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Fluostatin 414 B P IEES — 3B i R HO4F 7 L S i 1%
HIERIL RIS

S

Fluostatin &A= Y1 R IR A B 1) — 28 B AT 29 B4R F I R A AR =9, e & B SRR IR I
6-5-6-6 AUBHIABICE AL, IXFPBCE JLEE HAPUE . PUBSER, FluhiEZ Lomaiviticin
P 2B A R Kinamycin. HOL kP sSEse & BV & b Fluostatin () FE — RAKE R
& AEmE AL ¥ 740 (Nature communications, 2018, 9: 2088.). ik — 3 (RSN S IR 2 T % IERE
TR RN AR KB BE R AT, ORI s T B A T AR B 1 P R A
Difluostatin A. FATEI & T2, 08T 3 OB BT S A 25 M, JRim 1k
SRR E BN T RE S N S S NS . BT h R DR R HUE A R A AR R
HEA M T IR 7 T DURE B AR — 2R Ak S R 1) C1-C 10”2 [ g B o B bk — 25 R
FH R T B A 2 B RS MO06-2X [ IR A B BT T B S MR AR A A T S L
TEALRE, HERA. FTEEMLE N T C1-(R)-CL0’-(S)r A 5 SEARIE R E 7 FHLE] . R, FRA
W 5 AR FH AT AT RER R HT, TR T 2R SR R e SRR FH 5055 U e
T A EA P BEEL /N, AT BT S50 HRoML B (s S AL S SRR PR 25 b
FATHEDMAE BT A = RACAR R B 32 B, R DU PR R 27l R B T 37
R, R DU A RE RS S S5 A BRI AT, RIRTO B A et e A s S T4
FEVIMEDR, XSy R, K. R EY A A BN SR

X ##18): Fluostatin, angucycline, {7 fiifditk, ArdktE, &b
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THEORETICAL INVESTIGATION ON SPECIFIC
CHEMOSELECTIVITY OF NON-ENZYMATIC
DIMERIZATION IN FLUOSTATIN BIOSYNTHESIS

ABSTRACT

Fluostatins are a group of natural small molecules, which contain unique 6-5-6-6 type
aromatic carbon backbone, and possess multiple biological activities including anti-tumor and
anti-bacterial functions. A similar backbone is also found in anti-tumor pharmaceuticals like
lomaiviticin and antibiotics including kanamycin. It is discovered that one of fluostatin dimers,
difluostatin A, has anti-bacterial activity, and the formation of fluostatin dimers is a
non-enzymatic reaction which can proceed in water or methanol. Moreover, the key
carbon-carbon bond formation in fluostatin dimerization is highly regio- and stereoselective, so is
extremely valuable for simple, precise and efficient stereoselective synthesis of molecules with
similar carbon backbone. Here, multiple descriptors derived from theoretical chemistry have been
applied to quantitatively describe the reactivity of different atoms, where descriptors such as
frontier molecular orbital contribution and Fukui function have been discovered to effectively
illustrate the C1-C10’ regioselectivity. Such methods are also applicable to other systems for swift
and accurate prediction of regioselectivity. Based on electronic structural analysis, free energy
profiles for different reaction schemes have been acquired by quantum chemical calculations,
which solidifies C1-(R)-C10’-(S) regio- and stereoselectivity from thermodynamic and Kinetic
aspects. To study energy differences between different reaction schemes, visualization of weak
interactions and energy decomposition have been carried out to reveal how strength of n-n
stacking directly influences system energy, which determined regio- and stereoselectivity. In
summary, when theoretically designing reaction pathways to synthesis similar backbones with
high regio- and stereoselectivity, relevant descriptors should be applied to quickly predict
regioselectivity, followed by examination of free energy profiles and weak interactions. The
combination of these methods will enable fast, precise and efficient synthesis of regio- and
stereoselective products.

Key words: Fluostatin, dimerization, regioselectivity, stereoselectivity, quantum chemistry
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1.2.1 I B foe e AX [ BE 2

1.2.2 FRREYE A RV 3

1.2.3 Claisen Fg4a & 4

1.2.4 Michael i v 4

1.2.5 Grignard 2 5

1.2.6 Wittig [ 3 5

1.3 fh2Ei B 7
1.3.1 AR EREME 7

1.4 Fluostatin & 5= &/ 8
1.4.1 & R 9

1.4.2 KMo+ 9

1.4.3 Z ARG S HLESE I 10

1.5 ASCHF T N B AR 1
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3.1 R IR 18
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34 PR AL RE R THE 22
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4.1 2 JLULfRTIA 26
4.2 JFF T 26
43 AN E 28
4.4 R ERTHE 30
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FhE ZRAABRIRETE B R 1) RE 2 42 33
5.1 e A 5 AT 33
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6.1 FET PN B S AL bR AR T AR 5 48 LA FH A A 39




Fluostatin £ 414 B P IERE — B i IRV i MRS 0 i

o</ SHANGHAI JIAO TONG UNIVERSITY

6.2 L 1HE 7 T A A ST A PR AR G5 AR L AT LA 73 Ar
6.3 LT X AR UL RO B ) 55 A0 ELAF
6.4 AN[F] S g A% 59 AR ELATE RO b5 /N g

40
42
43
44



Fluostatin £ )& R HhIEEE — B & MR (L F iR IR o Ah

A Al e BRI DL K AR B o 238 . B AR I L (Enzymatic  Reactions) 5 AIE Bi§ {2 [ 8L
(Non-Enzymatic Reactions). AHLLT-AREEAE SN, BEAE S S 52 BIRG A 4%, T80 S PR HLdk
PerEmr . MWL A R, AR 0E S R AR At A AR A DGR E 1 B A i R A W o B
AT S SR, AT EAEAE AR R G —6 5, AERG R [ SAT SR )2 A74E . Ralser
S NFIEBGIR SN 3 32 B — R RSAFAE AT B B AR S R, AF A bE T B s MR ek
1%, HAZES, WIanAERIR foxt 8% B B AL Rt o5 — 2 S 7 340 R D Il 412
IS, I 4EE DL BT A OIS L B iy, EIT S AME S AT 4R ED.A, bRl &
W SR IS FR T A AR R Das 3 =R IR SIAFLENT B AR S B, HAR R GRS B4 FH >k
BEL ok AR S 7 A AN 75 B R G, I SRR I B e B R S AR, R T R
L P At Ok

Class | Class Il Class lll
Enzymatic Enzymatic Enzymatic
- XKe, P ¥
l/__ /_ .J g .
DO O 6 6 ©
/ji\ Low specificity Purely Parallel
non-enzymatic non-enzymatic non-enzymatic

1-1 A= R R 5 AR (R S A LR R

RS RS T, wT LG BT B R A RRE RN T a8 2B
T LA IR o I T ARE o B AR TR A B 2, RS R G R R 2R At b,
ITINTAZMG, S AT R = R R] DAFHERD, B AT, FEE A L T K
sy A AL . SR, BE S BB TR (5 e 1 SRS AR 1Y S SLAE AR 22 A LS A AR
Mk, PR — N EE % RN 5 SCPR M A UME . T B A TR B O A0 1 BE S £ 7577
T SEBL BB B 15 PP B NLFEAT S A

11 BREBREME T KD

T B 210 B AT ARRAE A2 A AL A O N A% il #E . R &R T Erid iImeE 28, AT
ReXt e AT AL R, 1SR FT TR A Y. Bk S < M. (Carbon-Carbon Bond Forming
Reactions, CCBFRs) [1)3& 4 2H 4 W) & SE Ui B 28 A i Bt . AL S A & R, (s
A %30 W) & i (Retrosynthesis) LR, A=, R SN0 R SLIEIHE, K 52 44 A&
{7k, FHam I & Pl bk B & BSOS AR R BB E A /MR 2R, AR B A B WA
BUREE T IRIEG B, —RESR G D IR D, HAA— DR R SO 5 =2
LT

A LR AN A T AT PR B B B 1 BSOS AR AR R T SR AR, TE R AR R R R T4 %
I, [RIMAE Tl A P 45 DR 3% i R3O S o 17 JH Atk — S 2% DR P e 5 e 2 ) 7
B o X5 T A R R 3 S N ) AR R M A L TEVE O R IR A O B, S — 7T, RO
ST T 2 T DA 24 5 R B S AL, 5 BT b AR K i1 TGy R AR B R B4R
TN BB A RAEE R S, UBURNA AT, P2 E R SEIFY), AR TeiE RN

% 1 00 Jk 50 1T
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MBI . Mk, FHREEVER, RMFFERM, HACSE 0P R AR B 5 RS
J§— B A S A LG I AZ L 18 B i CLRIA R Db b2 3a Y RO BR BB 15 1SR A
T6M: MR . B A RN . Claisenfis i & & N, Michael il p i . Grignard
B2y Wittig S N o I8 fs I — B BE IR A DMl T BUE s S22 AT . X F-Grignard
SR WittigSe N, 34 7 B IR IR AR HERR B S8 AT Bl BIAE G, X428 Mith L2
FETN S AR AR 2 7T Z BRI o R THDN X 28 S S BEAT O VRN 4

