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Advances in the Catalytic Asymmetric Synthesis of Chiral Spiroketals

Yan, Hui Zhang, Man Li, Lin Hu, Teng Yang, Wulin™®
(Shanghai Key Laboratory of Chemical Biology & School of Pharmacy, East China University of Science and
Technology, Shanghai 200237)

Abstract As an unique spiro skeleton, spiroketals are ubiquitous motifs in many natural products, biologically active mole-
cules, and privileged chiral ligands. The development of efficient synthetic methods for the preparation of spiroketals has long
been a hot research topic in organic synthesis. In particular, the remarkable advances regarding the catalytic asymmetric syn-
thesis of chiral spiroketals have been achieved over the past decade. The progress in the field of catalytic asymmetric synthesis
of chiral spiroketals is summarized according to the reaction types. The future development direction of this field is also pro-
spected.

Keywords asymmetric catalysis; enantioselectivity; spiroketals

IR — R ZAFE T R 2+ R
FHEFC AR R AT RS 25 A0, BB IRGE R A A — Fh
MURF VARG, A2 PP I8 e — AN iR P
TR 22 IR 2510, Fo i AN PRTE 1) 480 1 35 5 i i
BELEAE. BRI R 1% B8 IR R R K Na] 4R
[5,5] [5,61F1[6,6]- MR 4a <, HorLA[5,6]F1[6,6]-45 34
AR e M DL PR IR IR AR A AT AR T
PALAE, WIFPEAEY) . R, MY, MAEMMEHS £
T g ET DABR L 3 B 43 30 K B A MR BRI B AL 1
RARF=W, [FIIT B TS AE D075 4 (Scheme 1), 4
un, Peniciketals A-B & THHE. KRFHET 2014 F N
TRV ER B R R B R 1 B B A
WEEAL S, X HL-60 40 B A 4 F 1 (1Cso=
3.2~6.7 umol/L). HH, Peniciketal A ] LAFIH] A ZKIE/N
Y B4R 2 A549 (IC50=22.33 pmol/L), i&] LA
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1) =l L 40 B R 4 B R B, O LR A i B
BRI, TN IE 5 40 FE R U, XA o — I
E FIAH A8 78401 77 A1 4098 7 5. Chaetoquadrins A~
B J& VU A1 B 52 B 4 B A5 31 1 [6,6]- 48 I MR A 46 il 2
RIRFIBL, 38T/ Bl A o 1 B v S A Bl B A T 1Y)
FOHNETE. 2011 48, oK MR A2 O AR 9 AR BT
UHLZ BHUJSE Pestalotiopsis virgatula 1] L147 i 2K
BEER IR R AR B T AR GARE P Virgatolides
B~C, ¥ K AEYEE N s, Hok 5 S 41
HeLa 43 H 2540075 1(1Cs50=20.6~22.5 pmol/L). Ber-
kelic acid /2T 2006 S LEAH FE AT AIRE AR A
I3 B R — R R AR ), XA LS ) BE I 2
i) R A (98 wmol/L) AL i 45 &8 2 1 MMP-3
(1.87 pmol/L), [FIF%F AZKROP w2t itk OVCAR-3 A
B 2 AP 1E FH(GLso=91 nm). Sargassopenillines A~B
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Scheme 1 Representative natural products and biologically active molecules containing chiral spiroketal skeletons

