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Abstract: We have been focusing on development of novel synthetic methodologies based on ate complex
formation. By fine-tuning of coordination environments of various main-group metals (Zn, Al, and B) as well
as transition metal (Cu), a wide range of carbon-carbon bond and carbon-heteroatom bond (C-I, C-O, C—-N,
C-H, C-Si, and C-B) formation reactions have been realized in highly regio- and chemoselective manner taking

advantage of characteristics of the elements.

Keywords: Ate complex, Halogen-metal exchange, Deprotonative metalation, Chemoselectivity, Regioselectivity
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7 — MER (Ate Complex) & 1%, Lewis BEVED BT Lewis IEAENL L 727 =4 O &R
HEROBHTH L. PLEBPNERE, O OCICERMEEY F 2 -2 7§52 L THA 2 UG -
I E A AN T Z LSRR 70, FRUSHH R HRERI B 2 EMECH D, A LI
FTHEH, THUI=ZTA M, AR EERPLEEEL LT MEIEETYA L, EH6EHW
7oA R OF G A L CT& 7z, ARTIE, 216 %23 %,

6 7— itk

47 — NEEMKIZ, 1859 4ED James A. Wanklyn |2 & 5 F / 7 =4 Y Bl$E4K (Na[ZnEty]) DFER D %
ZEIZ, 1948 4E|21E Dallas T. Hurd 512X % V7 =4 Y EISEE (Li,[ZnMe,]) SRS SNz052, A
WA RER RSN, ZOFHEPERILENZDRZ I B HETH B, 8%, THOY T IVFIVIE
# (RZnR) BL U TV F VHEHNT A F (RZnX) 32D 7V F )V (R) BN FOEBEEIMR, T
hbHRIGMHEICZ LW, M EICES ST oF v MoRNFEZBINTAZE, $4bb 7 — Mk
iz &y, RENZOSEDR EARS NS,

ORI L TR T — MEEAOISEDOENZZFNS OB T WEEORVTHH SN S
(Figure 1), FHEOHEHFHIETIIINRIL 4 BEFEETH L7200, TORMTFIRENLT =4 L
LCIREED £ 0 b, W02 Lewis IEEMALEMOT 7275 — (Lewis BE) & L TIEHT 5. —F
HERDZEHIEIC 1 DD T =F Y HEMTEMZ 52 LT, HosikizZzhzh 16 ETHEr &0,
Lewis BREDIK T & & b 12, XV BIIFMICLELBEFHEL L2, ZOLE, HESKET =4
BEHND720, 7 =4 AR IEECRENME T 2b 6 @B RN OGS % BT 5.
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é; Zn O/Zg)o
Di-coordinated Tri-coordinated Tetra-coordinated
Neutral Organozinc M ionic Org i Di-anionic Organozinate
3d'04s? 4p? 3d'04s? 4p* 3d"04s%4p®
14 electrons 16 electrons 18 electrons

? poor selectivity
(S]

o L
synergy
———

O-z2—0Q

low reactivity high selectivity & reactivity

Figure 1. 77— hE{&

UT, ADBINFETIATo TELBEREEZ PO, IS L Big L7t T — MEifko 79
AL 2OV THER T 5o

@) V7 =AU T — MK
3-1. £/ P =4 VBT — MilhE U7 =4 VBT — Mk

1994 4, RH 513 Li[ZnMe,] 254~ 0 I 7L 7 ) — V% 78 CTICCHEMELL, 4L %7 — Vi
7 — NEEAEE A RETH E ST 522 2 HE L Twb (Scheme 1) Y, — 5 T, Li[ZnMe;] I3,
BALT ) — v IESET, ERTTOREzSH > 72,

/\/'

’ 54%
Li[ZnMeg] PhCHO OH
R@I RQZnMeZLi R@—(
THF,-78°C,1 h —78°Cto rt Ph
60-74%
(R = H, Me, OMe, COzMe, NO,) ’ Ph-1, PA(PPha)s
MeO@Ph
THF, =78 °C to rt
26%

Scheme 1. RE 5 IZ & BLi[ZnMe;s] & AWV ATADET U —ILOER{ERIG

1996 4, F A IZBILT V) — VDX F WALKIGA Y 7 =4 B 7 — b #A Li)[Zn(X)Me,] (X =
Me,CN & L<IESCN) VA Z LI h D), ZRFICCHFICHEIT T A2 L2 RIB L7 (Table 1) s
HEULLZT7TY)—)VHEHT7 — MEEZ 7 LVTE FCHET 52T, BINEIZTT VI IVERELNS
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(entries 1-6) o — /7T, ZOFHWSHEEW 212, WL OO ERBEII ML TLE ), BIZIE, =X T
WEEET LB % B3R IR EWAME 57z (entries 7-9) o

Table1. 7 =74 L BEEHRT — FEALLIZN(X)Mes] D RISHE

Lip[Zn(X)Mes] {
RQI R@Zn(X)MeZLi
THF

Temp.,2 h

PhCHO OH
R
rt, 3h Ph

Temp. Yield | Temp. Yield
Entr R X o + Ent
y [Cl  [%] nty R X [°Cl  [%]

1 H Me 0 90 6 MeO SCN rt 92
2 H CN rt 90 ; 7 CO,Me Me 0 trace
3 H SCN rt 8 | 8 COMe CN 0 trace
4 MeO Me O 84 | 9 COMe SCN 0 trace
5 MeO CN rt 90

TT A YET — MEKIE, AT MDA S T EDBRDOGEBEESHET — MEHEIIBWTLEWK
AR SNz, BlZIE, Li[ZnMe;] (87 7 =74 YHIgEK) La b7 ) — V1 OE TR, ~as
v - RS D RHHEFTT B DITK LT, Liy[ZnMe,] (7 =4 Y Bl) %5 L5 NI IR
HEATL, AV ) VEEW 2515, ML, 2-7TIVEF 2 I—FXRUEY 3) oM LK
JBIZBWThH, V7 =4 YREER T — MMERE, HHILEN TR WIEFENOINVEY V-3
VRIS EMLTCY FEXRY YT 52 5 %5272 (Scheme 2) %,

COzMe
I~ Lin[ZnMeg,.q] =z CO,Me
X g
N THF, —40 °C, 4 h; N
SO,Ph then rt, overnight SOzPh
1 2: 0% (n=1)
66% (n = 2)
Li [ZnMes] J/
THF, 0 °C 2h; @[
| then rt, 48 h
@ f 4 :quant.
(©)
3 Me3 Lio
Lip[ZnMey] /
THF, 0°C, 2 h; J/ . |
then rt, 48 h %
5:42%
Scheme2. 7 =4 UHEFERT — MEEDSVRIGHE
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3-2. g (1< %S) BIESH7 — NE(F : Lia[Zn'Bug]

3-2-1.;&8%70 b VEFEETICSIFS/\05 Y — B3Rz
2006 4F, A ITIFFEISE® YT =4 VRIS T — M EEE Li,[ZnBu,] 7Y A L, TRAL
T =, ITAT) =V EECEREFAL Y b o THIMLT 5 2 & 23 LT 5 (Scheme 3) 9,
AFHE, THVI— VD OH SHUIEEREENSEVWT 2/ —VEOHBLIUTT7IFON-HEHET S
FEEIZBWTHILFEREIRWIZ T 7 3 — BRI SUD S ETT 5 2 & R E LT\ b,

Br
FG ./ Lio[ZnBuy] FG N FG./;
% \ THE @ZH%U3LI2 % \
— rt, 12h — —
Temp.,2 h

o)
o= O O
HO — = Pr—NH =

100% (rt) 79% (40 °C) 62% (0 °C)

Scheme 3. Lio[ZnBug)iC & 3 LB 4 FFRDEIRLRIC

HEUD7)—VESHT7 — MEAE 7O/ 70 3 FEDORIGTIE, Vv S2 BRI A

F72,
SN, T 5T L yEERMAE Sz (Table 2) 7 Grignard 3B L 7 — Mt % w7z
BCIEHRREOERETH o722 e b b, AFEORELMERRM L, GHNAREIVR SN,
Table2. 7O/VLFIILTAI FEDRIGICH B ALEZERM
(0]
o EtO \-\
0 Metalation 0, B Sw2' product
- Ol i o
EtO EtO Temp., 16h (0]
EtO
Sn2 product
) . Temp.  Yield Ratio
Entry Metalation Reagent and Conditions [°C] %] [Sn2/Sn2]
1 Lio[ZnBug] (1.1 €q.), THF, 0°C, 2 h 25 100 98:2
5 iPrMgBr (1.1 eq.), THF, —40 °C, 1 h, _40 76 79 - 21
then CuCN (10 mol%)
3 Lio[Cu(CN)Mey] (1.1 eq.), THF, 0°C, 2 h 25 54 63:37

