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Abstract The C(sp®)—H adjacent to heteroatoms can be readily functionalized to C—C, C—N, C—O bonds etc. via cascade
[1,n]-hydride transfer/cyclization, which shows high potency to construct 5S-membered, 6-membered and all carbon rings. This
intriguing cascade process can be employed to synthesize common skeletons of significant natural products and pharmaceuti-
cal molecules. Chiral amines, Lewis acids and Brensted acids have been successfully utilized to catalyze the asymmetric cas-
cade reaction.
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C(sp))—H BIE LIS THRIERE, Hrhi—
Tl SRS i ph 2 2 SR 1 28 S U R B (CDO),
O & — R AR A 5%, BIBL Ca(IDfE M
e, LI S e o A7), JE I i L AL BT A
B IE 1 rh T A, BT [l U R AR 2 51N
F MR H RE ] (Scheme 1, a). FEALMIAE X B A B
S5 87 A AT DASE T A R T vk S I s H A 2
fo iy 5 s LR 4B L C(sp’)—H 5
P T B — T A SR R SRR AR P U 26U 4 hr
(f) C(sp))y—H P, SHkE 5 A L RUR 7 HAT 5
b, AR RS T 4EALH C(sph)—H BEEA —
SEVERYE, BRIBL WS LLAISRBRNE 25 C(sp”)—H B T,
5 22 Jl R B 8 1 3 i AT 2% AR AT A AR S (Scheme 1,
b). U AL C(sp’)—H SETE bt T LA 2L
Ak 1 E RS U B S B (CDC) R S .

R2 R2
R? SET e H N M| NuH
| iy 4—N — 4 —
N w, R R 3
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N._Nu (a)
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2 R?
R R
-BULi/TMED. —
R~ N SRULTMEDR T RPN 1 2 NRS ()
i [ty

RIS 1 AUABGE Clsp’)—H SR M R 1
Scheme 1 Normal strategies for activation of C(sp3 )—H bond
adjacent to nitrogent atom of fert-amine

HIRIXEE C(sp’)—H ST REAL SEHE CAHE W 2
A A RO, B 1K G SR AT 7 A o Y e AL
IS AT BRI A BN BT 2SS, X e A RS
R R 20 P B R BRI R ). FESR A )
o PO KA R, X e A% 3 1) 0 EUR T AR ALY

C(sp’)—H BEIH AL I S E AR AE 5 & N TR
5641 C(sp’)—H S, A —2%5 51
C(sp’)—H HEL SR THEFNTER, WHEER
SRALA C(sp’)y—H SRS AL, 1K s 3 Bk A o I
[1,n]-E3E /3 4k [ i (cascade hydride transfer/cyclize-
tion), I/ B B8 BLE H REAL BUE AR AL C(sp’)—H
FAFFIRRIL A, BEIEA Csp)—H H#, MEET
DR TN FREUACEE, X0 T A LA 2R B &)
I B A A S X BEAME ] B e Rt 1k
FURTFARELH C(sp”)—H i, 3 AT LA s it A0 U5
SRAZI C(sp))—H i, B 75 AL LA KORUBR 5 711
C(sp)—H . 54 C(sp’)—H Ik L, #5k
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[1,n]-ZE A/ SN A2 — i B Syt FH PR35 A S s

KRR PEAYITE 1895 Fi CEp kI, JEhiar4
A “EUKE LN (tert-amino effect)” , 1Efilr JL+4F HIX S
S BIFRT A% A A S SR 2 B[ 1,n]- ST
Fo /AN S AR % 5 TR A B 0 e I B T M e A7)
ERLEM RIS T, A LI EUR 148 67
C(sp))—H B EBEIL, BRI -2 R
A, TER TG AN TCARFRRI BRI R R B
BRI /7. 2 BT DAy 80 A S B R IR = ) A 2
Yo WA 4L, anDYS R, R P S 2 SRS PR
WA

