica gel (0.5 g)
H ball milling
R2

30 Hz

up to 79% ee

B3 18 By ek DU S 7 ik C(sp®)—H B FRAZ I
RIS
Scheme 18 Mecheanochemical asymmetric C(sp®)—H CDC
reaction of tetrahydroisoquinolines
2.3 HWARETESEENL C—H BEREMEERAR
FFa
231 AURAILR LR L BN C—H Fht
C—N 4t

C—N SPGB+ 7z, T4
Kk, dEEEMEN C—H BERMME C—N B ORN
— P JIH)FBL. 2013 4 Chang S5BRIE T DAEHE S 4
W N EIR, (EEFTH AT R DT e C—H B IL
I Ri(Scheme 19). 45 F75 3 i e A B 2 2 2
WE M Tz RN, HE YR T R RE A
2016 4, Bolm S5EP8INGHE [ IXAN S WAk 2R, SEBL 1 AL
TR C—H BRI S, N T 1E—2 T L
BRIt SONE AL R, A 2 20 S0 E VA 7R AR B o (AN TR
M) S B2, AR R BORNEAT 1 SRR 431 18] KIE S5,
BREE R KIE {9 1.2, 1357 09 KIE B0 3.4. {R3HE
INIX FT RE AU S R (R BR B A 3 1 SRS, IF
IR 7 RS SE AL R A, B C—H SIS AE %A
NI REE IR, (H R BAR R SR 5 PR i A 9.

IR A Dy — MR B R B i A ), S v L
Bl P4 9 AT, AR AR 7R b DLLAE it i 4 )
) C—H § 5 BEA SN W 75 B SO BEIS ], [R] I

Ay 3
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Reaction in solvent

DG 0
©/ ¥ N3)J\Ar

Mechanochemical synthesis

{Cp*IrCly},] (2.5 mol%)
H AgBF, (10 mol%) H By
N ’Bu+ o, 0 AgOAc (10 mol%) i X

o, o0 Mion iy

[{Cp*IrCly},] (4.0 mol%)
AgNTf, (16 mol%)

CL,
DCE, 50 °C NH

O~ "Ar

A O NS/S‘Bn ball milling AN
30 Hz, 99 min /é

“N°B

OO n

up to 97% vyield

H
N Bu
Hg/Ds 1 < HCpHIrClo,] (2.5 mol%)
e AgBF, (10 mol%) Y
o, X
. AGOAC (10 mol%) {/\[ Nl
ball milling AN
O\\S,,O 30 Hz, 20 min 4
-5 o°i B
Ns~ Bn KIE = 1.2 o°"

B 19 HUO R BRI C—H SRR IE e s o
Scheme 19 Mechanochemical Ir catalyzed C—H bond sulfon-
amidation
X 4 20 0 52 7 2% At IR ) T 12 2R 2 e I ) — 2
HIB1. Bolm £EM40I7E 2017 4E4RIE 1 HUAM (e HEFEHEAL K
Pt Jle 1K [ 82 (Scheme 20). 1 2 71 T BR BB 43 AR A8 45 1%
C—H B R T LEAN T RSN, Jova i
A RN E A SERR. 3] KIB SEIR g5 R IR, BREE
S NI KIE {50 4.8, fE355 ) KIE {8 4.4, W&
Hla e, 1E# bV OB C—H 62
A R 5 IR T AT B OB R 2R AL,

[{Cp*RhCly},] (5.0 mol%)
NH

O  AgSbFg (20 mol%)
0~ "R

DG AgOAc (2 19
OJ< gOAc (20 mol%)
+ JQ /O
H N
up to 99% yield

ball milling, 30 Hz

R’ 99 min
[{CP*RACly},] (5.0 mol%) )
NH'Bu O AgSbFs (20 mol%) NHBu

NHA
0 H . OJ(O AgOAc (20 mol%)  © ¢
7 N\ )*N’ ball milling, 30 Hz // \
< 20 min DyH A=
Ds/Hs

KIE =4.8

Bz 20 Bl e st e e C—H $5 IR H Mt A
JE3

Scheme 20 Mechanochemical Rh catalyzed C—H bond ami-
dation with oxazolidinediones