& M B W Penicillium thomii F1 Penicillium lividum W)4%
W= o3 B A5 2 [6,6]- R IR I 4a B AL S8, B
DPPH H HH:EBRIEE(ICs0=100 pmol/L). Paecilospi-
rone & MHFFEE B Paecilomyces sp. "4 843 2 [1[5,6]-
TR AR A, T A E 2R AR HE
() 0 1) v PR L Bl R ED DR R SR AR ) K H RO AR TR
(Okadaic acid) & =M% O MEIN A BH 25 1) 5 o0, 2
— Tl i R £ B I B AT 61 7R (PP1: ICso=19 nmol/L,
PP2A: ICsp=0.2 nmol/L), [F i JH A7 JURr 1) 4 fifd 25 4
Mt d e, HAYNSEM w5 T R2EZA
72 Ky U% Dinemasone A J& H JiE 16 HR &8 PN A2
Dinemasporium strigosum 73 &5t 505 AE P AR =
P, R 22 FCRHPE B B SR B R 55 2 Pl B 3 A
HARGF BP0 3E . Spirolaxine J o FBART A= 4 42& M At
T L2 P B AR B [5,6]- 18 45 R AL & 402, B B
ARG EL ] e P A s, RIS XS T MR 40 & Lovo A
HL60 HARUF 4 a1, teAh, X i TR AT B
HULRRASENENE. AR, BEARRA R IEIA
AHAAZ O AT AR OGR4 R A, a0k ST R A=
V) Spongistatin HEATZ5 M fRifk, 15 21 B AR IA 4 B =4
SPIKET-P, 17544 Or B A6 0 T N 268 3L Mt e 40 e ) o0 o) i
PEI3L. FEH# 5114 (Tofogliflozin) & —FhE B SGLT2 i
7, HEr & H ARG BT, H TR i Rp, Ha
TR TR IR A W BT AR ). B SR &)
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B T ROz M AEDE A, BT A SR T IR
R E, TS & EE 7S, BT DI AL A
WEERIE R AR T4,

UEAh, BT FPERRER AR (R PR 454, TR
ZEM TR AR TR, AR A R BT AR B 1 AR
(Scheme 2). ffil4n, T ZEWR VR K HHET[6,6]- — K
ORI B R OB/ SKP, 7E4R. 4. 4. BE%E
N2 & B AR R S, 2 I AR 75 P i A v
ASAEBENE T TR, IMSEIL T 250 B A Pk P
ANKFFREEAL 5150 B S AATT R T 2 T[6,6]- — K IF
BRI 248 T B 42 1) XURE PR IBRAC A% SPANbox, 7T 4 )& % 5
HT R AR A ) AN R R s S HH A R B T R B ) R 15,
fi, Nagorny BRRRZH M6al1HN N SCUR AR ZH 160153 71 At 57
R BB T [5,5]- = 2K I 3 BA 45 IR B 22 1 X008 I A
SPIRAP, 7T 4 @ BE M A AW R AL S B [ R A T
7545 3.

TEAR A, BT 227 KRR, BREA
il — it B Z T ge i S MR 5, BAL6,6]- U2 34 45 i 1y
%, HAFLE Scheme 3 BRI MAFER, fEAEE
BRI 1) 2 (B BSOS B, R R A o RS S Sk R A
SRR PPIRES. IRy 57 3k RN 7E A 46 i A,
BT HIEE R, (X R R E AN
RO, XPRR SR AT B8R B A BT AR s P I R
Z
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Scheme 2 Selected examples of chiral ligands containing chiral
spiroketal skeletons
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B 3 [6,6]- 433 4 B DU M AN 7] i 2 [A] 44 51
Scheme 3 Four different spatial conformations of [6,6]- spiro-
ketal

T T VIR B B ZAE A% O S AE R R
R RIS TSRS A B, AL
A FRE R G T AR AN SGUE, FFEIL RIS
T —RANBy R RE. BARCEH —LeZRiR M
ANTE A BEA 4 1 R 46 B AL B WD IR RO Tt LT,
B2 50 T BE AL AW B AL AN 0 FR B R A 27k ik
ARG A, Wk, AEF A5 EXHZOUEET R G
AN RS, I T IR A T 1) PR AL A 0 R i
FHER AR B, BRI, AT AR TR IR
A8 ) HENE T LAY A UR JURE: (1) DA AR e RS AL &
YRR, B B AN RR > 1 A IEA A6 B A S LA A
FHRERI AR, (2) ABSE Bt R CGR) I AL SN
JRA), LA ARG T A MR IR, BT PR
PRAEER; (3 IR AN EEEE R A 2 5 A AR 2>
TIN5 T VESRIA AR, A SRR A AR 7
TSR RLAN 73T 8] S MK, 0 3 s 7 S 7333