1 [1,n]-BERSEBEF R R BIHLIE LK f
Sk 3

KA [1,n]- 5 B AT /A0 s B IR R4 2 K 1
Hh LA N B SRR 4h A S T E e EDANE
ZAR(RE 2 A T 1 E R ).
1.1 [1,n]-BESTHBAMLR AN

[1,n]- 5B BREGT B/ AE S B FIALER B BT IR 3A €18,
— PP LB SR R B RS i AT 1T #E,
IXAN ER IR S N IS FE 4 Scheme 2 FTo, 8 5GR 1 LR
e YE R 11, SR DL 0 7 Uk 4
[1,n)-EL BT P B T ik 1, SR 540t 707 I
TR B IR 2. A MR R T2
PLE S TN ATIE RS, W Scheme 3 fTN, &1 ES
TR JRJET X WARAL S s a], IE 2SR A2
R b, ARFME TR 1, REEE 0T NSRRI
YA AR =0 2. AT AL R E, 3 FiL
R A N5 k.

E E E__E
Y
" ySHa Hb "~ Fa) Hb
eV U e

[1,5]-hydrogen
transfer

- X R FTUXTTR
1 zwitterion 11
E-E Ha
R ; 6-endo-tig ... _F
SR H cyclization 7 i E
TR X R
zwitterion T 2

B2 A7 DR 0 0 k7 i/
Scheme 2 Transfer of sigmatropic hydrogen
W 1l T N SR B SE IR S REAb, BT
LAt 6m FIAMER) T AORSE AU SO, HT Scheme 4
PR, (1,52 )G, ERIEHER 1,3,5-2 =4t
[EAR I, Bz AL 6n ML A ™4 4, FEIX
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Scheme 3 Transfer of hydride anion through space
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Scheme 4 Cascade [1,5]-hydride transfer/6m-electrocyclization
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AR G2 1 S e L B JiR s N7, T8 S 5 AN 471
SUIE R B e AL A, T BB R [1,n]- E0E R /30 A
B, AT AR E, BRRIE ST N
%%Maxwtf,ﬁﬁﬁﬁ%TﬁE%MMﬂ%ﬂi

SR, BRI R RR S v PR ) AL I8 JiR B (redox-neutral
reactlon) 5545 21 (1) s 0 4 T A A ) e — S B A SR A
bt XIS B AR RO A (1) BB A i A R T
LT QAT ESN I A SGE R, HATR L)
CEAIE IR AT (3) M S NS ) i T s Y S
MR IS5 N TC B SRS, (4 AN FRAEAL
T ) 22 FEVE (TR . Tk An B e B A -1k ek 2
PR 1S AR Hb R A3k 2 e ) 774,

1.2 SZEMELERILED

B T BSR40 C(sp’)—H B AT AE A A A 1A,
it Pk LA R ik Hh i i R AR 402 1) C(sp™)—H Bl vl
DMERSL AT S5 BB AL, “F00 C(sp’)—
H 48 LSRR 7 16 C(sp”)—H Bt AT DL A4 i
M2 5 &P &R BT e FER AT DU A2k,
FERAE W RN R JE & B S e e
P )y oo p- AR L AN/ . R
FEEFERIES TEWE 1.
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Figure 1 Types of hydride acceptor
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PO FL ¥~ B3 95 A PRI o r 7l o R LA A 3 N 4B 7
C(sp’)—H S [ f 4LIE o*C(sp”)—H, AMEBINE R T
YR E R R %E, SRS HIEE C(sp)—H (&
2); (3) [1,n)-EIEH 58 A Ja A5 R IE 3 T RE i A S 1
R p-p HHUMER TR E. M S, T
J1& B8 1 H50 25 T R, T AU IE B8 1 Bt AR . 75 A UG
B m-p FEHEEE I o-p ABILHEAE F AL e L iR
E BT AU IE 25T i A e k.