3-2-2. KPTO7 =_FVET
TADBAFE LCREBEIL D7 = Y RIS 7 — N $5F Lig[ZnBu,] (&7 =4 Y EHATUSORMAH & L

THWAZ L TELY, E/) = L TCTZYIVBEFEERTHLN A TOELTZ YT I N
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(NIPAm) % Fivy, T2 Liy[ZnBu,] ZEFA 8724 25, MeOH X H,0 %2 & 71 b v i C
FAFOGAHEE 2 OB THEIT L 72 (Table 3)o 4512, KA TIXBUGIL 15 5 TRl L7ze AT
NM?X%»77UWTSF,77UWTSF,X??UW&ZEFU#/l%w&tGM®77U

VIRFHERIZOEHNTH > 720

Table 3. Li)[ZnBu 2 BRtAFI & T AN-A1 YV TOELT VYL T I ROES

X
1\ Lio[Zn'Buy] (2.0 mol%) kjjn
O~ 'NH

| Solvent 0~ 'NH
Pr rt, Time iPr
Time  Yield 3 Time Yield
Entry  Solvent [h] (%] M, PDI Entry  Solvent [h] (%] M, PDI
1 THF 24 8 7000 1.50 w 3 MeOH 3 76 18000 1.65
2 THF 168 33 7000 2.71 ‘ 4 H.O <1 92 27000 2.72

3-3. C-0 fiEatItENd 500Ny TUVITRIG

2012 4F, kA IZT ) = VHEHRT — MEAE T VI —F Ve RRER s TR S T »
7ad L CT\Wwb (Scheme 4) 9 = v 7 VAMEAFAE T, HHEOT ) — VISR (ArznX b L <X
Ar,Zn) R°E 7 =4 ISR T — b EME Li[ArZnMe,) 2 TEH 88728 2507 v 7)) v ZRO A RIE
AONLE oIz, VT =F VEIEEE Li,[ArZnMe,] # V5 2 LT, FERTTOHES IS v 7)) ¥
TRISEAT L, €7 ) = WEDPE O N7z REISIZTEE 7 — M EREFA OB %2 50 F CHFIT L
RBGERIECTH DL (H- T 7 Fr0FER6 25 IMTAHIERL Ay TV VI TE, T 5
TR T 27, T T VEHIERAM A I U L T 5 A HABGEEILEWIZ L S AN B
THDH-O, INEEDVNY & LALFEROUEEL, AEPOBENREEDOF 2 —= 2 7 & EE
1295 LIRS NS,

[NiClp(PCya)s] (4 mol%)

or [Ni(cod),]/PCy3 (8 mol%)
OMe + LizMe3Zn
toluene, rt

6-12h
NMe,
‘Cf‘ (1)’3 ()" ‘C&
82% 85% 72% 62%
NMe,
OO h
P
iProN ProN
63% 71% 45% 40%

Li;[PhZnMe3] (3.0 eq.)

i OMe . . i Ph
P’ Ni(cod)s (4.0 mol%)/PCys (8.0 mol%) P’
o

o : toluene, rt :
Me Me
6 (98% ee) 7:65% (96% ee)
Scheme 4. C-OMEETIMERE H v TV > T RIG
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@ ~FOUTF v URT— Nk
4-1.%& M C-H BEDOKR IO bR

7 — MEXEZHV (ATH) FEROK 7O N LRG0 G EE O E BRI 2 S 0L
SRS (AT 10) FEBEPERIEMETE 2720, GRLFEMICENTH L, P LR ELSE
5 LT, THEORMAEN LKA RERESEATETH L, T2, B LORMTORMEI R
LIANTUaLTF v s By — MK, ZNENORMTICRL LY 7285 2D TEL0,
SR OBEO B E TREIC T % (Figure 2) 11,

/— Non-transferable Ligand
(/R )
R—7ZhO m® s R—Zn—R + R'—M
\
R

L Reactive Ligand

Figure2. AT AL T F v 7EEINT — FMEA

4-1-1. 7 = REIFEER77 — MEE © Li[(TMP)ZnRz2]

1999 4, T 4 1% BuyZn & LITMP (V) F 7 4 226,6-7 b 5 X F )V EXRY T F) » 5 Li[(TMP)
Zn'Bu,) B L, ITNEHWHEA OFFRO C-H HEHLE % #HE L CTw5 (Scheme 5) 12,
Li[(TMP)Zn'Bu,] i {EmWERIEBRIREA R L, FBRTICBVTOLIATARTIF, ¥ 7 /#2849
e, INbERMEL LFERR 70 b Abx W REIc Lz, $72, F47xr, 757, €

VTV X2y, AVFR ) YR E g BFBEERL L UOAERCTOANT OFERO LS
b FE T L 720

CN OH
PhCH
CHO (excess) Ph
rt, 12h

9% pmG =
DMG DMG DMG SO Lo
; I> (excess) ot 1947
Li[(TMP)Zn'Buy] (2 eq.) zn| e I coyPr :98%
THE 1,3 h 0°Ctort,>1h CO,Bu :99%
CO.N'Pry : 95%

Ar-1 (2.0 eq.) 0. OEt
DMG = Directed Metalation Group: CN, Ester, Amide, etc.] Pd(PPhg)s (cat.) Ar
. 24h ~ Ar Ph  :58%
' 3-Py :43%
Zincation—iodination of Heteroaromatic Compounds:
CO.Et |
3, L ), x \
s ! o~ TCOEt NI N N
|
89% 71% 76% 61% (ce) 26% (c2) 93%

Scheme 5. SfIi& * {LFRRW LT ER - AT OFEFROERLRIT
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THENYEVHOF N MIOB 7T b ALRISE, EBE R A 4 2 OBEEC X ) #Ee IRy
FA %5255, Li(TMP)Zn'Bu,] \2 L A 70 ML RIcI v HEEMZ AL, BIERIZTEHIV b
I FELEPES NS (Scheme 6) 13,

DMG DMG DMG

Li[(TMP)Zn'Buy] (2 eq.) zn| 2 (excess) I
THF, conditions O0°Ctort,>1h
Br Br Br

I
O.__OEt O._OBu NPr, oN
|
CE Cf Cf Bl @E
Br
95% 93% 77% 92% 98% 84% 96%
(-30°C,12h) (=30°C,2h) (=20°C,2h)  (t,3h) (rt, 3 h) (0°C,3h) (0°C, 3h)

Scheme6. 3-7OENCE U HEERAVWEAIL I IERIERIS

—HT, LY/REVT VI IVERMT E2HT 5 Li[(TMP)ZnMe,] # FI\V: % & RV AL 9358 T 5,
FEBROBEEIEOHE, 13-V 724 IRIY 7Ty (8) HFETTHREREYERRICAERTSL 2
LT, L BEBERVW A & O Diels-Alder G 2S B ICEICCTHITT 5 (Table 4) 0 AiElX, 73 F
MR 7 — MEEITRTEVLFETIEIC LD, B ST OME R4 2 ERERE AT 5
BN A VEFESELIENTELHEAGTFETH S,

Table 4. Li[(TMP)ZnMe,] & FAW\ 2 B3N > o © DAL ERIRAIFREE

DMG Li[(TMP)ZnMe,] (2.2 eq.) DMG  pp DMG O ph
8(2.2eq) Y S
O —_—
THF, conditions R ‘, J i
Br Ph 8 Ph9
Entry Substrate Conditions  Benzyne Y[';ol]d Entry Substrate Conditions  Benzyne Yield

[%]

OMe OFt 0 OEt
r,12h ©| 100 | 5 5\ reflux, 3 h 5 55
Br Br
F ! Oy, -OBu 0._OBu
60°C, 15 h ©| 71 6 5\ reflux, 6 h 5 88
Br Br
cl cl | Oy NPr, Os_NPry
3 1, 48h © 72 1 7 gj\ reflux, 12 h 5 100
Br 3 Br

CN CN

100 | 8 @\ reflux, 12 h ©| 90
Br

O O

rt, 12 h

(s S

\ /5

Br




TCISA=Jb

2016.10 No.171

4-1-2. 7= RBIF7)VS = L\ 7— MER : Li[(TMP)AIBug]

HHET VI oy ARBIIERERIHA SN TE D, ZOFAIZEIIEROILEICR SN T X
oo FHEBET VI =T AMEEWIE, —BICHETE2VF 745 LTI AT T 2R8ELLDO T~
AXTMEBIBIC L DTSN LD, TNHOREOBNILEIZ LY, FEREICHFESNLERE
FICKRERHIRYED 5o Forld, 7— M7V I =7 A3 Li(TMP)AIBu,y] & 741 » L, SO HE4
LHERBIUOANTOFEFROM 7O b M2 BVERETEEEZ b o CETSEL L2 AL
(Scheme 7) o A7)V 3= 47— MEFKIINT T Y - SECHEES O TRV 28, I — FX
YEVFEARI1I0BLIU N EOBIIBWTHREMED L IV Mol 7o b AR ETT 5.
F 72, Li[(TMP)AIBuy] b7 HEROFRRELICHWS 2 L25TE % (14, 15).