3642 http://sioc-journal.cn/

© 2022 Chinese Chemical Society & SIOC, CAS

LLEAIA-4A.
1 XD THREEKRFHRFERE LS

2012 4, List URAZHMSEE B &R —FEE
Co- SR EERIHIRL 1,15k — 25y (BINOL ) 425 24 1k ik
R WAL 3, FEBE LS T 1B AT AR 1 AR
XEFR AT N BRI 45 B Ak SN (Scheme 4). 7R 1% R M H1,
TEBE B SR T — R C-XHFR G5 1T A B R e
AL, ON 45 B IR, Rk EE & T HA G-
X RR 45 M A TR 3, TIPS E A FE W
BINOL #3, JR7EHL 3 A7 51N T KA FE 5L 7,
THBOUER, R T BINOL & 4L E tliek, 54
AT B AT IR B A4 T RIE,  TRERAEIR e fhEAk 7] P F R Bk
Wy R AL 1 B B — [ 5E B LR, DR X Aok
R F MR T U Rt BR ) B bR T 0issh, x4k
oy a7 B2 H /NS BE 1 IS 47 55 R ) A4 LA AL 55 1 ST A %
PEE SRR, RN EA R PRYE R, fe% Ll
PRF5 IS e | R S R T S 3 1k AN Ao i 8 12 P
FIZ REMI[5,5]% [5,6]- [5,7]~ [6,6]« [6,7]-423K M=)
2. [, SHFEEREFEPORGEREY), %14
FIER T, e % SR A 77 25 32 il 1R M B4 48 IR AL 2
N, AT LA B B4 75 A e B 45 B 2274
SE HIEIRAE TR 20 (2d, 2e, 2f). BLAL, X5 T AN TR
BRI 1g, 0] DASEIR & R 8l 112445 4y, TR #3. 31
2R Al BB P24 2g AN BE 4 TR (R)-1g.

JLF- A}, Nagorny UR#ZHIHRIE 728000 TAE,
T TR M A AXTFR 7 T PRI AR TR A S B2, g et
WO B RA E T F YRR IR B 22, A R R AT
DRI ST AR PR PR 45 SRR R, S =07 L
ARIE D 45 A6 T (Scheme 5). s 3R AT A= 4[]
FEIE FH T2 R PR R, DARTS I FEXT WOk B A3 2] 14
JSE P WREA 4 il = 4.

2012 4, T &SRO H F IR S AL
SALMITTIE, IS T TR IR AR AL A P I A RR
HHL UIRR ap-AEMELEY 9 7E VLG EE, &
S e JEALAE B AR AL T 11 PR R R AR RREL,
SR JE 20 4y T NN 4 B A R B3 B AE B A 10
(Scheme 6). 5 ELHE A2, RACIRIAEEE =) 23 Wi 20
T R 1) R B AL RE S & B F5 BB L AR SKP. 2013 4%,
R P eIt -, A A E R R ke
T R AL S KT IRAVE L, DAL TS 5% i id 438 14
X ek BV RS — R A5 FIEAAEINAY) 13, 1
Ab, ZHEIUR IS LER =) 14 Z— D R NAT PR R
A R — R YA E D7 HEEUR T SKP fodk, I Hizx M
AP MR O 22 31 5 $USE(Scheme 7).
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R'O /R2 . R'g o
NN 3 (x mol%) VA o
m OH (
n n
m
n=1,2,3 2 o P N’ \
m=1,2 up to 89% yield
1 97% ee

(] \o Ar = 2,4,6-Et3CGH2
OO X ’ :

2a 2c
5 mol%, MTBE, -25°C 0.1 mol%, CHZCIZ, -55 °C 1 mol%, MTBE, -35 °C
77% yield, 96% ee 62% yield, 92% ee 88% vyield, 97% ee
o)
o Me 0 o
o (@)
Me Me
2e 2f
5 mol%, MTBE, -35 °C 5 mol%, MTBE, -35 °C 10 mol%, MTBE, -35 °C
83% yield, 5:1 dr 70% yield, 23:1 dr 76% yield, 7:1 dr