BT &R RN EEIEAL 7, Bolm Z5UIERHRIE T ALK
FIR 3 4 JB b A AL I [Cp*Co(COL [ & Bk, FKs 1%
A3 FH T R AR W 5 P PR B e A S N, i AR
5.3 2-JE FENG| W = ) (Scheme 21).  HI T8 R AE 1 771
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SRR BT B R 2 R R BEAT DL, A R
B BRI BT I 45 R AR T AR 23 C Ot E
35 °C, [AULwT DAHED, FETEAMERINIBAER T, S NI
ERE A R IZ R N WA AR, BEAN, e
TR S R UG T 0 iR

Me

Me Me
ball milli
Co,(CO)g + all milling Cp*Co(CO)s
Me Me
|2#

oel

M Me
XN o X Cco
R A\ H+ e} | s A\ 2
o Jo ¥ ———— R NHCOR
N R2Z "N pall milling % N
DG DG

[Cp*Co(CO)l,] (2.5 mol%)

N\ H i AgSbFg (5 mol%)
+ O ,O NaOAc (5 mol%)

q mNHCOPh
N

N )=N pallmiling N

N\\) Ph 30 Hz, 99 min N\/\)

4 mmol 6 mmol

1.04 g, 83% yield

B 21 U BE AL Y C—H BRIt S
Scheme 21 Mechanochemical Co catalyzed C—H bond ami-
dation

[A4F, Ackermann S5EU2HRIE T ML /102 3t & 11 4k —
IREAE YN C—H BEBEAL R S (Scheme 22). 1E& K
P DA R A s, A8 P B = e ik A, 1%
TEW AN A 2= 2R B 3 v DL AT, HAFEE
HJEEAIE SR F5 1 B Re T Sz PE. I8 LB K
P, BEORTEVE A R BT DAAS B B m s, (H 2 BREE
HhSOSEAS T BN I, SR B[R] 5 SR B B O R
H.

By [Cp*Co(CH3CN);][SbF¢l, Bu
0 (5 mol%)
@Z/&s . oX ligand (30 mol%) = S
Fe Py Fe yPh
= Ph” N = g

in solvent, 80 °C, 12 h: up to 84% vyield
ball milling, 30 Hz, under air, 99 min: up to 69% yield

B 22 MU R AL R C—H BRI R B
Scheme 22 Mechanochemical Co catalyzed ferrocene C—H
bond amidation

MR AR REA T RRNE C—N BN,
GBI E— BN 5~10 mol%, A KEINEE
EALTIAME SR T AR, T H 2 iE B A K
SRR, AT AW E RSN . 2018 FEH
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ORISR IE T WL (e V-0 JE 2 e 1) 487
FeAb [ M. L1 mol% [{Cp*RhCl}.] A AL, 15
mol% AgSbFe fll NaOAc NN, 30 Hz A% 30 min,
AT DR 95% MR- 45 I AH B e B4k =4, AR ) 2%
£ 5 mmol TSRS L EE SRS 89% i, it
KIE 27155015 2 Z R N kalko 1A 2.1, R

C—H B W 5] B 2 1% S B Hod 22 BB (Scheme 23).
5 [{CP RhCla},] (1 mol%) R2
R AgSbFg (15 mol%) N

Mo OJ{ NaOAc (15 mol%) R1{/\[ NO

R O —> _

= H RS N ball milling NH
30 Hz, 30 min )\

0~ "R?

up to 95% yield

[{Cp RhClo},] (1 mol%)
AgSbFg (15 mol%)
NaOAc (15 mol%)

ball milling
30 Hz, 30 min o)\

5 mmol, 0.68 g 5.5 mmol, 0.56 g

{Cp*RhCly,] (1 mol%)
@ NO
)\N

AgSbFg (15 mol%)
NaOAc (15 mol%)

ball milling
30 Hz, 5 min
0.55 mmol
kH/kD =21
N I
"NO D N\NO
+
NH D NH
)\ D O)\

Bz 23 WUk o0 1k B fHE A N-SIT A 5 f P 40 S I e Al 5 7
Scheme 23 Mechanochemical Rh-catalyzed C—H bond ami-
dation of N-nitrosoanilines

2021 4F, A 75 B0 R R A R R LA AL 2 5 v

AT DASE S AR AR e PRI g A PERE, SR
FIR I C(sp®)—H fédt S N (Scheme 24). DABSERALA
REMH, REREE BRI, AT 0.5 mol% B4 fHE L7,
%R NAEREE 2.5 h JERITT15 3] 89% M. a2 i
SEIGAN F NMR 73 #r3R B, TEEREWTE LR+, BT
TR, R AR B A AN A A
BT, TR TIME RS B T ORRE, AT AR R
T &R MR TS, R P B A o2 4@ AL ) A 43