DMG DMG
, . DMG
Li[(TMP)AIBug] (2.2 eq.) N I2 (excess) |
X N Al'BugLi N
FG— P THF, conditions FG—:/ 0°Ctort,>1h FG— _
OMe CN OMe cl OMe
! ! I I I m|
! | OMe cl # Boc
10: 100% 11:90% 12: 92% 13:74% 14: 82% 15: 64%
(-78°C, 2 h) (-78°C, 2 h) (0°C, 4 h) (-78°C,12h)  (-78°C,5h)  (-78°C,1h)
Scheme 7. Li[(TMP)AIBus] % FHUL =L &IRM A I b X ZILERIS

4-1-3. 7 = RBUE7 — MEE : Lio[(TMP)Cu(CN)R]

AR 7 — MERITAERAERILEB W THA 27 4 TORE - REBAERSUSICHW SN S,
Feald, 73 FERGR7 — MMAOEIEMEIZHEH L, Lipshutz 17 3 K7 — M3 Li,[(TMP)Cu(CN)R]
ZTWA Y L7 L[(TMP)Cu(CN)Me] (&, A bF I3 7 /3 73 FEREOFE 42 OBMEE
R BT ABEBFRB L UANTOEERE 4V MOBIRGIZH 72 + 1+ 2% (Scheme 8),

DMG DMG DMG

Lio[(TMP)Cu(CN)Me] (2.0 eq. l> (excess)
. ”JQj 2[(TMP)Cu(CN)Me] (2.0 eq.) _Lcu] N
v THF, conditions FG—— _

0°Ctort,>1h

=
Oy NPr.

OMe CN | 2 \
| | N A ©f>—|

Oy Q- U &

S o :

OMe i Boc
I

95% 96% 100% 90% 70% 88%

(0°C,3h) (-78°C,3h)  (-78°C,3h) (0°C,3h) (0°C,3h) (40 °C, 3 h)

Scheme 8. Li;[(TMP)CU(CN)R] & BV /= {EE&IREG 7 L b X ZIVERUS

F72, BTa b ALTHEL L HEESR 7 — MK, FOEVRESEEZE? LA 2 RKETH &M
HIZE$ A (Scheme 9) o
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O, NPr,
Oy NPry 0. _NPr,
TMS D
Liof TMP)CU(CN)MG] THF, 0°C,3 h
99% (2.0eq) 100%
(50 °C, 16 h) ™SO 5,0 (0 °C, 30 min)
Oy NPry
Cu(CN)(Me)Liy
BzClI Mel
O«_NPr B l Ox_NPr
Bz (@] Nipl’g Me
=
84% 99%
(80 °C, 16 h) 99% (rt, 16 h)
(rt, 16 h)
Scheme 9. 7 ') —IVER 7 — FED ZF 5 bt

L, 413 Li,[(TMP),Cu(CN)] Z W T 7 ) — )7 — FHffE %54 L, 212 ‘BuOOH (TBHP)
ZIZLHET L Fuvt v FRIOELA] (ROOH) ZfEfSE 52 Lick ), BIERIZTHIG
T57 2/ = VEPELNLZ % I L7 (Scheme 10) 9, AFP:TlE, 07— MEFEOBWE
RERAFAMEIC LD, BA L ERESCHNEZETIHERZEL L L THVL LN TEL, TAT
WEEARETLIETIIZ A e Fu)ut+F 2 K (CHP) #HWAEICIKBOIEE 5.2, ZEEW
IR 5F M) AEAIREET L2 LT, BENIZT) FIUVBRICESITLZ ENTE S,

H 1) Lig[(TMP)2Cu(CN)] (X eq.) OH
THF, Temp., 2 h
AN DMG AN DMG
FG-— 2) TBHP (Y eq.) FGr—
& ~78 °C, 30 min #
OH O
NPr,
N'Pr, NPry NPry NPr,
S O
94% 92% 92% 71% 89%
(X=1.3,Y=2.0,0°C) (X=1.3,Y=20,-78°C) (X=1.3,Y=20,0°C) (X=1.3,Y=1.50°C) (X=1.3,Y=20,0°C)
OH O OH O
OMOM PPh
90% 87% 82% 83% 86%
(X=15,Y=2.0,0°C) (X=15Y=14,0°C) (X=15Y=14,0°C) (X=22,Y=2.0,0°C) (X=15,Y=2.0,0°C)
OH O 0 JOL
HN™ s
OBu | A = | NH
/ N i @ NPr,
83% 67% 86% 64% 86%

(X=22,Y=2.0(CHP),0°C) (X=2.2,Y=20,0°C) (X=15Y=1.4,0°C) (X=1.3,Y=2.0,0°C)(X=13,Y=2.0,-78 °C)
Scheme 10. BEERDEZEKE(LRIC




TCISA=Jb

— 2016.10 No.171

KRBT, 7V—=NVT =2 DRV EF Y FAOREEETIIZRC, PLTOR{LET 2+
AJ Y 7 BSOS O AEFT D #E & 7:;:9“(\/\5 (Scheme 11). BRALAIMIN, &@ITHIBIHE % 48 CTHEB LI
FRRIE A HHEA S N B HHEATBIERFHE & 0 5k ORI S N7,

N
L \\\C
H (6] \ \|_'
Li2l(R2N)2Cu(CN)] RNl o ! MeOOH
©)LNM92 — RoN-H g — RoN-H
NMe,
RT . . ,
Directed ortho Cupration M1 Ligand Exchange
N B
i e L N\\\C M N\\\c
VL FANER MeO /
'\"90\?""7' AE=254 \eo a3 -Li AE'=12.9 oy &
o} f Ny
Cd AE=6.8 cu 9 AE=-927 o
©)}\NM92 ©)\NM62 ©ANM92
M2 Oxidative Addition M3 Reductive Elimination M4
Scheme 11. DFT 5t & (C & % RISHEAE AT @MO06/SVP (Cu) and 6-31+G* (others); AE (kcal/mol)

i & LC BnONH, # AV % &, RO USHEEIZ L ) 7 3 /L2 % 5 b (Scheme 12),
RIS N-EGRED 7 =) Y HE EHN D OEIEIC TS 2 2MFEN L TETH 5,

H 1) Lig[(TMP)2Cu(CN)] (X eq.) NH,
THF, Temp., 2 h
FGo Sy 2) BnONH; (Y eq.) FGT Ny
T nONH; (Y eq. T
& rt, 30 min &
NH; O
NH, O NHz O NH, O
i NPr,
NPr, NPr, N'Prz NEtg
93% 84% 92% 76% 92%
(X=1.3,Y=20,0°C) (X=1.3,Y=20,-78°C) (X=1.3,Y=2.0,0°C) (X=1.3,Y=2.0,0°C) (X=1.3,Y=2.0,0°C)
NH; NH, O NH, O NH,
OMe PPh

2 OBu | =N
Ph =

84% 86% 94% 79% 87%

(X=1.3,Y=20,0°C) (X=1.3,Y=20,0°C) (X=15Y=20,0°C) (X=2.2,Y=2.0,0°C) (X=1.3,Y=2.0,0°C)
o]

NH NH NH Ni )

S0 wlfe I w
\ v 2

o NiPr. "o NiPr. N NPr e :F:
2 2
68% 46% 69% 69% 63%

(X=1.3,Y=2.0,-78°C) (X=1.3,Y=2.0,-78°C) (X=1.3,Y=2.0,0°C) (X=1.3,Y=2.0,0°C) (X=1.3,Y=2.0,-78 °C)

Scheme 12. EHEROEEN T I /ERIS
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4-2. & RV REEER7 — MMEF - M[HZnMez]

MUk R NHST — PEERIEE <25 BERILY: - SERMLF oS TIRAIS N TW b 0D, AT
UL 7Fy rBoe F) FH§E7 — MEROSUGHEICE L CEARHTH - 72, Fer iy, HighfEs L0
v N FiROFEM ok, €/ 7 =4 87— MK M[HZnoMe,] (M =Li 7213 Na) %RV E
TLRER R T L & R L7 (Scheme 13) ', Z OB, A F VDM IIAERWIIE SRV, ZOF
FE2FH LT, MeyZn fllEEFATICA SV E FYF (NaH F7213 LiH) 25 7V R= VL&Y
DOfER) TR EH T H LN TE

B Reduction of Carbonyl Compounds with M[HZnMe,]

(e}
Ph)J\Ph
MH (1.0eq.) OH
+ _— M[HZnMe,] H
14 THF P b
MesZn (1.1eq) t 12h
) o ane
Ate Complex Formation M _NLl' 22;
a: 99%
H Reduction of Carbonyl Compounds Catalyzed by Me,Zn
® Me
M \o M Me
o ZN-Me H— Zn@
\’\,;——»-H Me
‘R2

R!
\/
R‘JJ\ R?