12 BEREBRRNENT

IR6ME WL A U SLERA S B R A, B AN ST 4

1.2.1 b 24 e W

J i e LAk (Enolate Alkylation). 5Bk AL BT R BE B AL A4 X Setb A WITE IR
BRI EARAE R, AT DA R TE OGBS M, 12N AE AT . BRAT155 FE R AE R
KA. E5, BTSN TR, Kol R 75 T 8%k,
PIERTY, SEMRKR o s TR, ol T —MxE 1. MG, B kdEHE, B
T B e e S 7% 1) SR L T T e S OUUEE A B LB, A PRI T 5 it 22 [) T ST PR X o

Step1 Step2

fo) .
.\)L Base \9]\
R'_a R' R - R'\‘/L
R — - s R" - R / "
C OH- . ._ ) R

N

B 1-1 SRR bR AL R R R A2

SR, e, B AR A7, A 2 7 mT DAE SR A AU« LA,
2RI REREBCT 3 58, LT oL IRR S0ES 1) CAE U3, (RIS e 22 B 1 i, i
pAUEE RSl X RN ONC-Fe At . 3 —FEOL T, TR T A KRR
fif, WA AR ), g ek i 285 1 b, R S SRR N O-Fe kAt . 7 B
R R S AR DU A AEC-e kA

Step3-1 Step3-2

] 1-2 SRR sk R A AR R L
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i
3
Z
&
bt

M BLAE Tl AR = e A SR, B TR R = At A AT

o R'~NH l:ie
)J\{H R ML,
] f + i
i ' bifunctional

"""" catalyst

A PIER AT LR E B SN C-fe AL AN O-Fe SAL RO ) 1, il n B L F 85 P2 . VARG L o
HURH Rtk AUSRISEESE . BH TG OL N SNSRI 2 PR S B VR 4, W iR AN RE
R B 2 4 T AR Pt R INME o O 1 A2 A7 s e, TN AT IR A A8 5 2 d i H
AR, IR F = Ui Rl e — IR

P 1-3 ST VR FE A0 A 3 7 o R e PR R e e S B2 )

1.2.2 FEREAR& RN

F2E 454 (Aldehyde & alcohol condensation) 2 ¥5 4 o5 1 & SRR 7E R AR I HEALE R T
U545 T i B-¥4 K2 (B-hydroxyl ketone) I FE . 1% S S8 F AR MR AL 77 A b A . A8k
B BRIREN. SEISESE, W IR A R R . BRI AE .

PR A R BR BRI 254 N A AR R SR . TERRAEIL 2 T, B e N 52
P IEEE S, SRS IR BRI T A B AT SR AL IR, A5 B LRI B-FR LR, S8 )5 4k 2t AT
JRFHF, BaM KT e, B-AEATER .

(e} (reacts in
ENOL mode | protonated Ho
form)
ﬁ catalytic H* ?H H/C\Rv ﬁ (lj H,O C“) T
C = C - _C Cc C.__=C
R CH, R™ "ScH, R ey [ R RTCT TR
eno H ‘
aldol addition product aldol;rc;léclilzsatmn
ENOLATE mode T :
Q@ ¥ @
o) 0 M2
2 base | H/ \R' Il |
(|j|_ P C —_— C c
R A ~
R CH R™ "SCH, R™ cHy | R
enolate

B 1-4 BRMERME T REEAE & RS R R,

MAAEBVESRAE S, E A IRRE TR T, SR A I 7 T R B 1 B A R AN A
TN ) TR o S B — AN BT 2R B, 12 N SRAEBRIVE T N 2R KA i, B-ANiY
AN o

Base catalyzed aldol reaction (shown using "OCHj; as base)

5 gt Voo Y 0: :OH
«0: ™ H o M HOM O L
W~ <bcHs Sl \\ | H. |
H__ - R \QCHs
R R R R R R
(Lost H shown enolate Aldol
for clarity)

Base catalyzed dehydration (sometimes written as a single step)

0: :0 0: :OH 0:
Aldol CI) oH | ¥ loses OH |l
AR JETR
P :
H R R R R

CHO: R R
3 ) Enolate of aldol o, f-unsaturated
(Lost H shown for clarity) (shown as carbanion) aldehyde
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B 1-5 Btk & T 2B A R BIHLE ),

FRWEGE G I N LA A TS, CUARIRE RN S G . BEANER IR 28 X4 Gy AR
E ARG EE . BB RN R —— PR s e D> SRR A N e A TRV AT 46 5 .
BT P REUROK, [ ST DAIEH R Hhdk AT

A XAEE2 7~ P AN [ 1 i B ] DAgEAT A2 bR S o RIS R DUR — Sk
Yo AT EMEFEAHERE AL, A DAUE A SURBEDE & . X T 800 B RS H = A
— A ] — AN T 55 B R BRI — N5 oI R B S 5, 7T DL 3 P AR
Ea, BRI, XA N 2 44 ) 50 S AR - 1t 2% R (Claisen-Schmidt) J 5

TS 8 R £ 7 1) 4 DU T A3 B 2 o B A I i, 7= AR ik 47 S - B el . — R
BT 1% R B R B 5 R B DIARDS,  BIAIEBR RO BRI T L P22 AN

1.2.3 Claisen Fg4i 6 = B

Claisenfig4ii & [ NAE 18 I 7> T BRAEBIIAE I T 2k 5 — 0 FBE, AERB-BR BRI S B LA
LR OPERB . HY, LR OBRERIITER FRZoh A, ABUREE S, HEEE X5
—ANBRAS TR A SRR A, B S PR AR R R, LR TR, R E OB LR LT
T 1% B CEBRAE S5 A N AT, IROBLET AR R 20Tt 218 T 2 e 5 A A R AR BN 3
AT, BT H S B S R E R R R AR B T LALMGHI 15 B Bk O R 4

0 hase 0 RO ﬁ ¢ Cf J(-)L o acid ? &
" A - ~ — e —_— B
N R N T SR Sl R TR AR
¢ R R H R =1
+ { + N
o} L o~ + ) + +
A NP g 4
R 0 R O -0 R"—0OH R"—0OH

.
& 1-6 Claisen Fa4s & R oy,

FFRWELE 525400, ClaisenBe4E A [ S AR A 7T B A AR B N o 4n 544 PR FRAS [R] 1) B AT VR
4, HeMMEm2i afikes, WaBme Ll U= A48 =9, Rk, A7 R RA
LRI RAE, — T A X R & OB, 28— AN wif ik SRR A — N o
TR Z MG, IXFETS B = A B Al . — M2 {8 2% F IR (Benzoate) . F R IE (Formate)
R I (Oxalate). BRI (Carbonate) 2 A Qﬁaiﬁ‘{ﬂi%ﬁﬁﬁﬁﬂﬂ’ﬁ%ﬁqjﬂ/l\&ﬁjﬁ?o

o]
1NaOCHZCH3
°
ethyl benzoate acetophenone 1,3-diphenylpropane-1,3-dione ethanol

& 1-7 Claisen YR & HadE & 5™,

1.2.4 Michael Jil = v
Michael i1 B 52 B & A HL A BT R B8 B — AN B, HRE IO 2. — MR
ﬁﬁiﬁ‘]ﬁ%%ﬁﬁl%‘?%“% 5= MEARE 2R R Re e o R L HiR R L&, Blla, B-
AEFNEE . B, BESESE, JRERMEEATIMIER T, RAEZL, 4-3L80mR, %R NFRAE
Michael Ji 5 M.
-

SR

& 1-8 Michael ﬂﬂﬁi}iﬁ‘ﬁﬁ

4 71 3t 50 7T
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FERPESEAT T, AERIHLE A : o 5e s Mk LR A, Bl — M@ E T, R
A7 T B 5 52 AR R L A-SRBEIN S, PR AT AR IR — A B AR A, SRR
A0 5 T S ) LA PSR 4 7 ) o

4 2

5
& 1-9 Michael fIER R REFERR: %48 T FOHLERIM,

Michael N SfE & i EAFHAEE 2 HE, FOSEREA SEZIARMEE S . ik
i, BN RS AR AR IMichael s 5, A4S A i PR AH 7 i A 5A B M0 55 2%
i, k& AR EYD .

1.2.5 Grignard S

Grignard [ 87 & — M HLE B N, R HT— 431 -MoBr B (1) e 5 B g m i 28] i
Wk bo JSAEF WA AT, RANE IR B — AN, AT LS Sk s )
0

0O MgBr
2JL 3 O/ H*/H.O OH
R R 2
1 2 3 2 3
R—MgBr R—’TR R—LTR
R

&l 1-10 Grignard Mz RN,

Grignard e S FIHLER A, Mo R ik R 1 B S8R A% 1%, T DL b B I B R ik o
T R 38 T I — AN S TR S E S .
o |
R MgBr

%’ . H30*H,0 Hi/\vﬂ

0 Mo

)J\+ HAMgBr )Ol\ IVig*Br
T
R

&l 1-11 Grignard RS S SHIEM,

1.2.6 Wittig [ 37

Wittig 5 87 A2 — o ek P S 2 b ok B P B 2B s I o e fof PR AR R D B PS4, BDWittig
WAl TTRAMRE =R TER, Rl A, RS TAER, B T2 i,
T FH T 2 B oo XA AR E R S50, MU ROt S A o T ER Tl A B A S T P W ST AR A
AR, BR 7B LRSS, AR A, R R
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&l 1-12 Wittig J= B2 iy g AL 2,

AL BRI A Wittigialif], 2 48 10 5 K Wittig /£ 19534 R ILI¥T,  FilE 7 vk 246 U 4%
BRERMSRI SN R 25— T )AL E TR . — RIS OLT, B LA R — RS A AR, X KA
FRARE . BIMHEIERAE, EAPLE R BB AT 7 2 K,
17 ELAR ARSI S N S o

Wittig Fr] 5 AL 2 1l Pt 37 479 A5 T 5 I A A SR A I, 77 BAR AW 18] 4 (Dipole
Intermediate); X EALE-78 CHEONERE, MIREETH R BI0CIY, AR BRI il Az Fi )i
fo A FHWittigalfl s N2 A KT R B, 7 W PP B OOUBRE FR) A7 2B R B A Bl S UL ) £
Be 8, MEEA NG, BAIRNAL AL, HE YIRS A A RE R
S ERI TSR, — O, I R R R T W ST A RS, AERE I LA AR IR A
i, — MRS P AN AR A . X — O TR T & O A 20 PR .