=

H.
232 MR ARBITE A BAEN C—H B
C—X 4%

R E A B S R AL RIE C—H B R i
C—X BRI Z, (HZRAEIE &R AR i &
T EAE SR AR R, T L R SRR R ) 4 A TR AE Y 7
rRRSE EANEE. PR, B AT AR AT LR 2 e i 7 Y

B el &
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Rhy(esp), (0.5 mol%)

. PhI(OAc), (2.0 equiv.) NHTces
NaHCOj3; (200 mg) 1 2
+ TcesNH R R
R14\R2 cesiifiz ball milling, 300 r/min R?
R3 5 x (30 min + 2 min break) up to 89% yield

B 24 HUBI IR C(sp®)—H HBEIZAL SR
Scheme 24 Mechanochemical Rh-catalyzed C(sp®)—H bond
amination

D0 2 ol St o I < e AL R ) 46 T 9. 2015 4,
Bolm SEMSHRIE 1 AU 22 BR B A v bR 15
J BT B AL {Cp*RhCLo},), FRH RN T gt S B
(Scheme 25). AHELTALGLRIEEMEAL I 7%, AIHHL
WAL AR TE RS RS m e, thARREAE LT
A BRI, SROE T — b Rl SR AR B
W TR, PR R BUERIE 26 AF T, 2- IRt nE A BE AL
TR A BE T A (R AR L5 1 G ) PP EAT SR ABL
JSEAH 241461, (I 3 3 32 B S S AR

RhCl3+(H,0),, +\Q/ /z% o ©
Ball milling th\ /Rh };Z

c Cl

. X
| N {(Cp™RAClok,] |
& AgSbFg (0.4 equiv.) ~N
+ _
H H Ball milling X X

| A
. ~N NaOAc
{Cp*RhCl},] +
ball milling
500 r/min, 3 h
ZrO, grinding media 89% yield
| A
: N
N AgSbFg (1.1 equiv.) Z
RN + NBs oo TR . .
; ; mix milling
Cl (2.2 equiv.) 30 Hz, 3 h
71% vyield

B 25 UG FEME AL 2- R RE ML E 1 i AL S5
Scheme 25 Mechanochemical Rh-catalyzed halogenation of
2-phenylpyridine

2018 ¢, FH IR AHUIRIE 7 HUM ) ek A
b 2T 55 e i 4K, [ . (Scheme 26). DA B2 48 M i AL
), N-BURT 8 e (NIS) AR, TsOH ¥ i, &
ERFAET, WL NAEDTEE 3 h 752 fm 2 94% 1L
WAL, ZITEIE R AHEST B oAl N- iﬁT*@%]]Z

4, e SR SR AT A L SRR B A . it
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TE H 2R R AT 2R By L e, 1R R B 2 2
Bk 7R 5 NIS 7E 2K [ B 3 h H A5 5] 49% KR, i
T AR AT . BRES W 92% HIe %

Pd(OAc), (10 mol%)

H NIS (1.0 equiv.) H
X TsOH (2.0 equiv. X
R W/ { quiv,) R W/
= H o} ball milling = | O
146 Hz,3h

up to 94% yield

Pd(OAc), (10 mol%)
NIS (1.0 equiv.)

/@[ \[O]/ TsOH (2.0 equiv.) /@ \n/
H

in solvent (toluene), r.t., 3 h: 49% yield
ball milling, 30 Hz, 1.5 h: 92% yield

B 26 Bk AL A C—H BB RN
Scheme 26 Mechanochemical Pd catalyzed C—H bond io-
dination

YE& ST AT REI S M HLEE(Scheme 27). TsOH (1]
TN S S MR BEAT () B2 261, PA(OAc), 1 TSOH J&
RFEAEE PA(OAc), SEHEPERESH . FEA5 ) TG A A U 1)
Pd(OTs),, PA(OTs), 1 5eid 0 £ 05 T A ik 25, 28 )5
55 NIS BRI EAE SO, ffa % s B Flods s
TH RS BIRAL P= 2, ORI A AR A AN R — M
TLAEER.