Scheme 13. M[HZnMe,]IC & B HILEKR ZILEEHDET

B2, INVKRUVBORTTIISIET7T VT FCTEIEL, #BREETETHLTIVI—=IVIEALNLHo
72 (Scheme 14), THIZZRTMTRWUEAE Y > v 4 71 & — VIHBEPLREICHFELEL, UK T,
B AT LICE DD TT VT FPERT 270 Th b,

L.@ Me
o) LiH 0 LiHZnMes] j&f\wzé' o\Zn%f He0® o)
R)J\OH R” OLi R O/ZQ“; eMe /\ i s RJ\H
ch:oacetal
Scheme 14. HILRBOT7ILTE RADFRT

KHGIE, DIVRVBROBEENL T N ALIGNDIRHATE %2, T4bb, AVKUVRIZTY T =4
VRITESRT — MEAREH S, QLR FILAANKRF LT MIE T YIS T — b
HAEEEHSELZEICEY), AROY Y 37—Vl ERELT, 7 oPBEONE, 20
B D @RS ER Y TH D 3|7 VI — L OAERBIZE Sz (Scheme 15) 19,
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Li[R2ZnMes]
Me ®
o) O—7329 H30 o
I E— £ me : Jiy
R'” “OH R™~0 o R R
_ - Rt 2L
1) MeLi 2) Li[R“ZnMey] Zincioketal
Scheme 15. HIVKR U BOEZENGE T o ANDOE#

4-3. U JVEEER T — MR

RF - RERHE SIS H L LEERDO T Ty b7+ —AThHY, FNO~OHKEEGBHREDO
IS ERERICB 2EELTETH L, Ter 1L, ALY NVEST — MEEEZ TS L

[AE)

W — RFAFIRE GO T ) VS EPOS & FEH L 72,

4-3-1. ZIWF D2V )VEEga bR
VT = YR VEESET — MK SIBNOL-Zn-ate (&, R BB OIFIETIZHB VT, mIER
(STT V3 2 & AR S ) VIGRIL S 5 2 L 2 L L 72 (Scheme 16) s

SIBNOL-Zn-ate O Bu
R H R H o-_/
(1.1eq) _ _ ~ e)
R—=—H + ~Zn2¢
THF PhMe,Si”  H H  SiMesPh O @Sé'\"ezph
r,12h Branched Linear Li MgCl
SiBNOL-Zn-ate
i c H cl
Bu H N H EtO H EtN H
_ ] o) — o} —
PhMe,SiT  H ~ PhMeSi  H PhMe,Si”  H PhMe,Si”  H PhMe,Si”  H
88% 94% 89% 100% 92%
(B:L=95:5) (B:L=92:8) (B:L=94:6) (B:L=86:14) (B:L=74:26)
Scheme 16. 7L > D> I EMERIS

4-3-2. 7L oo VjiaEieRin (1) : 7UILYSVE

TONHERT — MEHEZOL DX TNV v ERIS LR WA, BEREBMIEOTFAETIZBWLT, Kl
TN v ~O ) VEELAHEITT 5 (Scheme 17) 20, Cp,TiCl, DAFFET, YV IVENMF% 2 OF
F % SiSiNOL-Zn-ate (I B EIRMYIZ T V7 Y ITHMIL, EO%, B-v ¥ FEEE2 £ TR 4 ICE#HR

ENTINY T UVEFY 525, TIVELY T VERWRAL 7 4 v ORMEIZE B S NE
75‘0 f:o
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SiSiINOL-Zn-ate (1.1 eq.) O o /SiMegPh
Cp2TiCly (5 mol% ~Zn 20
R PaTiCla ¢ ) R, SiMe,Ph 0N
AN THE ~F s 2 O SiMe,Ph
®
i, 18 h 2MgCl
SiSiNOL-Zn-ate

'BUPh,SIO. -~ ., SiMezPh BnO™ S NF .- SiMezPh 'BUS._~_F, -SiMesPh

95% 92% 88%

(E:Z=24:76) (E:Z=28:72) (E: Z=26:74)

EtO.__O._~_Fn,_ SiMePh o}
BnaN. -~ _#, -SiMesPh hid M o_siMesPh
ol MeO . -SiMe2

75% 79% 80%

(E:Z=21:79) (E:Z=27:73) (E:Z=23:77)

Scheme 17. Cp,TiCl, fiEIZ L 2 7L > DS VIVEIMERIS

4-3-3. 7)oV )vEibRE (2) 1 PILFILYSVERK

Cp,TiCl, Df8H Y |2 CuCN Z filtfi & L CTHV: % &, SIBNOL-Zn-ate (£ 7 )V » A5 % (Scheme 18) 2Y,
COBRIZIE -t KU FEEESETE S, EEROT7 VIV T v ARWAEONS, —F, BEHER
Py T 2 ERRATA VA XV REERAET LTV v EHAVZSAICE, SERT VLY T 298

BRI RS 5o
SIBNOL-Zn-ate (1.1 eq.) SiMe.Ph o /2Y
CUCN (10 mol%) - ez ~Zn29
R - R/\/S|Me2Ph + R “Me o~ “SiMeoPh
® ®
rt, 15h Linear Branched O - MgCl
SiBNOL-Zn-ate

SiMePh SiMe,Ph _ _
©\/V @N OSSP~ SiMesPh
OMe MeO

81% 97% 73% 66%
(L:B=90:10) (L:B=86:14) (L:B=84:16) (L:B=86:14)
o iMezPh 9 SiMeoPh

uS._~_~_-SiMezPh P
PN Ph7y Me
NC Me Ph
76% 85% 79%
(L:B=79:21) (L:B=1:99) (L:B=1:99)

Scheme 18. CUCN fRIE(C & B 7L > DY Y IIVERMERIS
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4-4. )\—=J LA 07 ILF)VEEEn7 — FEE : Li[RrZnMez] & RrZnR

N=T7 VA7 VF) (Rp) BT BB TREE] THY, a-d LI B-Hiskz
WL CTEHIIHHT H720, 54 - FIHOEE 5128 [HKR] 24% L35 (Figure 3) 22,

F
-eliminati F
a-elimination Re
R—M —— ;:
R F -MF F

RF%I R FF _ME F
FF . i Re s
M = Li, MgX B-elimination Fﬁ)\':

Figure 3. Ry £ B1E D ARIZ IR

UK LT, RE -GS HEMICLEITHFIET 5 2 L IEREZS T, Re-1 & AR
OO YRS SUR TSR & V72 Rp— MR D F8 A1 & R ALBUG OBRFSICHUY FLA 72,

T e GHEHESREZ VT [0 C T TCF-1 ZHigfbL, £ U5 R—HSHFELY [HiR] (2 THiR
T 5 HET %47 - 72 (Scheme 19), 7 — M Li[ZnMe,] B &£ UF Li,[ZnMe,] 2 Fi\v:72E 25, HEIW 16
e Bl S N5 72 MeZnCl X MeyZn & W72 R TIZ B WS 5 e o 7275, ZnCl, & 2
BHEOD MeLi 2 5B L 72 Me,Zn 2 728 25, 62% R TLEARDHIE 16 735 51720 Me,Zn
122 ¥ EmDLICI 2RI L72R T 16 23551720 REISARTIE Li[RpZn(Me)Cl] 2554 LT\ 5 &3
Ao, RLFEMEDS [BWICLE] o [RISHEICED ] O THRR2 R-SBETH L Z L H7RS
N7z, DFTEHED COfEF &2 HE L 72,

\ Zinc reagent (1.0 eq.) PhCHO OH
CaFo—| | CaFszr
Et,O rt, 16 h Ph C4Fg
(1.5¢eq) 0°C,1h Rg-zinc reagent 16
/Me 2@/Me
Me—20O Li ® Me—2Zn. e 2Li® Me—2zn—Cl
\
Me Me
0% (73% at =78 °C) 0% (62% at —78 °C) 0%
Me—Zn—Me Me—Zn—Me ¢ LiCl

0% (LiCl-free)

43% (MeoZn + 2LiCl)
62% (ZnCl, + 2MeLi)

Scheme 19. Re-| DE$A{E

WEENT, e MK HWS ZEHNTE, spP REICHEILS R EBLON—T7 007
J—VHEERATE LI Db o7 (Scheme 20) 2,
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o)
MeoZn (1.0 eq.) Ps OH
Ao LiCl (2.2 eq.) [Rerzn] AP A
F"Zn "4 Rr
(1.2 eq) THF rt, 16 h
0°C,1h