& 1-13 B ar4E i s R gk,
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1.3 (WEFRFMEN

1k 235 $6 1 (Chemoselectivity) /& 7 2 S VE AR AR, RAVLA A IER EEK—PHA.
ANAL A B A S5 1A Bl B 2R 9T A — 8 Re 85 15 B AT TREZE I =) o PR I SEAR G5 R T4k
A7 RIEFEVEER Y =) 2 A M E R R FR bR o IUPACKAL 2 B e SR “Ab 2T
5WFhak 2 AR T Gz — RS R . i RACE A BRECE A RV B fe R A OB, A
FIEA ks . Bitn, DY IR AN R b DU SR MR AT 5 A b 2 3 M 3 SR A7)
ZARTEARIE H T 5 AR BT 2R 0 22 B 1 s B2 - B0 HR Tl

chemospecificity

/ esgert. ———> RN
chemoselectivity /’i
(chemoselective) Q::::_—; regioselectivity

(regioselective) @ stereoselectivity

.

stereospecificity
(stereospecific)

selectivity

B 1-14 4hZk Bt 5 H AL SRS B SR B # H (1UPAC)

1.3.1 SEARIE R

ST AR FE 1 (Stereoselectivity, or Stereospecificity) & i i AV ZE H A Y EASF AR 46+
BHEARSTAR TR =), WRZ R SR N SEARRR PR o ARYE %08 X, SEAfOE i F2 A 98 2
SEARIEREME, (HIFIEAT B SRR I R AR R ST AR R o SEARGE R ] DL A ek
e P LREREE, A2 AFRTIZEA.

X R FE M (Enantioselectivity) , Fi 78 M 22 s S A A - A0 7] Big i -1 K7,
e 6 I 3 — b B S AL A o R P I o U o A R Al R — o R R S B
PR iR B )5 22 e, RIE I oty Al e o 32 36 1 (%) (e A0 TR BSR4 A Bl — TS
W7 S5 R A7 1) 2 7 SR P8 37 37 A A ol ) — ol o Pt S e 7 114 s IS B8, AT R A ol — oot 7 5
ARUNIN PR

(DHQD),-PHAL ~ HO_ OH

> Re"'[ V'Ruy
Rs. Ru  K,080,(OH): o
R/‘_:H K>CO3, KsFe(CN
/ 2C03, KyFe( )e\ (DHQ)>-PHAL Rs Ry
> RLW—(" ~=H
HO  OH

& 1-15 it AD-mix 7 EEHI IR EEAL I RIEUR B B 77 0010

A N M) 5 (Diastereoselectibity) o AR B F MR BEMEARTR, ARG E PR TR

27 73k 50 ;T
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SHANGHAI JIAO TONG UNIVERSITY Fluostatin £ ¥4 Bk FIEEE — B ;e B RO SR IR IR 54

f@c%}ifh*?ﬁﬁ#ﬂfhﬁﬁff’]ﬁifﬁ/ﬁkﬁii FEEE R ERXFESL T, — A 24N
ENFHRT Y, BT AEE R

1.3.207 sk R o A7 R BEVEFRLE AL 22 BT BB T R A AR s e 2 B ) T A B B
2 TA] bE o — oA 2 B TV BB W AR R ) i PR B R 5 A R 1 S AR S R T A7 A i
PRI B — FiA I . 7255 B30 _b 1058 AU S 82w BAFH il 1 s A 5 2% 7 7 (Directing Effect)
BEATfERE, RO (AR LK X J5 3 NBE FTE N IR IA AL B = A R 200 E F, aXfi 4 R EUA
BEIR AT BN o IX PR SIANR 2 T 3 0%, — M) A BFE IR 5 2830 2 8] 11552 28
R, FEHESN SRR . T AR AT AL FE A R A7 s B S 5 MR R LR
FADG, TNTHPRE A B AR D5 A AR HUARIE 1) 5 (6 28R g i

75 3 RN FE AR o BT AR (18 e 2 B P s i 0 3 o A e H - &5 4 5 2R B R H
TG 22 18] X P AR DG AR o« A AR N T J5 B23dE N PR B B ] 7 A= 1) s 419 gk
LI P AR O E 2 A 1) o LEILHURIAMR R, 0 SRR H2 1) S5 LU 5L (1 F 67
PER, 23X A J B st it o R F 1 B/ PR3 T B el e L 3l 2 R 7 5 2RI AR E
(o A ZHURIL RS, I LT RS AR A 5 A0S o T 908 R A 1 2 B Rk () pfp L vl 7
HARR M FHUEM L ES SRS, KIS Ip 7 MR Mm S « X P28 R 3t
PO, LR, AR TR AR Tk 7, I EARIRE S, FEORK L
I 2 i ) 2k s ) — ﬁﬁ,%hﬁ?iﬁﬂﬁp?ﬂ@%?lﬁﬁﬂﬁ_fu SRR TR
FEAE R LRI, AR I TR S . SRS, T IR R T T
R, FREEMAEERIE RGN T R T3 R

Benzene

0
.. . —CHj . .
—MNOy —S03H —COH —CH —Br: —F: (alkyl} —0OCH3; —NH;
| | | ,
Reactivity
-+ i 0 0 i . I." — o '
—NRz —C=N | —I: —Cl: —H g A 7 —OH
—CCHg —COCH;5 Ny /4 —NHCCHg
Meta-directing Ortho- and Ortho- and
deactivators para-directing para-directing
deactivators activators

& 1-16 SEALRUR S HABRTE

RS BRI (19175 5 R0 L0 R0 1 75 Tl — B8, A A B 7 IR R U8 J2: 7 Tl AHL
(10 2, BRI SN2 SRR L 72 BE R, X S U A PR 5 — 2R
PRI I — AR (1 RN 3 HOR IR IR P 3 kD, AR 5 2RI . i 3
PR T LI CARRRE o X PR RHURIE 1) — R g — PP EURIE A B O aRSs . A LeiuE e
PLRCRAR SR, BIanFREE, WA FBURIE B A SRR S, AN R . 1K L AT LUd i b 34
HG 5 RN R N DA AR RE o

1.4 Fluostatin 5 & &7

Fluostatin/& —284F 88 i) Angucycline, "&A11E A — A Fluorenone’k (4[], JfH.476-5-6-6
T (R A T 220 21 7 HAd A4 4045 i Lomaiviticin 22240 (DA 44 1135 76 Hh S0 42 ) AR
B 2P (Kinamycin) $1 11 & A 2800005 22 . H BT — 354 13FhFluostatini #ii , H-PA-E

Sk R P 0, F-Hk B BRI 7705 R s 8 525, 1-K ok | /) . B (Micromonospora
rosaria) SCSIO N160%* *4, R, S [ 7E4E 25 1S coelicolor J10745h ik #h R ffls i R 12

% 8 Ul Sk 50 1T
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Fluostatin £ )& R HhIEEE — B & MR (L F iR IR o Ah

1.4.1 A& RE

A % AR Angucycline Fluostatins (14 P % fls & 56 221 AR 1)/ L R SCSIO- N160
w3 DR R R R B . FR T Fluostatind ik (0 45 S R AE M0TE b, SN 1 & B AR 408 45
B30 SEMIRE A O e R T B rh AR RAE, BT ARG AT BT, f
FSE T 9% B AE S Ak BRR 5 FR B AL A o /R IR0 38 390 Zhang % 7 5 25 4. coelicolor
YFL1H R IAHME IS R %, 24 25 e 15 2 17 2R 7=4): Fluostatin L5457 1 7 98 — B4k
Difluostatin A, F:Difluostatin AEATHLEIEERY, B /5 Huang 558 F 250010 17 55 F1 55 S 5
FILfsHE A% S, albusH 7331 1 5 2 () ik 5 3R 4k, fdfFluostatin R, S, Difluostatin B-D
UJZE = 0¥ = A Trifluostatin A4,