AT LAY, EEMER Csp)—H BTG, &
7 AR R TE B T AN SR B S AR R e ) T RFELT Ui
BEMENE T 2), WRAZARRSE AN RS mGRT
JR A A B B IE B 1), e Rl AR B AL S B RO R
BEFrRaA T (Scheme 2), FZ4RE 47 WEZIEHRASH]
P 2, WERESZ AR RIS R, BRIE B TR “IR
[B]” SR TS KA B, R EE S ZAR R
HEIX e S AT AT DA 7 T T 38 sz Sk 2%

ML, AR T2 5 R A BT B 1k 1
BT e, EREAARERESSHENET.
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Figure 2 C(sp’)—H bond activation promoted by electronic
assistance from heteroatom and aryl group
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. BEAZARON W T —IRERI, 8 T YRR 5
e (Y SR A P ORI SRk rEL AR R O SI FLE, JFZ IR L
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PRIREE o f-NAERIE L SV BIL AR T RERS 5 T
PE R ) R 28 £, AT HE Sk L0 e RO 2 L R I %
PSRN ST AR, TPEIE (A ) S TR A XL Ik
Fofk. FHEBRECE NN-SEME. 3)F L.
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K 10 ST /475 37 A SRS 6 0 37 A0 0 P 4 e 92
UL AR I STAR R FE

B 1A AT SR Ak, 5 — T R S
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Figure 3 Frequently-used chiral catalysts
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Seidel 25"V Ga(OTH); KAMEAL 20 (1 B BESOBE, 7E =%
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4 5 T LA T XURE IR 5 O TR RO 1% R B, 15
F 30%[1] ee (AN 7T4%[77 5, 1K/ B BR[1,5]-2L R /38
IS 9 AN T BR AR A R FRE (B, 1).
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Hurd 510D 2-5-5- Al 52 2% Y (22) F1 6 2 4t
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B/ B Nt mth e R T E A
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SAZEUC SN (SNAT) AT Knoevenagel 4 & AE Al B 2
MRS E AR T, ZE ISR R [1,S]-EUE RS A AT
SRR B e R T S8 I R R S R, PR
T A T SR A 7 257 B8 ks e (0 7 1 25 1 1,
i J5 2 9 1 M B RGBS SR A 1S
(—)-PUN286607, 725K 74%, er ([>99 : 1. MR

JSE PR ST AAR e B PR R A 3 I TS 4 ke SE B

Akiyama ZECSRFIFEREER 11 fE AT, 1k
JE) 26 FIAKAR[1,S]-ZUE B AU Y, 528 DL
R BRI R AR 2 T FHE DU S 277 2 9 90%,
ee { N 97%, Scheme 6). Akiyama S5\ N, TPk
PV ST AR R s i ST R AP Bk S T
TR 1) SR 15 R i ) S i R R S, 3840 1 sl
BT SE B, Y 26 fE FUERER MIEHIZ T, f#
B Wi BEZ A S kAT, Hit e k4T
¥, 338 AT P R Ak, 2l BE S
TR, N H* BE—TE S R4S THA S
PR F VA =4 27.

/N T NN-SEARY 8 RS (D)
Be &N, EARF BRI T, UBE R R
AU WO B B B A s M U Sk =4 29(7=
N 99%, ee fE A 90%, Scheme 7). Ui ASHH AR,
BE N 2 MR REE 45 O IRFEIRY) 28 IR BIE A
JRF, AEARE I IR B TS, NN 8 1)
PR A S5 DA B A A 7 Bk i 350 4 0 24 T FH 5 Y — IR T
RPN ERF SO EE Co(DE A, TR T /N ikid
EW. 1E[LS)-EUE R e UG, TR AT AR Ao FPE L 2
IR Si TR 5 77 PR R BT A, AT SEAZ IR Bk 67 88 1
HRBEHE SO 5 F Re T, M2 T BA SHBLH T
=R VR