Re = C4Fy :89% OH OH OH
OH  CeFy3 :90% NC©—< M9020©—<
Re Re Re
CBF17 :91% |
Re Re=CsFo:  94% 92% 80%

CeFs :92%

CeFs:  97% 95% 90%
OH s OH HO, CoFs "q cis "R e
N=" Re Re S N
M o)
Rg = C4F9 . 40% 86% ©
CeFor  44% 979 64% 57% 80%

Scheme 20. HILERZIVEEHD/IX—TILAOTILF IS LU T7 U —ILE

Ty RRERETERENLOMENICHFFRICEATIH L LFEORBOEEEIITEITE
FoTwb, ZIZ CTHMMBOFET, IR~z HER 7 — bR Li[RZn(Me)Cl] % I w1 L7 1) — v
17 LGSR h, BRNELZPSLHBO N v 7)) v 71518 2355 1172 (Scheme 21),

OCi2H2s
MexZn (0]
(1.0eq.) |
+ 17 (1.0 eq.) OC12Hps
. Me
LiCl /@ ® phen (20 mol%), CuCl (10 mol%)
——— | C4Fe—2Zn° Li
(2:2eq) THF TN 70°C, 16 h C4Fq
+ 0°C,1h Cl
C4Fgf| 18:17%
(1.2eq.)
Scheme21. 7 ) =L\ A KD/X—T7I)LF O 7 IV X IERISDAIEARE

HE, EEOHEY A/ raxh vy 7)) v FROBIMBASEM P LETH L. BERTIE 5
HIETH o 72 Li[C,FeZn(Me)Cl] b IMEGME T TS LIz E 2 o Niz720, X IR 2 151
LTES [HHED Lewis IHREMEES ] 24 R LHEER, @B~NOBVRAETHS D NN-U 2
FU7TOEL VRE (DMPU) &H7zE &1289% IR T I8 R 67z, —F, BALEOME b
IryRyrsunry yefnicE ZIZIEHEELRNEORTEALNIZZ LG, RH T Lewis I
HUEEROZEHMBEIZHAL L TB Y 2, TN R HHEEAROLELIIRKELFLE LTV DEEZ S
N5, SOOI L 2 S BEOR IR SN o 72720, AR TEER I 7L % o fill i
E L7z

ARFZFFFECLCEE—KELEHFELTBY, AR BPSVIERTHFERICEATEL
(Scheme 22) 29, 72, A7 — VT v THHESHTHY, 93% (1.18g) THWDH v 7)) » 71K 18 H°
Bohi. BMTELTLI-Z7 o) b)) Y EFRIMTAIEICLY), Trtu7y —vExrEA
TLZELWEETH L (26) 612, A—GTLEOLEIZR ZEATLIELTELZD (49-53),
PREEIEM BB L S )1 2 5T 5 2 LIRS 5,
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EtoZn (1.5 eq.)
—\ _FG Cul (10 mol%) — _FG
Re- + I \ // Re \ 7
DMPU
90°C,>16 h
OC12Hzs Re= C3F; 19:91% OC12Hzs
OC12Hzs CsFy1 20:91% R , COCraH
o CeF1z 21:91% CuF 2v12h25
C4Fg C8F17 22: 86% O O 49
Rr 23: 94%7
18:89% C1oF21 24:72% 227 879
O, 'C3F7 25: 0% meia: °
93%, 1. 18g 26: 88%° para: 28:72%

7N
o o 0-8 C4F9—®0R
CF CaFo CN
4F9
C4Fg

C4Fg
R = Ph: 29: 95%° R = H: 33: 68%" R = Bn: 35: 89%2¢9
NPr,: 30: 61% 31: 60%” 32: 65%" CN: 34: 54%° Ts: 36: 81%b0d
O-p-Tol
OTBS P N
C4F cl
C4F9_'7 Cfed C4Fq C4F9_C¢ ¢ 9@
R = H: 37: 80%? b RH4090% ! e remonh
OMe: 38: 82%5 39:47% Cl- 41: 83%¢ 42: 50%" 43: 55% (82%)
Me @ Me
N= _/ N N N-Me Vi N
C4F9@ CaFo \ CaFe=( :]@ CiFo=. | A Cifo =0
N S N">N"0 N
y o) Me
44: 47% (89%)° 45: 35% (41%)° 46: 56% (66%)5° 47: 60%° 48:57%°
C4F9
49: 38% (50%)bof 50: 78%b0f OO OMe
R F FF OMe
F ATT Ay
C4Fg CaF.
F F F ¢ a9
51: 90%b¢f 52: 51%b0f 53: 70% (95%) 249

Scheme 22. /X— 7 )L A7 ILFIL{EDEE —fEHE
Isolated yields. NMR yields are given in parentheses. # CgF17-Br was used. b1,10-Phenanthroline (20 mol%) was
added. ° 120 °C. @ Cul (20 mol%) was added. © Me,Zn was used instead of Et,Zn. " Amounts of the reagents were
doubled. Y Amounts of the reagents were tripled.

4-5. KU V7 =7 VE A DERET £ SR EZFHIFI A

RYRT A T bbb R VT =4 VIFEEEKSETH Y, ZOEREBALENOF AR
ENTW5B, FTETIE, INTF - BBSICE 2R V) F v L0HEES X ORUSHEDOMEE 20 % Sadighi
BICE R VEIREOFA - FIF 2D 2 EAME SN TV LD, ARERIZBIT2R) VT =4 B
LOR) VT =F VEMEOR IR ZRFAHIZH 5,
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4-5-1. ;KU )VEEER 77— MMEE - M[(pinB)ZnEtz]

RN)NVT =& y R LT 258 VIS T — MMEICHIRZ RS, Fi7c % FUSEORIBIHkA 72,
T, VRO UPSTITIVFNLNEHAND LT AR MEISIZE Y, R)VT =% v e T T
5 [RYIVHESHT — MR 5ET 2 EREL, ETNVEE L H 72 DFT #H %175 72 (Figure 4) -
RV IVHEET — MEREROEELZ ANV F—IZERTTHICRYVBIL LN TELMETH 70
R L, TEBTTZEMICIEAR 2B THD I EITRENT, TORKRIE, MAEE L 2EEER R
VVHLERT — MEERETIEmBUBICE Y [REFEOBN AN L ZELEZHR ] 2 epnTand, K
YIVHESR T — MEE T SEE A UG AL LTRHTE A2 L 2RIEL Tn b,

AG o /o © ®
g U
O [e} Me
MeO Me~ 717 /-OMe
MeoZn Li/ o
--------- OmB---B~ MeO—B
Mem B, ]

Borylzincate

~ L| Intermediate

Figure4. E7IVDFTEIHICL B2 RV IILEHRT — MEFREOIRXLX—-TOT 71
@MO06/SVP (Zn) and 6-31+G* (others); AG (kcal/mol)

ZZTH—IZ, R VESRT — MEEZ VST ) — T A FOFR Y IALEIG % %51 L 72 (Figure 5)
KO T, RYNT=F &k ayry —HEH s a2 M LT [ L) ZER C-Zn fEE % HER
L, #WT [SHIZHER C-BREGZEIWIIZEHRT 2] Z&I128Y, RV T — M EFERERIC

B2 [BNENAF 8] 2 K& CHETE2 LR 72,

R'2Zn (cat.)
FG )
p OR FG
r—B(OR), R'2Zn (RO) gB B(OR
s
RO-B(OR),
3. Formation of 1. Formation of
C-B Bond Borylzincate

©
Ar—ZnR's + X-B(OR), R'zz%—B(OR)z

Vhermodynamically
unfavorable
Ar—X

2. Halogen-Metal
Exchange

Figure 5. 7 ) — LI\ 1 KD A FALDMIEY 1 7 L DRE
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R 7 S ERGT ORSJ, EtZn % 10 mol%, NaO'Bu % 1.1 HE vy, THF 1 75C N TR %479 2 & T,
BeaxZaofb7 ) — sk FLIns 2 L2l L7z (Scheme 23) 28, J#12, SARMICIRAG -
e xX T FVEE (58) RBBAERMBEIZLYSMT LT VF XU (59), EiEELEHRERERAED
FMEZTRT VI ATIV (65, 66), 7 /& ATHIA VLTI —VEIILD (67), FirtDNT
OHFRIEYE (70-74) (CHEATHIENTE, /2, KISIEZ 120 CICHIRT A2 & T, BILT
D= Vb AT FELTE (54, 56, 60)c SHIZ, EA (EFaF5—1) YKRT Y (Bypin)) FtD
PRUVERAWLZEBWETH -7 (74, 75)

Et>Zn (10 mol%)

FG 4 NaOBu (1.1 eq. FG.4
ENx 4 Byom, NeoBulded) TELN oR,
— THF —
75°C, 24 h

Me Me O—/_
MeO.s—\ O o 0
O_B\ B Me B, °
/% s o 4
para : 54: 82% (83%) Me O

meta : 55: 91% 57: 86% 58: 80%7 59:71%
ortho : 56: 86% (83%)

o
60: 92% (95%) 61: quant 62: X = Cl: 92% 64:83%
63: X = Br: 75%

s i =L O c—aﬁ GLL

para : 65: 63% 7 60% 1-naphthyl: 68: 93% 2-thienyl: 70: 80%
meta : 66: 65% 2-naphthyl: 69: 72% 3-thienyl: 71: 95%
o Q} ) O
O AL o010 (O
\O Ts \O o) o
72:76% 73:74% 74: 72%2 75:64%

Scheme 23. RV R{LDEE MM

Isolated yields. Yields in parentheses are of the reaction with aryl bromides at 120 °C. # Reaction at 120 °C.