10 20 30 40 kb

@Kﬁ@@@@ﬂ-ﬁﬁ@@@@&@ﬁ@@@# ﬁ@@-ﬁb«--}-»@@ y <:J

orf(-2)(-1)flsF 02 03 DEC B A R1L O1 GK U1 Q1 04 P M H Q2 05 R2Z N1N2T S N3 N4V U2 R3 orfl orf2
pCSG5000 / pCSG5031

pCSG5001 / pCSG5032

pCSG5003 / pCSGS5033
d—IO
FISABCDEI O O
1 Acety.Gon JAdABCDE! [01
9 Malonyl-CoA
spontaneous
OH OH OH OH O CH
prejadomycin (12) CR1(13) dehydrorabelomycin (14)
[0]

spontaneo L;*V hydrolysis
CO,

oxidative
ring contractlon

‘ OH HO OHHO

Oﬁé‘ CUQDW?Oﬂ%K

OH O OH

‘6 reanangemem

rabelomycin (10) O HO OH O

fluostatin K (9) ﬂuostalln c@3 prefluostatin (16) R ——
lFIsT
OHHO
OHHO OH HO = .

oM Cr )¢ BO% e TPee L L

Q¢ Ut e SO \A

~O 0 & 0 0 te} o 0 T e -
° @ e =0 ‘ OH

R y* * cosy — i «

fluostatin F (5) HO VAR

fluostatin D (4): R=H 6 HMBC - o e
J(8):R=Me fluostatins G/H (6/7) fluostatin L (1) difluostatin A (2)
&l 1-17 fls R ML HI LA Fluostatin ST B8 & AR
1.4.2 K01

Fluostatin/y - [16-5-6-6 R AR &5 W B W Rk, 1R 2 25%0 0 T A R &b, it
JeE 2 LomaiviticinFIHT A2 R BRI B 25 . T B R A&, Lomaiviticin /4775 25 {LLFluostatin —
FARMIZER, TEROZILN L &) 77 20F 1T B85 Fluostatin — &AL A S N ATLER BT ARALL
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NMe, Me,N

Lomaiviticin A (1) Nenestatin A (3)

& 1-18 Lomaiviticin LA REEIRBREH /M FHISEW

1.4.3 ZRARRIE B HLHSE

i+ — %k Difluostatin ABAE HiE LR, Fluostatinf] — AL FE A T WF 78 M E A
Huang %5 A ik — 5 % F Bk B FISH ) 7% 1 BF 72 5 0 i 3% W Fluostatin ) — SR 4k ik 72 - JE B2
SRS, HATLATE K Bl FR R S A M v 7 b B R T

H il

Mucleophile addition
O —
H,O or MeOH

™ o] Ho‘cl (o]
FSTC{4):R=H
FSTF (5): R =Me

FSTD(7):R=X
FSTJ(B): A=Y

> Dimerization

24:R=H 23:
26: R = Me 25:

& 1-19 Flustatin — 4L s mipL R,

il ]
o
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Fluostatinff) — JAL % 0P BRALFE2ANCIR 1 Z [N C-CRETEL B, T TRLHE TS ROV VL 2
B AR OL T EIRC-CRMITE K25 0L, H AT QRN RE & 42 C-CHEE KA AL
SR VLA 2 4 Grignard J B . Wittg B Aldol 2 LA & Claiseni &5, EAP0R 5
UL, A Aldol . LA K Michae Ui s 7 AR 47 5L P9 A 3 R 3

15 KRXHRABTFENX

U bR, B ) AR AR A NS LB B P A R AL EE R AL R T B 1Y
B OTEA BTG R M2 RS, AR AR Hx, iR
TG G IR I 2 0 I NAL TR N SE A B BRIKI SN, W] AAE A T 2R Bkt _F 8 28 4 ™
X2 5 /N T A IXRHEAT ORI B AIRS RC S R AERA, A A THES 5 & . B
FROTAL, R AR A S SR TEIL « BN (0 24 5 LR . T Difluostatin ARAT RUFIITTRIZCR,
HAxZ 54 DifluostatinZ5 M AL S R A YURDUREE, AXERES, FluostatinZZ #£4L ) — 5
W PE T B BB A EY 2 DhRE /N T B o TR, Fluostatin BBk ik B 1 AL 2 TR 1k
W R AT B AT, AR B IR R R AT 2 B, BT SE RSN o S8 RPN AT AR
S EHEAT o IS NE 2 A BE s IRV R BB R MNLAE AT WL S B B R R AN 2 L AR AT A2
IR, SR AT AT (& R B AN R SR — R A 7 1. Pitt, A EMITHE A 53
A 1 L DR Z SN IR B RS FLEE R R AR

B T S A7 R 2 4T M BRI B £ & 4%, Fluostatin — ZRAb I FE 22 I HE i 21 (0 7 e B e A
SEARGGERRNE . ARSI SN AU R BT CL-CLo’ R, IE H A CLI TR AR
R, KR LR ERT T HER . SR SRR G AR R, RN T PR BR 2 R 2RI 1R
2R ) A A . AR GTSEIR A L, XA AL R IR JCIE A R AR, A el il e fir
FEON T FOE MU - BATI A B RE S TS 2 SR T R S A R s S TRV SR B 1 22 5
I MBERACT 45 MR TR, I X 1K SRR R e B Aty TS (0AL 5oL Rk £
PER AT L], it — DRt S G A Fluostatin — SR A (I RE HE 1 B S04

J2 2., Fluostatin — AL B A BRORSEIL B, LA LRR B SR TE Bl 1) e PEASE RO 6 E 5 S AR ik
FE, Bz IR BB AR E R IR PR . MBS _E e BRI S (1 S S AL AT
B DRI BB S 15 PGP 1A, R PR 8 TOU O R A e B X T — R Ak sttt BARCH:
BB AR B A B R B R  S . JE I FE Fluostatin — 84K S SEHLER DA R H AT rOds F 18
SEARERETER AR, — 5T, BA A SR RENE I TE Tkt S i v, DR TR R VA B K
SRR Jy— 5, BAA R R DUE TS A @ AR TR | R R A e %
PEG SLARIEFENE, IR LG R .

VA

?
%
'

Difluostatin B ( 15)

COSY === HMBC ¥ NOESY ¥y X-ray erystal structure of 15
&l 1-20 #&A Y Difluostatin B () COSY I NOESY f@#r4: 22!
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—F BTFHESETFRENER

Fluostatinff) — 4k s B 7 B —Fluostatin LA (4778 R BI ] HEA T, 2577 28— [RIVE R4k
P T BRI B2 IR AR, AT DAAHEWT 7R R BRBE T RS, AR R AN 23 T IR A R XS BRI
Fiz b, RAFHuangZE A fHEL, FluostatinE T s o< B IR BREEE 2 7T, — 4> FFluostatin B 25
O747 15 T4 B — 43 FFluostatin 77 25 1, £ JyMichael 55 77 ) B 7244 . 53— F-Fluostatin
HLEO6RL I T, N5 KA CLI R AE — D B B B S B OB,  CLEHE B A B
PRI 25, T BOEE A MAE A f 2 A e P o Tl SR AR50 rh A5 0t S R (p-QM)
IR, SR T2 A B PR Ap-QME . 2 b LR F, TR T 52 ik 5 T A A
Rt — b S BT U B . A 1 W Ft Fluostatind) — AL RS, ARl 73246 5 o TR 2
PR N A A R AL . TH E R R A S 2 AR ) PR A AR

HF7ESL56H, HuangZ: A\ &K B Fluostatin DRESSTETCERIE UL N, fEKH H R RE R
SN, TiFluostatin JRT DATE FEEIAEE N — S0 A il FO6 B[R9 — 54k . B FFluostatin DI
MIBE R 5 T3, KR/NEF, H % Fluostatin 544 (15 K /NH 22 9F AN 8.2, R T FRATT4E A
Fluostatin DFE 7K H (1) S8 g GgEAT i 55

2.1 Fluostatin B9 pK, BY{& 1t

N TRt Fluostatint) —RALIERE, H5 T HOIRE R AR EER . ST IR T RE M 2
HL SR, AR R A AN FRIRE R BRI . Oy 1 IR FFluostatinf i T ARAS, AT
FLHIIE Fluostatin (2 By PR B AE R P A RIS 0, 4 RERE T I S 1 S A HE 1 T o

FpKa 7 AR Z R EZAT LA 2%, 5 —Ff, MG Jrik. QSARBLLE,
FEATHERERE RIS OL T ARYE CApKa AL S RAG FAR AL S P pKa o KR BRI
HE BT RO TR, Bastt— MG THE. 2B T8, AR T R Rk THpK,, X
MR MR R AR HER T . ORIRJIAH, 7T LR HHAG g MTHL, MR 4% F B pKGiE
X

Az |[HE
Ka =[ aq][ aq (2_1)
[AH]
VA T AR FRI E AR N : A Gaq = —RTInK, = —2.30RTlog;, K, (2-2)
AG
pK, = —logo(Ky) = = (2-3)

2.303RT
FTUVE R, pKaT DUESRE 3 A2 1 B B RE R AR RAG . Rk, SRS HER HIpK. ik
(Y b 7 FE T SRAFUERAIO VAR B REAE . 1% AR T BRI N R S A8 P AR .

latm

A AG, AT s
_AGInlln =M 1 AGI:IIH M 1AG]; =M

AH .. Aw  +  HY
-AGZZ'.T?(AFIQ | acziay | AGIIHY)

AR BGE) e
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& 2-1 QM T pK, M1 218 Iy g B ™
BRI EPER S, R A G, e W U S i pKe. T NI E B
REAS A] DL #2245 J7 S AT 3
A Ggas™ = Ggas (A7) + Ggas(H*) — Ggas (AH) (2-4)

Hor, SBF I AT BB {HGEs(HY) = —6.28 keal/mol, BIt, RFHZE I
AU IR S ERMR SAT E H R B T pK SR B LR Rk B T WA E A
T, PR 2RI CBS-QB3LL LRI A A 5 773k, EARA S A B dRg.