MeQ, Electrophile i
00 . MeO, O OH P : Nucleophile,
) | | '
: O/W Acidic H H,
2g : (R)-1g |

95% ee, > 50:1 dr 94% ee C/PQN/P\ iTe)

o O
6 mol%, MTBE, -25 °C

B 4 B R A A A AN R 20 A R 4 i e S L AT 2 AL

Scheme 4 Asymmetric intramolecular spiroketalization catalyzed by novel phosphoramide and reaction mechanism

R? R.(= R
R
W S)-TRIP 8 (5 mol%) RY 2 ° OH o] OH \
1 (1 ~ 5 mol%)
pentane B S leiilS
5 n H, (5.0 MPa)
n=0,12 up to 96% yield CHCly, rt
96% ee "
up to 96% yield
Me > 99% ee, > 20:1 dr
S)-TRIP 8 (5 mol%) Me/%o o 10
pentane gO (0]
4 AMS, rt.
7
R =H, Ac, Me up to 92% yield
6 >95:5 dr
SN
O g
O "OH (1) "BulLi, -78 °C
g C Ar (2) PPh,CI
Ar = 2,4 6-PryCoH, 73% yield PPh; PhyP
8 SKP
BIR 5 FUBEERMEAAXTFRS T W E BN S B B 6 TR SV IR A MR AR A 5 Tk
Scheme 5 Chiral phosphoric acid-catalyzed asymmetric intra- IR B S

molecular spiroketalization Scheme 6 Synthesis of chiral spiroketals via chiral iridium

2020 4F, FEHEHIR AL L AEFRR % 5T b complex catalyzed asymmetric hydrogenation/spiroketalization
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NS a A 20; o ’ ’24h B 5rF P Michael AR, 35T —8 6 BT TSI 46
/2 g, 2P a (202 PR . MR Ay 27, OB R, fE4 DAZR RN KD

12 R, BSLI 17 DB, SER T Al 2 Bistramide A
4% H(Scheme 10).

13
up to 94% yield
> 99% ee, 24:1 dr

KPPh; in refluxing THF

6h
or KH in refluxing THF
HPAr,, 6 h PAr, Ar,P
SKP
up to 95% yield

B 7 SRR RORAT A2 AR FRE /B R 37 AR IR
AR B2 1T PR R A

Scheme 7 Synthesis of spiroketals via asymmetric hydrogena-
tion of Bn-protected bis(2-hydroxyarylidenes) followed by
deprotection-spiroketalization process

P 15 VR as 5kl e B (i 1k 05 JE IR ) i
I AR RRILBE I S B, SR G 2250+ NI, =%
R B B T — RIS A R HURIE I [6,6]- — 2K
FFIZIAYANAE 58 18 (Scheme 8). IhAh, 2fd H EHIRAE
SR R IRT, BE6E LLOL TS I EXRT g FE 6 ik
133 B [6,6]- — R I IR A Fi 4 54 17.

2014 4, Floreancig /@221 it 2% Diels-Alder
R SRR SRR W R 421 N Michael IS ) — %A
%W R BT FIEIR A4 AL A ) (Scheme 9). 1E1%
RN, Y, B 22 5E XA 23 fETF R AL
24 fEH N RAARXT RS Diels-Alder R B, $RJGETE 2,3
TU-5,6- EUIE N AR FR(DDQ) R, A AR

1) [RhCI(21)], (1 mol% Rh)
KOH (5 mol%), RB(OH), (3 equiv.)

toluene/H,O (V:V =10:1)
2
80°C,12h
0% / \
/ 2) TMSCI (10 equiv.)
DCE 30 °C,2h

up to 98% yield
> 20:1 dr, >99% ee

OH R O R OH

N X

| |
/\/ 1 I//

15 /

RB OH)2

e

2015 4F, Rexit PRAZHPILURIE — FELb &4 33 i
B, EEB A TR 38 LRI T, DR
XML FEPE G R T — RV ZEELAY) 36 (Scheme
11). TEZRNH, JEAL AR B 4 ARG fh o 3 — 2
BB E R 34, HAEFHEREER 38 AL N RAEANS
PR AR ARRAL SN, B 28 T PEIB IR 45 T = 4)
36.