WIZ2OHDOEIEE LT, [RUFAL vANDR) VY v —a VRUS] 2R L. XS V3R
BEEBHIANF—GHHETH ), ZORISIC LY [RERN ¥ V8] 24T 5 (Scheme 24),
T4 OBMETHFHT LI 7T Y —IVISKRY) VEERT — MEEREZERHSEL 2 LI )RS U %
%EL,;ﬂL%O1ﬁ%@$vwﬁ&7~F%WﬁﬁM?%:kayﬁyﬁtﬁEEﬁ%K$ﬁ
FEHEANEA SN, A U7 — MMEAZE A ORETH CTHRLT 2 2 L TEELE Y ELE
WL UYDRERTE S 2,
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FG
EtoZn (3 eq.) E
o Mg(0'Bu); (2 eq.) 3
B— x _0
o dioxane, 120 °C, 24 h B
then Electrophile (3 eq.) 6}
e .
+ (pin)B—ZnEt, ‘ — IB(pin) +E
O
FG O FG + (pin)B—ZnEt, FG €]
ZnEt, R ZnEty
— XZnEt, |
X B(pin)
Ao ANlYI Bromide -~ - == === === m o e :

GV SO O
Blpin) B(pin) B(pin)

B(pin)
84% (X =Br)
81% (X =1) 77%2 (X =Br) 72%%P (X =Br) 51%% (X =Br)
63% (X = OTf)

lodine ---------------------ooooooooooo ' HpQ --oommemommmmo o mm ooy
| OMe o OMe CN
L CC,, T, CC
\ . =
B(pin) Bpin) | | B(pin) B(pin)
78% (X =Br) T1%°(X=Br) |  84%(X=Br) 76%P (X =Br)

Scheme24. X H A > DRYNT > —2 3 RIS
The reactions with electrophiles were carried at room temperature with H,O for 5 min or with I, for 3 h,
or at 75 °C with allyl bromide for 12 h. Isolated yields. “ NMR yields. ) eq. of By(pin), were used.

4-5-2. 9 FAR7— MMEIMEIC KD 7 ILF 0D S 2 AER VR Y IV ER G
ol Ru VT AT OVEIL R SE G e R 5 T A BT 2 B e B RATERAE CTH 5o —HIZZ
NoSDILEWIE, ThEror FuskwEl NarvEL S5V RYMEEISIZ L) &S
NL2, INSHITHEERTEOED pHERLERERE - v ZHE L ZEEGOMBEERIC LD E1T
Th0, ¥ ABRY R FESE %S (Figure 6)o *7'? RSO NS w72, $4bb
RYNT =% Y 2GR 2TV F  OR 7RG TIX, SNETRETHS N7 v 2K
E#Lﬁﬁékﬁﬁtto

v Conventional Borylation --------------5 Our Approach

' ' ' X
X ' R! BX
_B” X BX, ~X 2

Xaw s N (07 —— =
| R R2 || R—=—R?
R'—=—=—R? ; x®/
Figure 6. =ZEFEE DK 7 FEIERIC

F9, Lewis HiZEIC X W VR y 2 EHALL, A7 VF I3 IS (5 FRIS) %
LA RyFELEIN-EHHNWIIES N2> 7 (Scheme 25), % Z CTAKIG% DFT 51
IR ELZEZ A, JUSOEHALT 2V F—1d 50 keal/mol VL E & D TEW 2 EAURIB S L7z,
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o>g<
(o} o) Various Conditions Rl B-O
R———R2 + B—B, >:(
(0] o] O-B\ R?

(o}

No Product Formation

H DFT Calculation @B3LYP/6-31+G*(kcal/mol)

Me .
o fO Ri( Me %
AL BB L ' o o . OB _wme
Me O—= AG=+51.9! \B”_“ y I
e el R TN
V/ Me. ! L~ OJ: AG=-63.0 70

NN SR
Me IO B\O H
Me Me -

Pre-reaction IMjnter TSinter CPinter

Scheme 25. HILARZILEEHDIN—TIFOTILFILEE LT —ILE

w40
\
o

ZIT, HTMIC Lewis MIEMEFEMALEEZ AT 27V F VS [#OTHRIG] 30 2 794§
LT, TUHNVE— - ¥ NOE—WITEFIZ SR %G L7 (Figure 7).

o ©
B—B o of
Y 0 B—B=0
P e\
LB

FG:J FG%J

Figure7. ¥R 0> DS FAREMAL

TNV ELTILI =N Buli i CT7NVaIF Y FE5EL-RBIC, YA (EFa5—b) VUK
Oy EREREEEZ A, HIO YR VALK 76 1 77% IR TE 572 (Scheme 26) 3D, F7-,
KEIMNE T T LA = VTITH) TEDBMRETH Ho AUNIMD TRV IEE#HEEHZH L, Bif%
INRCHIME G 2720 oAy 91) BLOVA V&Y (92) Tk, 7Vvaxy FICBETL4E
FEDEFEIRIIZ D R M a iz, T2, RESOEBIEIHT VI — VIR T, e 2
BTN A= NVERWLZENTED (93-98), — K, 1T NVI— VBLOKREST O/ NLEF)T )V I—
VTIEHMOAERITEL Ao o7z,
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R2 1) "BuLi (1 eq.), rt, 30 min O\y\é

OH 2) Ba(pin)2 (1.1 eq.) —{ g2
THF, 75 °C, 24 h; o s
workup HO" ™o "R

4-CF4:79:97%

W Acetylenic Terminus
4-Cl : 80: 73%
Me  4.CO,Et: 81:61%

R
o& I\
B-O
_B oo 40 -B
HO"®~q Me 4-CN : 82: 74% HO" B

76 77% 3-NH, : 83: 85% , C
84: 66% (NMR Yield 85: 96%
87% (1.37 g) o ( ield) o

0& 0 CoHgPh : 87: 56%
B-O R (0]

B- "By : 88: 89%
Me )=S<Me °Hex : 89: 84%
Me HO’B\O Me Bu : 90: 35%
86: 92%

M Propargylic Position

4-OMe : 77: 94%
o 3-OMe : 78: 88%
B-O

o\>}§<
B-O
H
Me
. 94- 939 Bu: 96: 75%
93: 88% H :94: 93% (E)-CH=CHMe : 97: 80% 99: 49% 100: 82%

OC,HsNMes : 95: 75%
2ratiez ° p-Tol : 98: 27%

Scheme 26. 7ILX > M b5 > ZREIRE VK U IIVERIS

NT, RSO AEREEZ R T, K7 VF 2 EE LT YRy NN Y ADR
VMERIE 2T o720 $hbbH, uLilZE V) F I A7 FY FEEEZE, Thz7X s TH
WTL2ZETRPICTU/SVFNTVIXF Y FEFEASEDL, TV R Y2z bZLI2L0,
BWIERIZT T Y ATRY LAY 77, 85, 86 25% 51172 (Scheme 27),

OF

1) "BuLi (1 eq.)

: Me 3) By(pin)z (1.1 eq.)
R—=—H THEF, rt, 30 min R—— Me R B-O
2) acetone (1 eq.) OLi 75 °C, 24 h; workup =—{ Me
r,1h HO-B~o~"~Me

MeO
O>H<

-B.