BRULZ AN, BT ROVEAR B BRI Rl R A R AR B, TR SR

A GPOd(H+) = —265.9 keal/mol (2-5)
T SARPRAE S BAE AR RS B A C
A G1atm=1M — 1 89 kcal /mol (2-6)
KO RERN, TSR R KR
pK, = 0.733 A GIY! (2-7)

SR T LR AR, TEERMRZ: A GINMRZEIAF1.4 keal/molif, pKaf iz Zmk

SIEBNARAL, BAR, BIMETHCBS-QB35E &34, Eo pes R 2[R 7£1 kcal/mol LA A 72
e AR . BEAh, ST HOE B T UANR 7, AR SR A 2 G 7 A T A
B A HAER LA RER o X PP AT DU T S5 FHER R D IR, T KR R IR
BUFHIRRIRTTIE . TRITRA 1 8 AR F I PO iR AT T 5

B 7 A R EOR S B B A LA pKG AL, AR AT s FAth £ AR Bl
FNATTRT . FT AT B S 77, A 1% FEMarvin Suite!2 %} Fluostatin DFf2/M)
F2FpK AT TR o SR BE Tz A B B B e 5 002, T DLSS VR — N R 2 T pK e

ST, 1298 K45 H OB AL By ik (M pKart 7.70, OTAL My F2 45 1 FE L pK /2 7.90,
R PR EE S0 N, PRI R A A A A T WL FEL RS . OBAL I FR k) FEL S L
O7Hr M 2 I L B B T 25 5 — 20 JRATTAT DA I, FEMF B T AR, RIRHEAE
e, B S60 A EINMREFPATRR, U AT LIS R 3 o7 i AR 558 PR R L 28K
N, SEOEIR b P N BTSRRI A TN, YRR A ARt
ML TR, DRI 1SS, e EA T Re R A

7.90 7.70
OH HO

& 2-2 Fluostatin D BRI KA E LR & B KR pK, B1{E
FRIE A, R 7E298 KR HIpKa N9.95, TR HE-FEERIOAEAE T S A v] e &k AE HLES,
PK A b2 T, RN, BHFPMAI Y FRIEFAXTHR, O64 Il Fa ik B CAN B A B 2T,
OGN 2 LLOTAI Iy PRIt 25 7 S . Tl 45 SR S5 RA T FRAS TONAR 77, FRATTIANZ T
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7/ SHANGHAI JIAO TONG UNIVERSITY Fluostatin 444 p% P IERE — 58 I R A0 1L Sk 2 IR0 o3 i
M5 5e YRR

FET DL EROWpK,, T LAMS ) WA ER— 9B S S g S ) pK,. T — &,
PK=7.49, Xf T W, pKyp=12.06. i HI{EpHLE PRGN, K2 i Fluostatingy LA
HERIRESTERAFAE, T UpHAk L iy, H A B A Fluostatines 46 82 FL RS, K 3 — M F2 2k
HLES, MR A0 B 25 F A Fluostatin. K45 ML J5EE, AT DA H Fluostatini® i £E AN [RlpH 2%
AT AN [ S s B o T B A

on o°
100’ ‘:‘\\,_,'-' ) i o
oH HO N\ [
iy \6 = y
VA A A \3/
\;_:Y:-_.If
75 N '.:'}
O &

S
0(4)‘{:0

[8] O

Partition (%)
3

2‘3 -1 : \g/(;a%
0 (24}I
0 10 12 14

6 8
pH
& 2-3 Fluostatin D 7E/K B &40 5 B

I E2-3FT LALEL R, MpHTE6LL TR, ¥ - Fluostatin DK 2 DL SR AN Y HL IR K 2047
5. BEHEPHIIFH, Fluostatin F 4G L . 06 507F I Iy R IE#R AT LK AE B s o B FP— 2%
LS PE I o LL B pH AOAE (b B 2R AR H AT, FEpH=6 FF IR R A58 — S, 7EpH=97 411k
FT&, 7EpH=L0MII 555 2 B EHEA, HES TIEE1%UA R o ZEpH=LLIII 54
BB IR R, AN RIS IR T . pHEZIT 140 ¥4V H Fluostatin 4% E 436 LA A/ [
B AR TE

LIS PR AR B, (EpH=5LA NI, Fluostatin ity — 28 Ab A i Bk 3 &1 2 3 AT BAK:
A2, TAEpH=6H B i] LWL 21| Fluostatin — SR 1 7 A2 . Fluostatin?E B P 25 44 T 1) A5 € Pl
WA 7E Fluostatini) — AN AT LATE A 3R 258 01 A A1 0 R EAT , DA BEAE Ffh ol 88 2 16
ARk . IR SIS BT R BE S 51 R IR AL S B pHYE L, BT DA B AT T g
Fluostatin?E Fi &5 T # /0 y F2 55T i — I B A B B8 7 J5 A REIEAT - SRBrh, N T IR TEmy fR A
L BT OB RS, #0655 O 7R #2 3 FI TMSCHN, R 771 % Fluostatin J3EAT FRIEALALFE, %
L0607 Iy 2 Hu il FR B A B B AR R IS, IR R A R AL UM R R B S B, T 2407 %
Ty gl FR SRR AR BRI , 7598 0T AR A/ B (R L IR 25k S5 I8, 2 A T vk P SR 31 — SR AL S B
AR b3k S I G AT DAL HH 2 (e HE N -

(1) Fluostatiny 106507 B ANEy e HE X T — AN 5 it 19 56 il S 25 A RV g )
Wi, AR TR, RN B R e R3S 4 52 B .

(2) ST BBEE RN, O Myfait s K H %, IR, Lk ik, SHE:
SRR TCIERAT . AHEZ R, OTALIy PRI R ASRE s, T I3 S AT SR 7T LA
B R A X BTN O T #4585 FL B 6T 2 IS A 5y BT RS S 56, H 2 RIS AN R FEL S
F B S S S ATY SR P LAEAT
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(3) M+ RN, O6MyfEkt 5 OTHyFak () H B BE /1802 AT Do AR —T7 AN
e B A PR R TCEREAT ot T IRAG SR I S SR s SR 5 L 2
PRp-QMrria) (A, FT DAHENT, O6M) #% B: Bk 2k 22 T Ep-QM A (B4R Tk ™4, 107
My F2 Bt (I BRR AR AN R Ep-QM AP (Rl AR SE AN A, (ERAEJR SRR S B A, 1
THIAR TR B OT I T I R — e N S i B L SR A, R
I N7 A 45 BN I i o XA 0 X0 A TR 38 3 B R AL S NLAE O TR R S B 1 5 th AN RE
pei

2.2 RNEIRFRTSHBRMEEEETHE
H i B SR 2 — R A S N AT LAEAT BTG , A6 ZRUAAE AN RS A2 1 IR AR A e

R RE R, R BEp-QMA I = A . F-A' 1 Gaussian 09151 17 C6. C744
HEEO . AEM. HEEERRE LT RBLESE RN B B e (E2-4) , WER3-1F7R .

® R R 7R ® o o
IR R S
o e

(CH3)2CHCO

& 2-4 Fluostatin HIEBEEEIT R (A)S RI/R,=O B IER=YZ5#I(B)

R 2-1 AFE Ry, R 1EOL T B AR PR B E HIRE3R

AG; (kcal/mol) - R;
0 OH OMe
(o} +8.3 +19.1 +36.9
R1 OH +19.3 +43 +42.7
OMe +13.3 +39.2 —

LB TR IHRARE, RAURENEASEIEBE R AR T L.

AHEEH, AR AR BEREAIR S HZ BB I [ N AT % AR BRI, 2
ROAHAIERT, TCRRGZEATIENL, RN A0 H HEE A EBIE R &, ERCNO Y H+36.9
kcal/mol, 7ER; ANOH} A+42.7 keal/mols T H HAEF = HI SN, HH B 4% — M M s ml 40,
SN HTEAL e 22 v T S NI BRI e N (13 AR AE 32K T30 keal/molo HT— %
W AT I P A BEAR B B SO AR R AR, B 24 RONOMel [ B R dE LR A . X2
T BUG B K IR I ot e B LA B SR AR B B e R A

M MRS B I R 0T, FE U AN . FERCHOTET, X it Ik A8 2 I B = 4 k47
ik, RIMRMIFEE F AR 72 B KB EIRMO LM L, MMEKER=0H, R,=01%
LT (AG=+19.3 kcal/mol)tH FIFI =4 . XPHFE LT A =0AEE, MRS H H AR
MESZE 5 AT LLE H, RoBE BT A0 TR B FEL BG4 10 R S S48 R B & T T E RN S
i) o X 18 B 5T E R 0 4D S S 402 B o » BDOB ) ¥4 3k Lh O 7 Ay F2 3E BH 25 5 HiL
X5 AT K TR — 2. 17 4R NOHEE OMel, S5R,=OMelf5 il —5, w738
IR AR, HRA HE MO, H V¥ AR B i B ER 51,
=P Re =R &, e 2 WARNI TS, FBURSCIENIFHET .