B el i

N N
T
TsOH
|/P‘d OTs

Scheme 27 Plausible mechanism of the mechanochemical

C—H bond iodination
S RN C—H #iE i E C—B RN OA
BN —Fi S IR B R A vk, N BRI OB LA L

Pd(OAc), ——— Pd(OTs),
CM\ /
H
N
O (0}
7
B 27 WUk iRt C—H SRk I S AT B8 1 N LR
233 MR AfEstid e BN C—H '
C—B 4
DHRE D FHAL T — R 2R SR . 2019 4F, Tto 58I IE
T AR R AL C—H B34k [ M (Scheme 28).
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5545 G A S S A A BRI, R T B A 27 Bk 5 R
B 221 S N T 5 i P AR R 7 R I 51, R 20K
R RT LT, fE# IR IL THF 1E9 LAG A, &
KR RESR T H M ZE. TR, 1% UR R 2H S B B 5 v A= ik
(BN ER T — Fev2: R IE Suzuki ABIBCSCNL G R T AR
(155 AL ).

[Ir(OMe)cod], (0.75 mol%)
2N i 0 SOd
R ey PSR (50 R g
Seg X B(pin) ball milling AN ¢
ball (7.5 mm), jar (5 mL)

THF (0.25 uL/mg)
30 Hz, in air, 99 min

mechanochemical
C-H borylation

©E\>_H — . ©\/\>—B(pin)
N ball milling in air N
H
not isolated

mechanochemical
cross-coupling

N

N \ g ballmiling in air
H

B 28 HUI GBI A C—H BEMAE(L R
Scheme 28 Mechanochemical Ir-catalyzed C—H bond boryla-
tion
234 HURAILEEILE A BRI C—H R
C—0O 4t

L < R AL C—H B 5 1 BRI 1) o ST A S
HEE C—O B0 %, i TR R Ss B
SRR HEREFRI RN, AL GEE R T REAT SEBA
ST A B 3 5 R OK R B ) AR O TR AL i
A0 2021 4F, VFPHEURBA P HRIE T HUC )R 2k
A4 Tk B Tk A S S, ORI i R 13X — ¥ R (Scheme 29).
5 T JE D RS o 52 ) 7 BRI (2~ 3 equiiv. ) FEBR B A
B 2.5 h, BIVAT LB (SR A5 BIAH N A BELL 4. B
bb, — AL G ) S N AR ME I H B S A B AE I R B O
R EES 5l SR, @i HAH [ B0 A R A 7
FRORTER B v S B2, A3 R BLER B T (1 s R T e g e
FHE /D AT SBR[ F S A0 s Ak, W B sy A 2 ik
1 KIE SERIGHRTT 1 AEVE I FIBRIE b (B S s AL AL
il ZEERARH, BREE SN KIE {5 1.5, TAEVE ]
SSEAS KIE A6 4.5. VEFHEN, R KIE (B2 5]
Elﬁ@%¢ﬁwJ¢&ﬁ%%FMW1%&%mﬁ

FILREAFAEA B 22 R, AU AT RE R R it i S
T
235 AURAILEEILE A BRI C—H F AL
C—P4t

% 70 3R DR AR Bk ) A 2 PR BT 2 S T 204k
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O~ PdCl, (10 mol%) WO~

I AgNO3 (0.5 equiv.) |
PhI(OAc), (1.5 equiv.)
+ RO—H
H OR

in solvent, ROH/DCE (V:V = 1:1) (ROH > 10 equiv.), 40 °C, 24 h:

up to 54% yield

ball milling, ROH (2 ~ 3 equiv.), 600 r/min, 5 x (0.5 h + 0.25 h break):
up to 80% yield

B 29 Bk e gttt e C—H kAL S
Scheme 29 Mechanochemical Pd catalyzed C—H bond etheri-
fication

o MEMEE . AV R YU, 2016 4, EEIK
URE RIS 1 U (e AT AR S A P &
W05 SRR S 125 A DA BR AL AR IR, 2R
SR 1.5 b, BIAT DU 97% ISR A3 BIAH RL Y C—P 18
HEP#10, T 6 mmol JEOK SEU6 R S WA 2 A B B
PR A2 H L9 KB, RN T —AE hkad
P2, IFHEN 1R RER N HLEE (Scheme 30).