85: 81%
Scheme27. 7 >Ry MR IERES
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EH1Z, VRYIMERUEDOHIZE L DR L — ik 101 2 EHENICHR-FilizaAhy 7)) v
TEMIHT LT, 4BEA L T 4 V102 KRG RINETHE SN2 (Scheme 28), KiHEEIE, £
e A B L7 4 v R AL iEEIRA R ORI AR T A BT D, Fi- G E O
HRICKE L N2 RS 2 LHfES N5,

]
e
1) "BuLi (1 eq.) o o

dioxane (2.2 eq.)
< > _ i'\"z rt, 30 min PACly(dppf) (5 mol%)
OH  2) By(pin)2 (1.1 eq.) dioxane/aq. KOH
75°C, 24 h 120°C, 24 h

Me 102: 64%

Scheme 28. SEREHI R U IML/BAR—Z@HI7AX Ay TV IRISICE B 4B AL T« V&K

[ 5 ¥-ielols

Fa DWET V= TORREE S L2, BEREME 7 — NMMEOKRT & AREA R BUEANDIEHIZ D W Tk
NC&7, CHEORMAMME - GHT 2 [oRIF] &, BERDERABRIZTI ST [7— Mk
bt] FEAMAGDEL LT, e UG - BIREZFEHL72, [7) =T 4 FOfbFER
WA & WALEIR ] [ 7 — N EBEIEOBISE & FHRBEOMERIREL 70 b b (x5 vfk) U] [Rf
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B3534 NiClx(PCys)o [= Bis(tricyclohexylphosphine)nickel(ll) Dichloride] 1g 5g
B3095 Ni(cod). [= Bis(1,5-cyclooctadiene)nickel(0)] 59
T1165 PCys [= Tricyclohexylphosphine (contains Tricyclohexylphosphine Oxide)

(ca. 18% in Toluene, ca. 0.60mol/L)] 25mL
B3153 TBHP_[= tert-Butyl Hydroperoxide (70% in Water)] 1009
C2223 CHP_[= Cumene Hydroperoxide (contains ca. 20% Aromatic Hydrocarbon)] 100g
T0616 Cp.TiClo (= Titanocene Dichloride) 59 25¢g
C1952 CuCN_[= Copper(l) Cyanide] 259 3009
N0499 C4Fo—I (= Nonafluorobutyl lodide) 25¢g 1009 5009
T1098 CgF15-| (= Tridecafluorohexyl lodide) 59 25¢g
P1084 CgFi7—| (= Heptadecafluoro-n-octyl lodide) 25¢g
H0844 C1gF21—I (= Heneicosafluorodecyl lodide) 59 25¢g
P1188 CsFs—| (= Pentafluoroiodobenzene) 59 25¢g
H0629 'CsF;—I (= Heptafluoroisopropyl lodide) 25¢g 100g
D2014 DMPU (= N,N'-Dimethylpropyleneurea) 259 100g 5009
D3214 Et,Zn [= Diethylzinc (ca. 17% in Hexane, ca. 1mol/L)] 100mL 500mL
D3902 Et,Zn [= Diethylzinc (ca. 15% in Toluene, ca. 1mol/L)] 100mL
B1964 Bs(pin). [= Bis(pinacolato)diboron] 1g 59 259 1009
B2254 Bis(neopentyl Glycolato)diboron 19 59 25¢g
B3757 _Bis(catecholato)diboron 19 5g
S0450 NaOBu (= Sodium tert-Butoxide) 25¢g 1009 5009
B0396 "Buli [= Butyllithium (ca. 15% in Hexane, ca. 1.6mol/L)] 100mL 500mL

B4697 "BuLi [= Butyllithium (ca. 20% in Cyclohexane, ca. 2.3mol/L)] 100mL 500mL
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Furan Photo-Oxidation Based Click Reactions:
Labeling, Crosslinking and Conjugation of Peptides and

Oligonucleotides under Physiological Conditions

Annemieke Madder

Organic and Biomimetic Chemistry Research Group,
Department of Organic and Macromolecular Chemistry, Ghent University, Belgium

Keywords: Furan oxidation, Photosensitizer, Oligonucleotides, DNA to Protein crosslinking, Peptide labeling

Site-specific chemical modification of proteins and nucleic acids is crucial for understanding protein and
nucleic acid structure and interactions as well as providing insights into cellular events. We here report on a
simple, efficient and versatile procedure for furan-oxidation mediated modification of biomolecules. Furan
derivatives are commercially available under a variety of forms thus allowing straightforward incorporation of
the furan moiety during solid phase synthesis.[” Once incorporated into a peptide or nucleic acid, furan can be

considered a caged electrophile which can be uncovered by selective activation through oxidation (Figure 1).

O A
NBO ) ——Br \0,%*,/ R
/) ~ ® .

Figure 1. Furan oxidation by NBS or singlet oxygen treatment

Furan-containing peptides and oligonucleotides can be subjected to mild oxidative conditions (NBS or air/
light/photosensitiser) so that the reactive electrophilic species are generated. These reactive intermediates can be

intercepted by various nucleophiles to form stable conjugates.
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Scope:

l. Furan-mediated Nucleic Acid Interstrand Crosslinking™
Easily accessible furan modified nucleosides, a commercially available photosensitizer, and visible light

irradiation constitute the necessary tools to achieve selective duplex interstrand cross-linking of furan modified

oligonucleotides. The crosslink mechanism involves formation of a covalent link through reaction with exocyclic

[3]

amino functionalities at the corresponding position in the complementary strand (Figure 2). Both DNA'" as well

as RNA targets'! can be covalently trapped in this way using furan-modified oligonucleotide probes.
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Figure 2. Principle and mechanism of furan-oxidation mediated interstrand crosslinking

Il. DNA to Protein Crosslinking

The methodology has also been further extended for its bidirectional use in protein — nucleic acid cross-
linking, modifying protein or nucleic acid respectively to react with the unmodified counterpart as target
(Figure 3).[5] As the cross-link reaction is highly distance dependent, mapping of interaction surfaces is within
reach. Understanding the remarkable selectivity and affinity of nucleic acid binding proteins for their targets
(DNA and RNA) in the complex cellular environment, which is central in the regulation and execution of
biological processes, is a major challenge driven by the ambition to design novel drugs that can compete in such

interactions.

protein protein protein

Figure 3. Principle and mechanism of furan-oxidation mediated DNA to protein crosslinking
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IIl. Solid Phase-based Peptide Labeling

Furan-oxidation was also used as a method for the labeling of solid-phase bound peptides by generation of
a reactive aldehyde in the sequence. Hereby, the non-natural N-[(9H-fluoren-9-ylmethoxy)carbonyl]-3-(2-furyl)-
L-alanine can be incorporated into a peptide and subsequently converted into a 4-oxo-enal moiety by selective
oxidation of the furan moiety. Next, a simple reductive amination allows introducing the desired fluorophore.
161 The incorporated furan moiety further enables another orthogonal strategy for highly selective labeling. The
furan diene has shown to be a useful partner in Diels—Alder reactions with commercially available maleimides as

dienophile. The more recently described 1,2,4-triazole-3,5-diones present an excellent alternative.l”’

IV. Singlet Oxygen ('0z) Mediated Furan-based Peptide Labeling in Physiological
Aqueous Solutions

Completely deprotected furan-containing peptides, following selective furan-oxidation in aqueous solution
can also be intercepted by a-effect nucleophiles (such as hydrazine derivatives of dyes or fluorescent labels) to
form stable conjugates. Incorporation of nucleophilic fluorophores through a cascade reaction sequence, leads to
the efficient construction of site-selectively labeled fluorescent peptides.™ This reaction can be used for the site

specific labeling of peptides and proteins and can be carried out in aqueous solution.

Figure 4. Furan-based peptide labeling strategy initiated by singlet oxygen
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D4887 (4,4'-Di-tert-butyl-2,2-bipyridine)bis[(2-pyridinyl)phenyl]iridium(lll)

Hexafluorophosphate (1) 200mg 24,500M
B4944 (2,2"-Bipyridine)bis[2-(2,4-difluorophenyl)pyridineliridium(ll)

Hexafluorophosphate (2) 200mg 22,500H
B4893 (2,2"-Bipyridine)bis(2-phenylpyridinato)iridium(lll) Hexafluorophosphate

(3) 200mg 19,500 F4

ARABHFIC L EFRENELL, BEBICH L T—EFBILE—ETFETOMAICEEERT
i (AL Ky 7 i) &, KBAEZIXIWX—FEELTERTIEVWIBALSHFE %
EHTVET), BUEBEIEETHERBESI L TIRICRERET T2 L —MOICRETTH, KL
Ry 7 2z BAWARTIIEENARRYPREINE T, £/, Zh5OXMEY 1 7LICEL
T, BEAREETEROBMADNDIT v 72 & “Redox-neutral” ERICRTH D 2 &EHFF5N
TWET,

Oxidative Reductlve
Quenching D Quenchlng

P-Cat*
A
W/”\ Q W/”\N\
P4
e
P-Cat hv P-Cat™* PFe £ PFs
A

D¥\ P-Cat /%

A

\ /

D**
=
o . - \N/ \
Visible light induced trifluoromethylation
® 1 (5 mol%) Rl oF
Ph Ph _Di-tert| idi 3
R—=—r + 5 ¢ _ 26Ditertoutyipyridine - T\ __
CFy OTf RT, 425 nm T 2 3

AUTHLM) ZTIIVEY JILEER (1~3) RILTZYL () KD ED) JILiEkE &1k, B8R
KEBHEHTFTTREIEL Ry 7 XS U THEL £ 929, chbsDBELEHFERE=SEREY
REMGTHDIEDD, ARICICELD D FERICERENME T, £/, BATEIEFHICEBEH
T3H2ET, BAEDBILETENEHIETE3EHIHNET Y,

Xk
1) Review: Synthetic applications of photoredox catalysis with visible light
Y. Xi, H.Yi, A. Lei, Org. Biomol. Chem. 2013, 11, 2387.
2) Photoredox catalysis with visible light
K. Zeitler, Angew. Chem. Int. Ed. 2009, 48, 9785.
3) Photoredox-catalyzed stereoselective conversion of alkynes into tetrasubstituted trifluoromethylated alkenes
R. Tomita, T. Koike, M. Akita, Angew. Chem. Int. Ed. 2015, 54, 12923.
4) Review: Shining light on photoredox catalysis: Theory and synthetic applications
J. W. Tucker, C. R. J. Stephenson, J. Org. Chem. 2012, 77, 1617.