5=, RN CA HL B IO S5 FAIR, A2 R AR LS A OH 5 ANBE FE 3 I OMe ATt
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SN BRI B E N . LT RONOHIIE DL, RO M H HAEZE /b FH 10
kcal/mol ) FF%, FE% 835, XU IR W ER T RE . fER NO 1A ik —
BN XT EEASFIR SO N 1. H BHAEAS, TLAEH, MR O M 1) H HREREAT G
&L T /N, SN+8.3 keal/mol, TR AOHHT S ) H HIAEAZ I y+19.3 keal/mol. %
11.0 kcal/mol ) H B AEAR 2 57 on MR FAWIRAS I E B . fER, AT NOIRESHT, Ry
PR FAREHICNEE: HAERWAON, MARZEAHERER.

T FR BN B ARSI, W LA, RS IR PR S IE R R E 1 SN2 75 48
Gy iEAT , {EE 9 3 56 S S 5 PRI 2 77 S AN ] o RoFEPIR S o5 L S M7 : 27 R A2 O 45440,
TR 2IRES, MM E HEEEHAER &, FEURMARIFEET. RAUROCEHE
TIRFIERO G, RFPIRESA e R

fE B, RyFIR AR NOR SN A AT LA A, IRUAZ KL SOSARvE H BB AR 7E 24 i %
PP DL T R RARH, HEE K H hRe B UK 220 10 keal/mol. X — &35 % 7 R W]
B LR AR HC O SN A AT B K

Huang %5 A\ {5 1542 H I Fluostatin — 54kt #2 H p-QMA P2 AE AU FLS T OBy 2 3L i 1,
T O7Y 2 3 AT 15 5T T OB R RS2, o e 7 1 PR AR, FRATTTT DASRIE %1% L O F
RHERG . XGRSO FRE Bt AEAE J9+19.3 keal/mol, &4k AER T IbAE, 75—k
THAREENES KA. M2 R, 406, OTIMERIES RAERE G, REHAEE T
F&3) 7 +8.3 kcal/mol, MEBEE AP S B SR, SR A% 28 5 HEAT .

23 —_BURNEIEZMN R

MR 3.15 3.2/ 1 HIpK T DA K [ B H B R AR TH 5, 4 f iR 5 F 73244 (p-QM)
HITE Bt #2 . PAFluostatin DI, 7E/K 55, Fluostatin DYEA —JGlR, W LAK A D HLE .
H OB 5 07H7 Iy FE I I pK23 N T7.7057.90,0 33X /N F R AR T 2K 7y F b v Py 2 ik o
RO WS, X2 T Fluostatingy 1 1 47752/ 3 F W FL 1 B JE I L3030 5 By 2 36 41
SEHTEE N, BETENES . ORI TOTA MR ARSI E 25 ) i sy, X2
T2 T RIRR RS B . OBy Fa L BICAN SRIL T T, 52 3 (W FL 7 R0 56 s 2,
HL B8 AR S5 )

TEpHAEAL M L T 5 Fluostatin DMpH=6/c 47 K AE 5 — 2 HL B« 065 07y #4 JE 3 A [R] I
TRUEHES, HARN B — 0 B 1 5 L AEpH=1022 47 iA B WAE , BEpHEIE— BT fEpH=14 4
FHHET R NIRRT 1%, J5 45 T PEFluostatin DAEpH=61 1T H1 55 1% i />, 7EpH=10
S B E1%LL R . 0 B AEpH=10/c 47 & 1N, 7EpH=14/ 47 Bk TiE . Sk
Ui, TEpH<6I ¥ 1 3 Z LA b M Fluostatin Dv=E, 7EpH N6E9.2 ]I — 2 B 85k A4, 9-11
ZIEPA—M ST ES, 11-142 18 B KA, pH>LAR B 2 LSS 7= — M PH B 1
T
Fluostatin [y ¥4 2 51 T RS X J5 22 I A v EIE R 8 i 5T Fluostatin D 1) O6.
O7 M Fib FIEAIRE, FRATRIIFIA W F2 R AR AL T O F BRI 5B S A A 2 i
R, PBORIZAE LN RN H AR T2 /N A SO, HIBUE LR v A2 G P

BT AT B ARF R PR S HUE LT Fluostatin D #4255 EH HAEARI, it
LA RONTERR IR T HL B RS, SEPRIEOL T 75 BE5 FE AR B N 0T e B H EH BE AR AL T 5
£ pH=10 Zcti, MBS TR E R 2 — M TR 11 1/100~1/50, 6 S5AH R (1) RE S AR IE
FEIIAARE N H HAEAE, 06 O7 A 3iAab T Fo BUIRAS & AR LB AR R I BV s B H F AR
PRI NT H A . IR 8 16 B B4R Fluostatin D 7£ 71 T = 5951 4614~ K& LA—1h
FH B8 1T aRAFAE, SR I 0 19 S JRE A s B A 23 A B B8 1 A R IURI R A o ot Ik S 3 S 7 5
G PRI TR LA R p-QM LT A2 A
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xR HAR, RS St T 3 Ry, O7 A HLE Y Fluostatin D — 4 B & 1
FEAF T AR AP FE, DIOU2 OF A7 A&y Jeoxt 22 57 & M B e A v > A i, 15
FE 57 AR LT (R BE 0 SE N 9

ER A AT LU 45 9 E2-5: Fluostatin DAE LK SSBR MRS T £E 7K P80 L 125 H st
T, OTAZHL B 5 7 /5 TR A i 74k, 06, O744 #8551 — M B B8 1T iip-QMIFT AT 44,
FE MBS S N e i m I T4k, RO eIk

OH HO
T . % HO
7\ 0 !
1
O s
O
D

FST D (4)

l (24)
. Stacking
S o
o < (CH):CHCOO™ _OH O >
7 6 7 p
O
0 & O H 5 M
o
0
I m-complex (25)

p-QM (23) 1-(R)-10"~(S)

|

S)
OH HO OH HO OH O
7 6 ]

(22)
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AT 55 A 22 S FE . AR H: BRSO RS E

[ Ou dp(r)
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BB IR R AN T, AT REAR R In— /N1 5 25 8 723 B R AE 1)
b, FREF—DHETFIERFHEG, BROBTFEESCEE.
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HUE, MRkE-AHETE, SEAIMARESFHOMOMIE. Kk, HHmE—efEE L
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R
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ACLLa%E i 7 AR A 2% s e, T BRI CLO” I 7 I W B PR i e e . K321k
55 BEAAR 1R TR T 45 R 5 A pR BT 45 RS, W DS R EI3-B R4 R, W DA
P R TIN 45 SR A AR 22 AR AU

200 0.20 20% .20
(A) I 1. UMO Contribution Condensed Fukui Function / “(au.) {B) [ HOMO Contribution | Condensed Fukui Function f* (a.u.)

o J152% . 2 . =
3% - B =005 2 15% 015 =
g - £ b
H g = S
= 5 =2 11.4% k=
c = UL &
= 1] 10.3% S B 5
g e Lodo £ 5 1o 0.0 Loip 2
] B ) —
- 2 0 2
E 7.2% 73% F = =
= ; S 58% 4% .07 =
a .08 5.9% 005 5.8% 0,06 2 T = % 3
5% 4 1054 4% - 005 = 5% U 04 Foos 2
004 % ) 5
5.1 . E S
= 0,03 003 003 g 2
H H H H ] ﬁq u 02 3

0% 0.00 0% 0.00

1 1a ih

ES5%?%%m9Aﬁ§?ﬂ0%&%¥#%m4Aﬁﬁ?®ﬂﬁﬁﬁwﬁ% AR
FHERPE. BIRPIETERCTIE S MR R SE BRI A r .

113 73T VAR R (11220 J5) B 128 5 AL RESR TN A 2 A 25 K AR AR A D o el T3
TV 35 R 8 AL RE PR A /ML B A KA R AN — R AT A e B — AN 1, A A8
A FERT L AR KA 5 W /I o S 28 ) 30 8 P RE SR TN 5 2 . n FRAT TR T L 7 52 1
MCLLRICE A s i PENTT, I T HLRIMCE, CLO™45 )5 T BAT SRR IE . X L =R Ftill 7y
EATRT LRI, AT T B 5~ (AR 10 5 L3 1 R S AT X M — o FRAT IR AS ] A E

% 24 71 3t 50 ;U



VY FLAAY
e/ SHANGHAI JIAO TONG UNIVERSITY Fluostatin £ 414 B P IEEE — BB R N L ik IR IR IS iR
JONAE AR AT BERLIE(ECL107, C8 2,

Ko T B S B S A ST, ALIE A FIUIIA B 4 fr i A, ZE BT W] BE Y SN AT
i, WA CLURCeH I ALIEN KA S5 2 RBE . oA S A 1 32 38 AN 2 AH 2 AR B K
{H 52 XM,

e FIHTEN TR ) = PP iR RF 25 H RO T 25 58, FRATT 0 000 a5 s 7 2 F L 20 P88 N,
Xz, 8B A W] BE K AEAECL-C10° 2 ] .