Mn(OAC)3°2H20

~ o) . .~s_s O
228 (3.0 equiv.) A ¥
g ]: + H-PRY, ———— R ]: )—PR?
R ¢ N/>_H 2 ball milling, 1.5 h <.~ N>_ 2

under air up to 97% yield
o Mn(OAC)3-2H,0
S i (3.0 equiv.) s 9
H + H-PPh, ——————~
@EN)_ 2 pall milling, 1.5 h @E,\?_PPM
under air
6 mmol, 0.81g 12 mmol, 2.43 g 1949, 95%
s, P
@[ )—PPh,
S 9 standard procedure N
)—H + H-PPhy— T 0%
N TEMPO (3.0 equiv.) o
1
N-O—P—Ph
Ph
47%
0 Mn(ll) O-PR? )
H_PR22 = 2 O=PR 2
-AcOH
1 oy Ay
S PHR? N —
(RO ) 7% Mn(il 7N
R G /]i />—H T2 | <\:|__J,> #» < _|__,>
S~ N -1 -H* |z
R 1
R

Bz 30 HUb o (e B e T AL S A HUBE AL &0 28 S B
SN

Scheme 30 Mechanochemical cross-coupling reactions of thia-
zoles with organophosphorus compounds

2.4 HWHRATEESBEXFUCR N

T B TE AL R R OR IR IR SR R AR ML &)
(WEE 7% —. Bolm 5B3E 2017 FFHRIE T LA /1R
HEEEMEAY It IR BRI () BB B OGIR OBE, Bk T &R
W5| A7 A= 0 (Scheme  31). E35 FIFHEREEHi AR, [Cp*Rh-
(MeCN)3[SbFe], AfEALTI, LAt/ &) Cu(OAc): 1EAE)
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AL, O VEREAT, FETCV R 26 FAFES 15 h BIW]
RENH AR, NSRS S G AR L T —Ff
WokmS, FIE, (EHERAHRERA, RFEZEMA 2
equiv.[) KOH 5 60 min, BIAJ DA ISR 1AL =4 vk
)5 ) B A,

[Cp*Rh(MeCN)3[SbFgl, (5 mol%)

2
R2 Cu(OAc), (2.5 mol%) R
O, (101 kPa A
R | e R1%R3
_ ball milling, 900 r/min Z~N

NHAc R3 15 x (1 h +0.25 h break)

\
Ac
up to 72% yield
Ph Ph
KOH (2.0 equiv.)
@E\gﬂ’h p D—ph
N ball milling N
. 600 r/min,1 h H

90% yield

B3 31 B (e dE e AL & ps| e
Scheme 31 Mechanochemical synthesis of indoles under Rh
catalysis

2021 4, Bolm ZEBHHRIE T ALK 7 e 3t Bk 1 1 b st bk
TSI AE R 1,2-2R HMEEAT A W) 1) B (Scheme  32).
PE# B e 2530 TV 7 R AT (9 1R 28 OB, H AR A 21
M, JE 41%ICR. 124 FERE R AR £ G s 7 =
PR, 1% RN RS R, #43 AT LA B 99% i,
ARTE AL T — Pl SR AL B TR, — LL ARV SR
ANERAR [ i BT LA RE A P AU ) S B & A AL

o o N o &
v N }) 2\/ 2 N _N
S R3 S/ ‘RS
f AN N, 1 AN N
R D NH RY RS R N
H [i1] N R
R5

mechanochemical approach: up to 99% yield
solvent-based approach: up to 41% yield

B3 32 B SR B M AT SV Jle A 2 il 1,2- PR IR
ety

Scheme 32 Mechanochemical synthesis of 1,2-benzothiazines
from sulfonimidamides under Ir catalysis

3 MRNRENLTTEERBEMKRSBERN
4]

JE WK T 5 A T I 4 Ja A A 1 e S R A 1
A3 e, ARG I 4 ) U2 B4 S A R AT A A 4
JE TR B A I . R, LS ) B R o S S T 4
Ja AR AR B 4 e A A A1 B e S 1) Y AN SR L AE —
SERRRE LA DU URZ el L SR AESR, — RAVEES R
Z 5 (LR 70 2 3 1) B B R Rt B A 4k 4R, 2015
4, Mal S5SHRIE T L) (2 R sl B S N-SUKE 1 0
A XAHEE [ B (Scheme 33).
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B
n-BusNI (20 mol%) f)48 FH (Scheme 36). 2019 4E, 2G4 EALIE R A R0
. | TerPeocwm) R S P ) Tt SSISTIEE AR i 5 FMUBR A 7 I
- neat, 50°C,15h R' N

|
or R3
ball milling
PN

neat conditions: up to 84% yield
ball milling conditions: up to 75% yield

B 33 WA N-SURR IR LI AL S R PR AN R] S
Scheme 33 Amidation of aldehydes with N-chloramines under
neat conditions or ball milling conditions