CEED)

T1946 Ir(ppy)s (purified by sublimation) 200mg 43,500 [
T1655 Tris(2,2"-bipyridyl)ruthenium(ll) Chloride Hexahydrate 1g 9,700 M 5g 33,200 {4
M1774 9-Mesityl-10-methylacridinium Perchlorate 1g 9,500 [ 59 26,800 M
T0035 EosinY 259 5,400 M
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€S5S K (Cer) EiiZ5~I\O8 (CERT) FEEA

H1553 HPA-12 (1) 5mg 44,500
@\/\/\OH
OH HN (CHz)1oCH
Epasmersmen) T cog

: E o -
HN CH; ! :Enzymatlc HN CH3
n 1 conversion n

Scheme. CERT-mediated transport to Golgi for further processing to sphingomyelins

HPA-12 (1) (&, TERENMSICEWBARSINAEST I K (Cer) BXFAEFITT 2, €53 K
#nx&>/37HE (CERT) &, /Nigfd (ER) THAEREIN/AEFIINEXR T+ TJIT U EARK
DB THBIAINTENEETDI2II7ETHY) 3, 11320 CERT #fHEL £§ 5, CERT [AZE
e LT12MAL 2 BARREFI» HV £3 9, FlZ1E, 1 TCERT 2fET 5 & C BT
AL AR FEERBASEHRE 7SIV T7RENE MEEMBE TOEBEINEIEN B ERESINT
WE g 6ade), F/, (LREEFICH L CMEE BT L A» AMEED CERT 2#MAET 2 &, HAM
I/ ) 2% )L EDILEEEFICWN T 2HBREME (resensitization) T2 EHMEINT
WET ), 2hdDHEHREH DS, CERT ODEEFSHBEEPHRI AREE V- EEEICHD
mrS5HFEINhTVET,

AHBEIAETHY, HB - HARAOAICIFACEZE WL,

Xk

1) Identification of a specific stereoisomer of HPA-12 as an inhibitor of Cer transport
S. Yasuda, H. Kitagawa, M. Ueno, H. Ishitani, M. Fukasawa, M. Nishijima, S. Kobayashi, K. Hanada, J. Biol.
Chem. 2001, 276, 43994. (Erratum) 2013, 288, 24162.

2) Revising the stereochemistry and large-scale synthesis of HPA-12
a) M. Ueno, Y.-Y. Huang, A. Yamano, S. Kobayashi, Org. Lett. 2013, 15, 2869. b) C. Santos, F. Rogriguez,
V. Garcia, D. MoravCikova, D. Berkes, A. Daich, T. Levade, C. Baudoin-Dehoux, S. Ballereau, Y. Génisson,
ChemBioChem 2014, 15, 2522.

3) lIdentification of CERT
K. Hanada, K. Kumagai, S. Yasuda, Y. Miura, M. Kawano, M. Fukasawa, M. Nishijima, Nature 2003, 426, 803.

4) The latest review on CERT
K. Hanada, Biochim. Biophys. Acta 2014, 1841, 704. (Corrigendum) 2014, 1841, 1561.

5) Showing HPA-12 as an antagonist of a ceramide transfer protein
K. Kumagai, S. Yasuda, K. Okemoto, M. Nishijima, S. Kobayashi, K. Hanada, J. Biol. Chem. 2005, 280, 6488.

6) Applications of HPA-12 as an inhibitor of Cer transport
a) H. Sakamoto, K. Okamoto, M. Aoki, H. Kato, A. Katsume, A. Ohta, T. Tsukuda, N. Shimma, Y. Aoki, M.
Arisawa, M. Kohara, M. Sudoh, Nat. Chem. Biol. 2005, 1, 333. b) C. Swanton, M. Marani, O. Pardo, P. H. Warne,
G. Kelly, E. Sahai, F. Elustondo, J. Chang, J. Temple, A. A. Ahmed, J. D. Brenton, J. Downward, B. Nicke,
Cancer Cell 2007, 11, 498. c) A. Charruyer, S. M. Bell, M. Kawano, S. Douangpanya, T.-Y.Yen, B. A. Macher, K.
Kumagai, K. Hanada, W. M. Holleran, Y. Uchida, J. Biol. Chem. 2008, 283, 16682. d) H. Aizaki, K. Morikawa, M.
Fukasawa, H. Hara, Y. Inoue, H. Tani, K. Saito, M. Nishijima, K. Hanada, Y. Matsuura, M. M. C. Lai, T. Miyamura, T.
Wakita, T. Suzuki, J. Virol. 2008, 82, 5715. €) C. A. Elwell, S. Jiang, J. H. Kim, A. Lee, T. Wittmann, K. Hanada,
P. Melancon, J. N. Engel, PLoS Pathog 2011, 7, e1002198. f) T. Makiyama, H. Nakamura, N. Nagasaka, H.
Yamashita, T. Honda, N. Yamaguchi, A. Nishida, T. Murayama, Traffic 2015, 16, 476.

P1632 Paclitaxel 100mg 38,900 M
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07 A V% F—CHEHR

F0839 Fasudil Hydrochloride (1) 100mg 16,500 [
(o]
1l
N—S
N/ 6 -HC
\_/

1

AVX /YL ZRIERLTI RFEFRITOTI > FF—EOREHE LTHRREIATEELAED,
T ATIVIEERE (1) BWZhSDFEEHFOD—DOT, B407O71 % F—tH%#BEELET (—
f5l% Table 1 IRLET) 19,

b MEME (hES) TR OBREBECLHRICEVWTREBICT RNV E2EL, 8L E
hESHIRED 70— = > TRIRIET—MRITEWZ EDRESI W TOET (fl 2 13, 0.24~0.83%%, 0.4%5) o
hES MHEED 1 (I K 2L 1F, MIIEEHC S - (EEIh3 7R M= X &2HZ, £MEMRICES
dO0-Z—-HREEELET (Table2) ),

Table 1. K;values of Fasudil for serine/threonine protein kinases?

Protein kinase Ki (uM)
Rho kinase 0.40 + 0.03*
Protein kinase N 1.10
cAMP-dependent protein kinase 1.6
cGMP-dependent protein kinase 1.6
Protein kinase C 3.5+0.2*
Myosin light chain kinase 32

* Means + S.E. (n=3), ** Means * S.E. (n=5)

Table 2. Colony formation of undifferentiated hES cells with Fasudil®)

Treatment Cloning efficiency (%)
With Fasudil 251+1.6
Without Fasudil 1.3+0.8

P <0.001, (n=3)

ARRIAETHY, HB - HARAOAHICIFACEZE WL,

Xk

1) H.Hidaka, M. Inagaki, S. Kawamoto, Y. Sasaki, Biochemistry 1984, 23, 5036.

2) H.Nagumo, Y. Sasaki, Y. Ono, H. Okamoto, M. Seto, Y. Takuwa, Am. J. Physiol. Cell Physiol. 2000, 278, C57.
3) S.P. Davies, H. Reddy, M. Calvano, P. Cohen, Biochem. J. 2000, 351, 95.

4) M. Amit, M. K. Carpenter, M. S. Inokuma, C.-P. Chiu, C. P. Harris, M. A. Waknitz, J. Itskovitz-Eldor, J. A.
Thomson, Dev. Biol. 2000, 227, 271.

5) A.D.Pyle, L. F. Lock, P. J. Donovan, Nat. Biotechnol. 2006, 24, 344.
6) K.Watanabe, M. Ueno, D. Kamiya, A. Nishiyama, M. Matsumura, T. Wataya, J. B. Takahashi, S. Nishikawa, S.
Nishikawa, K. Muguruma, Y. Sasai, Nat. Biotechnol. 2007, 25, 681.
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