2025 i 3L 50



- }_’ A A%
N e/ SHANGHAI JIAO TONG UNIVERSITY Fluostatin 4 49& pk  AEEE — B2 g R AU (L S 3R 4 I8 8 9 4R

BT ETERN RN AL R T

4.1 R IR

B FE S, JATRHE 75T 5 BRI TN 52, TN 1 o5~ SRR 7 32 AR Y S
WAL . SRT, RN 1A A RN, H T AR R AR AR o X TR R
B 52 L, T AT 7V AR T A R A, FRATTIRI It 712 7% F& i L SA LA S 7 b AR R
URIR S — AR - S L, 8 P SO MRS S S 1EAT S A P o g A

e P A R L B AT A EL IR 51 BT A RN o AR R - KA ELAE T o, R AT )R
PRI R, TR R A R B SRR o RS N Y R AR AR SE RS ) R B E AR LA S H R AR R
BLo BTN T Z AR EERF A BAE IS 15, T2 M R iy WL i 22 4L

A BT LSO S I PR s HEAT T BT 7R B i v NI EAT B R S R
Mg . FEIXH, AV 3 AN3 M FR ATV Hd s S PEA s R PR RS R R b BT
R BRI TR . i, FATES TR =, A T RSO A L R

42 RFREEHIHTE

JRF A R T AL IR EE R — MRS, BRI TS BTN G ek, DU
FARZAEE)— A S AT T AR DL R, ik TR T s 2 /0 I 1 s B V2 SERANE.,
ALFE T S AL BE T L1713 QMIMMUTHSAESE, ETHEAL 5 5 4y AU
Hoe A AR .
SR, JiR - FELART 75 0 S A% i s 1) PR AT 5 e ) ] F - Pl (%) R A 2 Bk ke o S A%
L7 AR & 2 AR B, W] AEEA R R e 7. Rk, 55 F e A & iE— 1,
T2 R AN R 340 Ja 07 SRR 20 v 7o SR FAer U S VAR g vk 7, B EARAE R
T 6 U2 S 7 e e B
(1) 3T ¥R B0 R 7 i . AFEMulliken®T g . [ 4R A1 J& 43 (Natural Population
Analysis, NPA) PO, HoepiMullikenf i i ) SHAER IS A, I HIHEAR S, O4
WK ZBEWFEF R (HZMulliken LR A BELE T A IR BR BB L R 1AL, JIF
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208 | 205 \ il
S W}H 4 e S
' D(11b,1,8.9) - D(11b,1.8.9) )
& 5-4 C1-C8' I I9F e B 7 T M BETT . TS =AM, BEREN TS AZL=

RS
&l 5-5 C1-C10’ I UF J B 5 R0 BL RS SR . HAERBPHEENSEKNINEE
KUK 4 AGEFE TR E XA
T PESTIH, FRATTAT LLREU 1 H B = A A BT SETAS I Y - TH 1 KN 55387 T s Py e itk
K. BT, RATES SESIARE] T BA R E NI ES . AR s-5Y
5-6 i (W] WAL A FHCY Lview#i #6104

1-(R)-8'-(R) I-(R)-8'-(S)

D=297.6° B=2.29 A D=54.1°, B=2.23 A

1-(S)-8'-(R) 1-(8)-8'-(S)




1 J*‘: SHANGHAI JIAO TONG UNIVERSITY Fluostatin ﬂE%AEEEFIE'EEE Eé}ir_ﬁ’]1{;ﬁ$¢ I&tfﬁlﬁﬁ*ﬁ

E 5-6 C1-C8’ MU F R N7 A0S R HIHER T SR . BREHDHZEFOKNI R
KRR 4 AR THINTF R XK =T A .

LR, AR S B AR X B R S S I A A AR BRI, — BT, 1
WU T ORFFACP A BT, I LR KRR AR . S LR BRA TR IR IEX Al &
RONLX I I 2 e B E KR

MRIEOCA L L BEAS SE A, BATE L P B S AR TSRS S, 7521 1 AR R (Y S b
%%ﬂéﬁk% IFHIERR T RN SIS B HAE. IRYE LidReRE, JAMGR T B

IR\ S NRAR KX — 0 I ML A e AR A T 25
20

TS
15
o
g 104 Acceptor 3.9~14.1
= 5 +Donor C-complex
2 0 0.0 y n-complex
~ — -5.4~2.0
>
oh .
5 12.1~ -1
S | =
/m - AE, =738
P]
o
= Product
8 25 1-(S)-10'-(R) 1-(S)-10'<(S) 7.9~-22.8
G 1-(R)-10'-(R) 1-(R)-10'<(S) .
-30 1 1-(S)-8'(S) 1-(S)-8'-(R)
35 J = 1-(R)-8(S) 1-(R)-8-(R)

& 5-7 C1-C10’HJ 4 Ft B2 5 R B2 ) B H R 4R (A) 5 C1-C8'HY 4 Fi e N5 2%t B2 K
HHBEZWHLRB). DEFHMES 7 2R R B Mg AT A
T EERIE . ST AR EE%EJMJFS‘;F B 2554 RETH0.0 keal/mol (AL &, H,
TR RN 32 AT L CASHI I ARG, & . IR S R AN G &, BTy iXen i &4 A]
VAEHfR S, RGBS S REHIRG S

5.20 E8HIRMRIE R

HRHEMIARREME A . WHTERT, BT 2 i sp* R0 s T4
BB TG, R AR E SR U . O T B RSB IRE R, AR
IR NLI) E HREAE . FATTHE T o B AWM aiH, Rl I HA 20 28 I BoA M T2 iy
BRI — A b, RIS IS B E 454 o Sl I BUAER H S KA R AR U=, AT
BOHIRFR AN T R R, AN EATR REE MR .

T EaYRER, FATEEHEALRAT TP iite. FATEL T30 /128
WX B EYIIM R EATIZ, JEX B AT RE MM R B i eEIF H L, BRI ER
Rk S, JF HACREE STSHE NIRRT L, MR R RARE S RE

=]

5.3 NEIRRMRER 5 N EEE T RIS NG

MR BN e 2 R, AT LS B2 A MBI B 8 28, 8T AR I E a4,
1-(R)-10°-(S)IX P (oL s AN SLAR I FEAE FIront LK) A5 W BE B B AR 1), SR WX P S 5 W fie
FESE o WA L 7 JEAR AT il 7 2 AR AR IX 8 Rl S [ AN B 4, 23X —Fhn 2 S WK 5
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& . » A
e/ SHANGHAI JIAO TONG UNIVH{SIIV Fluostatin ﬂE%AEﬁEPEHEEE 5&&}"'[&’]1{;1&&[&@1‘&5}*}?

ﬁm% AJ L 21-(R)-10°-(S)Frowt B a5 A 4 Lo HoAthn 5254011 %2 21> 1.8 keal/mol.

M PESREEMAEE, 8FREEAEF, 82 1-(R)-10"~(S)IX P A7 s FI ARG B %
o7 P 3 9 25 B A A 19 (-0.5 keal/mol)ize /I - oA o I 25 B B, 33X b BH IX 4% S B2 1) S B g
L FE X oAt s B B AR R BE 22 B /1N o TR b S B B 25 59 R 2E

1-(R)-10’-(S)HIcH A WHA R R ERAKN, FAEHMPcE &WhEE H1-(R)-10-(S)o
SEVHREKL keal/mol 247 . H2cE &M EH AR, Fve R g&— Ak,
BN T82 52 ISR B, AR IL-(R)-107-(S)HISE B W) R feAa e 1. X Ui
WS FE, 1-(R)-10° -SR-S BAE A .

MEEEAL A, BATHTHE B HL-(R)-10-(S) [ N 5 A A e e nE 59, fka
5E I P S DL R Bt e sk U =4 . HAR I BB ER 75 Z 4T L 1-(R)-107-(S)ig /4 58
RS EORAS, PRIMAR R S R HRAEEyring 7 A2, FRATAT LU 1k A R &, 7T LA S
A B o B

i = exp (— E) (5-1)

AT, 1-(R)-10° I PEF= 4 5 EE R 29 45'99.9%, 1t I 122 S5 W7 A — ANk 3 A 224 v 1) S
AT RS, ARSI, MR =Y as i #l 2 1-(R)-10" K4, I HHPLCHS
75 R B H AT 55 BT P IAFAE o DR L FRA T B V8 T B 45 TR s 36 o B A0 281 6 7
R AR E A AR
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Fluostatin £ )& R HhIEEE — B & MR (L F iR IR o Ah

BXRE SHEERSHFERN

TESENTEA, TATHRIF &S5, T e A B R O B ik b B D IR,
I HRIE T 1-(R)-10-(S) ) B B A2 1E Re = A B LBk, (R EAIE B 1 Fluostatin — 24k e 3 H1
AL I BV 5 AR IR B VE I B R A . AR RS, A ATEAS RIS e 6k
AFIFSIARIE BV OL T, R BEER N NATE U K ZE R ? NH41-(R)-10°-(S) R
PRI SR RE R IR K T A R M BRI RE R 2 ATA X — @ A —FEW 0 T 4EME
WMHBEHER KR,

NT RIS FAR SR RER IR R, BATRH—RF7ER AT RIS A AR,
T R n-ndE A E FIE A R AR EAOVER o I H A8 7R HH-mAf AR P R n s i S i 4 &
RE RO S S5 AR IR PR o