2015 4F, Matsubara F1 Asano BERRZH2SIDATH 4G 15t
PFREEIA AV 39 1ENRY, 15 FHEREE-BIR Y
REMEALF 41 PEFT T, 183507 P 468 4 /Michael JI
FRER I SN, DA FP AR 38 R4 P ot e age B M AR 75 )
Wk B A T — R AN[5,5] M1 [5,6 48 3K 4 i 7= 4 40
(Scheme 12). AN[F] 7 J5 B Je 225 B P A o A0 B JE 4 7
R B EAA RAFIARA T, Bei% DL R 47 iR XS ik
PR RVIL TS 1) 6] W ik B 1415 21 [5,5] F1[5,6] W8 A 4 B 7=
. TS A AR ORI, HAER L ee (HFN dr
A B FR. FER IR, ARREERRY
WIEHF Iz AR R, X W EIRAE R =P 2 AT
AR T ATRE. ZON B S IE I T IR T R A
Wk 42, TEFEAPURIIRe AT 41 (EHTT, @i
45 F W Michael TN, 248 i TF PRI G R 7= 4)
40. =4 40 [ Fh RS S A A BRI B A T R0 2
R FGTY IR G5 RAIE S T 1% 2 N %) I 5 56 M 4 ol o1 R
B FINESR Michael IR, [EIE, — &5
P SO0 R I, JEL A X At Jg 36 1 s o) el o of 2 4 i R
(A 42 (130 15475 S,

HCI (20 mol%)
RB(OH), (1.5 equiv.)

) CHClyH,0 (V:V = 10:1)
60 °C, 18 h

up to 99% yield
>20:1dr

TN ; COAr
G SR AN Me
R/ —a Ar = 2-naphthyl

21

20

B 8 DL 557 B ek A A SR AS X R A 226,61 — 2R JF 345 i 42

Scheme 8 Asymmetric construction of bisbenzannulated [6,6]-spiroketal skeletons from diarylideneacetones
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78% yield
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B9 —HEXT Mk £ & BRI AR A 5 4

Scheme 9 One-pot enantioselective synthesis of spiroketals

OTES

OH

Bl 10 Bistramide A [4& %
Scheme 10 Total synthesis of Bistramide A

TN OH
R,—/ 37, AuMe (5 mol%), 38 (5 mol%)
AN OH toluene, 5 AMS, -20 °C to rit.
3 Ph Ph 33% ~ 79% yield
up to 93% ee
Au(l) ]
® O
R-F h Q * R'_\ |o B
A OH B*-H 38 T Ph
Ph Ph MO Ph
34
35

B 11 S/ TR 25 A SN BT PRI A b 51

O OH

Bistramide A

Ar< N/\N ~Ar
Ar= 2,4,6-(CH3)3CBH2
37

Ar
Ar = 2,4,6-(’PI’)3CGH2
38

Scheme 11  Gold/CPA catalyzed intramolecular reaction to synthesize chiral spiroketals
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BH=E SFiR5HRE
I 1,00
= 5 mol%)
RJ\/\/\H/\M?\OH o) J\ Ar\
0 _ THF, 25 C 24 h
n=1,2 NMe,
39 40% ~ 99% yield Ar = 3,5-(CF3),CgH3
3.6:1 ~8.6:1dr 41
39% ~ 97% ee
(0] ) Y
A hemiacetalization HO " | Michael additi o  0o0—n
RJ\/\/\H/\M/\OH o ichael addition e}
~_ " ¢ To y
0 _ R % RJ\\‘
39 n= 1, 2 42 40

B 12 AHUEALAFR 7 P P40 L/ Michael 1A IS B 75 BT 1 B34 40

Scheme 12 Organocatalytic asymmetric intramolecular hemiacetalization/Michael addition cascade reaction to synthesize chiral spiro-

ketals

2016 4, ZEWA FE T 2 IR PO IR R i A7 AE
Y 43 g an lEoRl, dad SR A A Rl AR A, SRS T
S0t oy 1 N SRR IR S R B B 2R I IR IR 4 B AL & )
44, SIGINRATED) 45 1N TR RE 8 SEILAR 75
R0 i BRI, 53] 7 — RADEAEAI Z 2R IFIE
ZiIRAT A Y)(Scheme 13).