B = rhi 20 USIR H Mg(BF ), R PERERR 12 20
1) Z JGRR HE A A R BT AEAL T A 30 (9 HR B[ 1,5]-5
TR/ R BE, DL o = S R0 i B 1S 2 T B
FRr=W 31(72 5N 95%, ee {H 93%, Scheme 8). FHig |5+

o)
Me — 0 .
HU i HNJ\NH HN” "NH
O o, CHO A
A GG § | o Py
Me
ON (+)-23 N Me OMO OoN [15-HT  [o,N
K/O H . 2 H
F EtsN, CH3CN v n-BuOH, 117 °C N)\,Me + - _Me
2 65 °C, 93% e b N/\O(
24 H Y
Me y
0 L Me |
i j\ ] HN— ! I
HN™ “NH O,N o NH
methyl group A=
isomerization o o :"' o]
—= |O,N -
P B . K/O Me
. Me 74% yield Y
Néﬁ-‘ >991ee 1o
K/O (-)-PNU-286607
= thermodynamic
L Me — cis
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B 5 I HREREUE RS b SO 4 A R B 250 (—)-PNU-286607
Scheme 5 Total synthesis of (—)-PNU-286607 via cascade hydride transfer/cyclization
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EtO,C.__CO,Et COuEt
X
| cat. 11 (10 mol%) |// CO,Et
N Ph
toluene, 80°C R )
Ph
27

steric
repulsion

up to 90% yield
up to 97% ee

O,
NI b/P\O —>  (S)-product

Re-face

8a

H* was preferentially
transferred

attack

B 6 FVERERR AL AR 83 R [1,0]-FAL A8 A SR 5 1 DU Sk

Scheme 6 Chiral phosphoric acid catalyzed asymmetric cascade [1,n]-hydride transfer/cyclization for synthesis of tetrahydroquinolines

R? (10 mol%)
Co(BF4 :6H,0 (10 mol%)

mCOZR3
| CH,Cl,, 0 or 35°C, 24 ~ 48 h

CO,R®
R30,C7 “CO,R®
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.
\\N/ H

o
NH g COO

O”o

transition state

B 7 T NN-SEEAY G A VAL O AN X R R R
[1,n]-E0E R ARk S B

Scheme 7 Asymmetric cascade [l,n]-hydride transfer/cycliza-
tion catalyzed by chiral N,N'"-dioxide and cobalt(II) complex

W IR 38 0 1) 2R 1 AT 7 F) HE R HP 31 m] REEAT[1,5]- 50T
F, 13 2IPFh T Re AR ESE M 1 A 10, SR BT A
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22 aB-PafBECEMEASZHE

50 R EE AT A I Bk rE TR IR A LA, e B- AT AN
B EDERE ap-NEMBEE . af- M. op-
AN ATEE RN o0, B-ANVELFH R 55 22 500 WL ECH), Rk
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WS o f-ARERIE SIS AR, AT RR
& LSRR YNGR NG

Seidel 25!V F- P SUEEME IR 7 A1 Mg(OTH), T 1%
SyIRIRAR AL o f- AL L ) 32 ) R B
N, R3] T TR DA MW= Y) 33 EAEE IR
NS RN TR 1A a f- AR, 52
e 1,2- 2R OSBRI &4 T A B 2 H b=y, g
SN R v, ARATIORAR B T AR s WA AR g (e e e
TEFRPE(P 2 88%, dr {74 : 26, ee {f 94%) (Eq. 2)%. H
e AR BN T BT A 7 BT TR B 7 P e ARt B 8 UAR
U (A A Xof R A St Rt a3 A 2 ol 32.

AR L FeCly N HEAL ALY 34 ) HR
PR[1,5)-EUE R A0 s B, DR i 7= e A X e 37
IEFEVEAS B 7 A A A ] R RN DY S Ik 1 0B 3R 7 )
35(72 3N 98%, dr fH N 99 1) (Eq. 3). 41 20 mol%fH]
FEBER 13 AUt BT, [FIRER 2] TR M R
AT MR (P2 RN 95%, dr [E N 94 © 6), SR R155]
TR WO B (ee (BN 55%).

HNB R AU S DR T XA R AT
R AATT T S R R TAE NN EALIAR 8/4T14%
G W) 9 A TR AL T R B R R, FE IR R IR 2R AF R
(35 C), LMREHIF=Z(97%), % R xT meik F Pk (dr
>20 1 1) FIRK IR 6T B B 1 (94%) A B T MR R IG[ R Y
S EMRF=Y) 35 (Eq. 4).