2 R SLAE TCVE 77 (neat) 2 A T RIHLIR AL 2 2% A1 T #B
AT 7RI BN RR. AT RE R S MATLEE S, n-BuaNI 1
S HI TBHP AHELAE A A GRUT 480 A R BRU T W 403 B
HH & (Scheme 34), A= R H 2 0AE B T B 2L A0
N-SAG A il FE 1 FE R i B e, ol |
AR ZE FSORH IS FA L .

¢-BuOO or t-BuO’ ¢-BuOO or t-BuO’

B 34 5 N-SUR BB IRAE BRI ) S LA
Scheme 34 Proposed mechanism for the amide formation from
aldehyde and N—CI amine

[Fl4FE, Mal SEBSCHRIE T UM A (e 3t i 55 10 i B
A A% (1) 5 S (Scheme  35). 38, A RIS 76 5 5A 1k
A, W= ZIRMRAT A A N R AR R A O, I
SRICHA, B —Emfaiatt. FAIHUMAL 2 R BOR,
WIS TE SR N ERBEHER N NaHSOs, BLISEIL T 224211
WAL SR, A& RN NaHSO4 7 LA 5 i AE R
KEY), SE AR R REIEAY, JRAERREE S N A%
ROEREAT SN, TIAEAIIAN NaHSO4 HYTE BL N B
FE. I ETRAE T — Fha] AR SEI6 % AP HEAT i BE I
JZ T S

9] PhI(OAc), (2.0 equiv.) _1

(e}
R R PN
X Ha+ HZN/\RZ NaHSO, (2.0 equiv.) |\\ ” R2
| _ ball milling —

, , 21Hz, 2 h
(1.0 equiv.) (1.1 equiv.) up to 94 % yield

B 35 LB PO AR IR PR B A S5 2
Scheme 35 Mechanochemical synthesis of amides from alde-
hydes and amines

JEEAL A IR B o 2 55 B A B R — ol B e
TV < R A RO S B Y AL B L SRS, S T
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L W BE R Tk, SR HL/N 43 1 B SR AL A R0
T8 BR B (1) 4% 3 BF e & FE A B} (Piezoelectric Materials)
BaTiOs AJ A2 AR AS 1) i iR T, IX S8k 7 AT REAE
IR, KRR BENLS T b, AR ER A
ITEAPE R, T BASRAL T A AR SR 1) 77 25 3
1 2 5 () BEVE AL 2 (Scheme 37).

X
Transition metal Y o
AN catalysts
R-— + /\
= H % base, ligands, B
temperature R+ P
X = halogens, N,BF4, B(OH),, SnR3
Y =0, S, NBoc
transition metal = Cu, Ti, Pd...
I COOH
Br O \ Br
N2BFs HO o) oy
AN ﬂ Br Br
RT™ + H
Z Y DMSO X
visible light, 20 °C R _

Y =0, S, NBoc

B 36 dEER LML E mEREE T L
Scheme 36 Radical C—H functionalization under transition
metal catalysis or photocatalysis

N,BF, —
BaTiO; (5.0 equiv.) X A

ball milling (30 Hz)
under air, 1 h

l

mechanical

impact
T = (=
relaxation

poorly polarized

BaTiO,

highly polarized

particles J particles
2 B
FXL H
BF,

B 37 HU-E AR JE SR S C—H 855 R4k
Scheme 37 Mechano-redox C—H bond arylation of heterocy-
cles

X SR, AR RRIISEEL 1AM 07 ke S AR
1 1 H 25 A S B 07 2R A S RS, AR TR M AL SR AL
JEITE R IR TR PR R ORI I H Z Be R 2% A F,
IRy G R AR e ot o i NI a8 O TR DN E/p 61
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ML . AEAFE R, 8 R AR e
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