45 (20 mol%)
DBDMH (0.6 equiv.)

Toluene, -20 °C

10 min
43 R®
=1,2
n 0
R! R?
L
0 o
3
44 R
up to 92% yield
98% ee

B 13 AHUEAARI TR T N SRAZ AR R A i — TR IR
IEE S

Scheme 13 Organocatalytic asymmetric intramolecular nucle-
ophilic substitution reaction to synthesize bisbenzannulated spi-
roketals

2017 4E, Carreira #8120 HE N 43 F N - 45 Ak
PSRRI N, SEIL T A AR IR 1L & P A R &
Jif(Scheme 14), PATRZE TG NRERTAEY) 47 )8R
5 B W1 4B B/ M T I R RO A 49 AR R,
TE =50 I PR IO T Ry SR I B ME A i T IR A 4
PG 48. FRESRH MR, =5 FREREE AL EN
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\ PBee [Ir(cod)Cll, (1 mol%)
o 49 (4 mol%) %
Zn(0Tf, (2 mol%) -0
47 OH Acetone, 4 °C, 24 h 48
93% yield

>25:1dr,99:1 er

Sﬂ@

B 14 BRUECAKIFR )5 P G A/ A P R B R B S
B TR A e

Scheme 14 Ir-catalyzed asymmetric intramolecular hemiacetal-
ization/allylic substitution cascade reaction to synthesize chiral
spiroketals

TR Z N B WSO R Bk B VR B o0 A, 2
A5 FH LAt 2% 5 Wi R B8 A B HTRF R I, 1% R B AW 2 A
ee [HIE 2 RIGIEAC, 435N =50 TREPR B ) H =,
RS B Bt 2 B AR 22 I R R T 2 FOAN [
?éﬂ’]ﬁﬁ%ﬁﬁﬁ?ﬁﬁ?ﬂ’]ﬁ@ﬁ REfE & 2 PN [F B
Re A T VEIR IR A B = 1. [F)AF, 2R 41 28 )
itﬁ/ié‘ﬁkf%ﬁﬁ’]?ﬁi?&ﬂéﬁﬁﬂﬁ %, St r) T
PRI bE By 53 JEI MR B i R S PR, SRS IR
FHR ORI, RS T RIR“4)(+)-Broussonetine-
H a6, HE 7 HA R 8 (Scheme 15).
2017 £E, Ghorai PREHPVH 2 ILGR IR 58 571t
iz 57 WA WUEALT, 8 BRI 05 &R o
TWERERRN, & T — RN G5 Z A 7 2R I K g A
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Scheme 15  Total synthesis of (+)-Broussonetine H
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WAk SN, B 1E F 1T RERR IR AL T S8 AEFH R, &
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SIS RR AR, PG R (A B S B 1587 43 [FIRE & ST
IR R D IR, I JERS TS-1 ., S A
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FT 2GR 42 TR JE S TS-2 2 KA 44 Michael
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Scheme 16 Organocatalytic intramolecular hemiacetalization/oxa-Michael addition cascade reaction to synthesize chiral spiroketals
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Scheme 17 Intramolecular hemiacetalization/oxa-Michael addition cascade reaction to synthesize chiral [5,6]-aromatic spiroketals
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Scheme 20 Organocatalytic enantioselective synthesis of spiroketal lactones bearing axial and central chirality
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Scheme 23  Synthesis of chiral spiroketals through gold/CPA-catalyzed asymmetric cascade reaction and the reaction mechanism
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