A, MBE A — R R BAT T
WEFT, AATTRHFYERERE 15 A1 MgCl, FT 4 s i Wi T ig
AR RAEAAZ R I SON. BRAR N il P e v, (R 4R
u@E%F$\#N%ﬂN%ﬁ%ﬁﬁﬁT%%FW
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Mg(BF4)2, 12 (20 mol%)

CH,Cly, r.t., MS (4 A)

Suparfacial hydride
transfer
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ﬁy*a l [1,5]-H°
o ©o

major, (S)-enantiomer

minor, (R)-enantiomer

R 8 Tk IJeIRAEAL A B R EX UL RS AR s

Scheme 8 Asymmetric Cascade hydride transfer/cyclization via chiral binary acid catalyst

7 (22 mol%)
o Mg(OT), (20 mol%)

DCE, reflux
L./

35(77 3 95%, ee fH 97%, dr>20 : 1, Eq. 5).
Kim 252050 F = 55 5 fili & B ek ik 18 (Jorgensen 1L
FNAREAT, 7RI ZEAE T BRI EAL 720 N-Ing e ik
WHEERE 36 I H BREIT /AL OB, PR BF U L
PR A RO B s VR AT ) 1 T DY SRk 37 (ee fEIX

88% yield
74:26 dr
94%/85% ee
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®/ \—R?2

) FeCls (10 mol%)

R? orcat. 13

N O DCE, reflux, 5 min ~ 72 h
\
34 R
FeClj; as catalyst: up to 98% yield 35
up to 99:1 dr
13 as catalyst: up to 95% yield

up to 54% ee
up to 94:6 dr

99%, F=Fik 75%, Scheme 9). fEMLS M, a,f-AHLAN
MW FVES R, Jorgensen fEALFT 18 BENEIR I Hbim it
E I V. ¥ /s Fie 3 A SRS SRS 9 o, B- AN VR R ) 5% HL 12
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/ H
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8 (10 mol%) Q
. / Sc(OTf)3 (10 mol%) 36 n n
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N\ TESO TESO
34 R up to 97% yield \L \L
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>20:1 dr \(j\/\/\ [1,5]-HT \(:(\/\
N
9 &)
RS g
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0, up to o ee
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34 up to 95% yield Scheme 9 Synthesis of chiral tetrahydroquinoline via cascade
U%01 9d7% ee iminium/enamine activation catalyzed by Jergensen catalyst
>20:1 dr
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SRS DT AR E ) 305 BE 1 -2-4- 1-WE 38 MW, LA
VU IF A 5 o 47 R B (TPAP) A1 S SR Stk 77, A
Jorgensen AT 18 AL 2 20 (1) Hf BREUT B2/ M.
38 2t JEAL A AAT B N-IE RS e S LRI 39, JEAL AR

1) o f-ANHIFIEREA T A AR, a5 b R )
BLEE, DIR w0 il it 18 1445 2 =14 DU S ik =) 39
(Scheme 10, a). Pd #4141 Saegusa A S5 B2 1] DA LA
(5 40 HALRRA a p-AEAEE. Rk Kim 55 X MR
(L 40 NJEA), LA Jorgensen fEALTF] 18 A1 44014k 57
1AL T =20 B BB B S B (Saegusa B4 AL/ 1,5]-F0E /3R
) RA T DU AR 39, 7E1%H BOL R Jorgensen

N "oy  TPAP (5mol%), O, N CHO
Rl cat. 18 (20 mol%) R
= N2 = e
N" R DNBA (20 mol%) ’i‘ R (@)
R1 R1
38 39
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ga ~o DNBA (20 mol%) N
1 / T
ril/\R2 DMSO/CH,Cl, (1:1), r.t., 4 d ZSNTRe
R'I
40 (b)
NR*R®
=
X
R3:_/ N
yo
1
;R
cHo [|BX (2.0 equiv.),
ro (:(\/ ~cat. 18 (20 mol%) N CHO
"DNBS (20 mol%) > vy ©
CHCI3 rt N R
40 R’
39
B 10  Jorgensen LTI 2 250 5 B RSB BT VU S e ik
Scheme 10 Synthesis of chiral tetrahydroquinoline via multi-step cascade process catalyzed by Jergensen catalyst
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177 18 FEALH =D R B R B (AA/[1,5]- 2T 31L),
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X WESTARIEFEPEAS B FE DU SR 39 (Scheme 10, c).
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TR 17 AE T PEAE AR A B BRI [1,5])- 0T B/
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P DU S 42 (ee {EIE 97%, Eq. 6).
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R R
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up to 97% ee
up to 19:1 dr
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Scheme 11). S5 87 AT B ade 438 14 d ik - 14 — SR A5 IR 16 5K
. RN NN FETFHERER 16 ML T, o-ff
Bie 43 5100 44 [N AE RO a4 T, 32 ] R 4 i
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el R RN ER S, ee EEBETIRIERT 84%.
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IR A R R Al X Bk O R 1 4SBT DY A ek 48
(Scheme 12). HHLFEA: EEMALFIRMILT, WES
ARG R A B IR, 7 A 975 i Hh T A ot 11k
RS AR e e R G RN (S = N -y =g 4
[1,5]-5E0T /MM R L. 4 T ERERR 14 (2 equiv.) X
O TR e AU S RN, 49 BIAR ey (R e 34 DA K
HH SR AR UL B FICR (P2 2N 61%, ee H9 99%, dr
fHM 67 © 33).
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F Sc(OTH); TEMEAL IR B BERI[1,5]-EUE A2 /AL RS,
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[15HHT |gafC Nay | B—H relL b
% F\’lé\ 2 N R2
B* I\R2 I\ R2
il 45
up to 90% yield

up to 90% ee

B 11 FARA SRR AR AR 10 ) £ TR S IS5 Bl T 1 1Y 0 e

Scheme 11  Synthesis of chiral tetrahydroquinazoline via chiral Brensted acid-catalyzed cascade process
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Scheme 12  Synthesis of chiral tetrahydroquinazoline via Au(I)/Brensted acid-catalyzed cascade process
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Scheme 13 Synthesis of 1-benzazepines via transition metal
catalyzed ring-opening/[1,5]-H transition/ring-close reaction
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14). HALHEDy: SHAEIKE C—H B, SRt
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PN TR TR 2L PR 22 2 e B S R /A A S
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IR 1 &I AL 1 3L TR IR, E p-TsOH. HIMEAL T, LA
B A e A R AR B BEVE (dr 159 3.5 1 DR
Hh Ay T IBAEIE W F= ) 55 A1 56 (Scheme 15). @i iX A
SR, AMEAT BAAE e B R M e 6 R D S e ik, i
HAT Mg M 255 k. 1E 3 2l IR B (A I
B2, SRT R AG T BRACHIX Bk (ee 1N 2%).
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Scheme 14 Synthesis of tetrahydroazepines via Au(l) catalysed
multi-step cascade reaction of yne-enones
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Scheme 15  Synthesis of spiro tetrahydroquinoline via chiral Brensted acid catalyzed multi-step cascade reaction
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Scheme 16 Synthesis of chiral spiro tetrahydrofuran derivatives via cascade iminium/enamine activation
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= BORRTE T E R TR Cu/ XU BRI Lk 7 AL 1)
RIEFR[1,5]-FEE R AR B, 5 C(sp))—H #E1E N A
ek, =/NEREEIUR B RAE A . DL &5 1)
W N e B RN AR WO B (72 2 49%, dr 1H R
311, ee HN 69%)15 2] 7 PUEZE™7) 60 (Eq. 7).

MeO,C.__CO,Me  CuCl, (10 mol%) CO,Ph

| AgSbFg (20 mol%) CO,Me
0,
CO,Ph 6 (10 mol%) CO,Me @)
" C,H,4Cly, reflux Ar
5 r 60

up to 49% yield
up to 69% ee
up to 3:1 dr
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