6.1 £ETAERNAFRFENXKESHEEER 2

WAL IEAS 540 HAE F 2347, Bl Distortion / Interaction Analysis, B¢ Activation Strain Analysis,
T PRI 70 S 7 3 A P B AR A — 32100 870 SR vk e @& T3 T ALK TS
HR A SR 0 A BB T PR A o W A T AR AR ELAE FH 23 BT A MR P B2 S A b g Bt
(T VRN ZR IR 58 U, S I i v e R B AR A T DL A3 i i E e B s ) it e P e e o
PR T v B R AR ELAE FH T i e S PEAIC, B

AE() = A Estrain @+ A Eint(() (6-1)
Hrp R RN AR . B BABAR IR — 5, e ARG RE 8 4 i AT A AR HLAE HIiG
FRHIRE R AL Z AT
80
{—— I-(R)-10'«(S) —— 1-(R)-10-(R) _ = ==>
60 4 e Distortion
E ’
—~ 404 e
C 1 e
g 20+ e
-: A - - -
§ of
e e —
> :_—__—_—___.______:‘R_ ———
%ﬂ ‘40 ] It i ~
J N
5 -60- NN
| NN
'80"_ ) RN '~ Interaction
-1004 Bond Formation NIioios

4 3 2 10 1 2 3 4 5 6
Reaction Coordinates (Bohr)

& 6-1 1-(R)-10’-(S)M 1-(R)-10’-(R)KIBxB SR Bid 2 IRC HIRER & -

TEAD NI EE T A MIRCELE, A58 AR iHE a5
A Egtrain = [E1({) — E;(free)] + [E({) — Ex(free)] (6-2)
A Eine(§) = Etota1 () — E1({) — Ez({) (6-3)
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v/ SHANGHAL JIAO TONG UNIVERSITY Fluostatin £ 414 p P IFEE — B R M AL FiRF IR 540

TR R 2 B, IR R T EURC AR 3 — SR 451, TR SRR
A BHAEIRCHGRER, freeIFREINLIRA T 58 A3 B ) SRR RE & .

W7, AT 724 RS ERARAE T iR Bk e IS A AH ELAE R e LA S TR AR i &
WRER T E: 1-(R)-10°-(S)A11-(R)-10"-(R). HIRCAER, AEgyainflAEidNE6-117~.

ATPAR I, AT IRCHIGE R, MM MEEAH T = HE N, fFEIRCH—BME.
S T s R 3 R TS, 3 H IR IRCES AR B Th e o X2 T S Rk AT i Fe e
BUMTEA R, THE A B Re B BRI TR T T AR BAE A e, BEE T
R, T IEUERA IR S, FEREE K, DA B FH R oR R 1 .

%t He1-(R)-10°-(S)F11-(R)-10°-(R) %% H HIIRC #i £k UL K T 45 e B AL AR ELAE R g, FRATD
R I1-(R)-10"-(S) A IRCHE B3k H A11-(R)-10°-(R) U IRCRE B A, AR BHZR TR 3L A — 3.
XANREE PRI R T 0 TR AN, AR RN EREAREF—8, HtEZm
I AEXHEAN A 0.9 keal/molo IXANREE T P& B2 1 RN AH BLAE R IGE s, A B RE~F)
7£46.8 kcal/mol. iX—REEZE HIZ S TIRCEEEMZE R,

X EE SR O HRER , FATAAMER H1-(R)-10°-(S)MHX F1-(R)-10’-(R) I 4 4E T&
EAESE SR 7 F IR AE HAEH . FREEER RIS, 07 BAH BAE ) R 5 22 H SR IRCH S B2
Uiy R ERATAE, R ZEEBANMRCH FIL AR B, 1Z%EeEZ IR 1A 2
BEIRCHER KB RZL P PUE A AR, T2 F IR 55 A0 BAEH .

6.2 2T D FIE R IR B AR B S5 R B AT AL o 4R

T PRI HL T B AR TS24 2 [ AR AR, R B0 4 TR ) S5 A ELAE 2R B A
J & BAFLE 23 8] A

RNT BRI —H W, AT R T #E 7 (promolecular) 35z B4 1) 44 37 5 B A5 R
(Independent Gradient Model, 1GM)55AH H.AEF AT 404k 73 5t 43 (B B S5 AH BLAE FEAT T2
1) 73 A7 L 1 5 2% B O,

— M5 L IGMIRIE XL -

g(n) = ‘z Vpi(0)], M () = ‘Z abs[Vp; ()] (6-4)
8g(r) = g'™M () — g(r) (6-5)
IR R B 7 AT TSRS X T BeA, T DL 5
gner@ =) pi) (6-6)
A €A
glGMinter (py — Z abs [Z Vpi(r)l (6-7)
A i€EA

BTy LLoy FEA5 R8Oy 1 I8 M 55 A ELAE FH A Loy A A S AR LA
Sginter(r) — gIGM,inter(r) _ ginter(r) (6-8)
8gintra (r) = 8g(r) — 8gter(r) (6-9)

IGM 7313 AT LAJE T84 ey Hh A S 336 701 AL AR LA YA SR (R A

ETFIGMI T, A TRAR a2 S0 00 731 8] (A EL AT H A AL 7 (181 6-2 5 1816-3)
R LUAEL 71 18P 9940 ELAT 22 oA fE 70 [8] 1 X8, JF HLBAE B AR O . X e
FEAR R SRR IF BT BUE Y, AR ELATE A7 s T ARG 6 — i S BB AR I B
Yot A dniR oy 7 e B R B2 — 28, Wm-rAf TLAR AR BE 52, x4
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NYFELIAY
B suancin o Tone Usivassiry Fluostatin 4 #) B b 4EHS = B RLRO L2 AR MEIBI0 5547

SR T e A G BRI O, ILPET e TR BT A B E S MRE, BT R )
- EAF RSS2 o IR TE VEMI m-nf ELAT T BN &R 01 (B0 AR ELA R 3t
&, Hr-nAl BAE RSN S S0 S A RE &

1-(S)-10’~(S) 1-(S)-10’~(R)
&l 6-2 C1-C10° XL 4 F n HEWET IGM I n-n HEAEH T M. RELEEEERR o
MEEAFEXE, AB5RRERETX n-n HEERKTERKD.

1-(S)-8’-(R) 1-(S)-8’-(S)
& 6-3 C1-C8'X Rl 4 Fp n EEWET IGM §) n-n HHEAEA AN . FESERERS n-n
MEEAFEXE, ABFRRERETX n-n HEERKTERKD.
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@) Y FLALE

e/ SHANGHAI JIAO TONG UNIVERSITY Fluostatin & 414 s FIEEE — B & R L F iR M IR0 S0 4
i EE R, IGM T I EANBE SR AL AR B 70 7 (AR ELAE RO RE B . BRI XS EEANIA]

A7 150 R FS € S5 THT AR RE 6 AR B 95 A ELAE AR5 2, (ERATR AR IA AN 31 52 B 5K ALt

F T IA DN me-mAH ELAE I BRAR, JRATT 75 2R A HoAth 779255 SR T n-AH ELAE FRAEAN [R) 44 & rpond

AE R A TTHR
6.3 E T X FRLEC MRS HEEEMEE N R

N T HERER A FIn S A4 2 T 55 H8 FAEF AN TR, FRATT R FH o Bk D JC St 2448 o 55 A
HAEFBERIT /R, 1330% B4

X FR U R 18eHE #1116 (Symmetry-Adapted Perturbation Theory, SAPT)® L % 43>F- a1 55 41 H.
VEFIREAT BE B 23 i B s PRI AR K O 30 R A S5 US4 ] LU 'S B o 1 B B 1
FOCKBFFF, LA R S pds 2 IRV eh S ARF 7 LA B R AR S A5 WY (A -

H=F+V+W (6-10)

5> F 1A AR BAE FHRE W] LA 5 R e TT, i At T-VAIW 73701 2% L& 2iF S
AE = AEW) 6-11
i2;0 (6-11)

SAPTHIFER AHX THF SR 2, B2 S AIKH ISAPT: SAPTORAERS 9 b — M I HF 7 7%
BRI ZIRE . N T RARE S 2 18 55 AR RER R/, FRATTE FIPsia s 4
HISAPTINfE, ZESAPTOZ i T 1 FHaug-cc-pVDZIE A 5 T 8FhniE &4 i Ttk 5 Hi 152
W2 [ 73 AR AR RE, WnE6-4FT 7.

(A) Total ] Electrostatic [T] Exchange [ Dispersion [T Induction (B) ] Total 2] Electrostatie [T Exchange [ Dispersion [T Inducti

TR

=287

W
=
1
5
,.
v
=

46.8

Energy (kcal/mol)
=

. Energy (kcal/mol)
=

Ln
=
1

0.6
436 -50 4
49, - A9
-526 548

Lh
=
b

L

14(S)-8-(S)  1-(S)-8<(R) 1-(R)-8-(S) 1-(R)-8-(R) 1-(S)-10-(R)  1-(S)-10~(S) 1-(R)-10«(R) 1-(R)-10-(S)

& 6-4 C1-C10’ (A)E C1-C8’ (B)KI&UFt n REMHI A FIHAHEAEH R 7R .

SAPTON 43 18] I AH ELAE F 73 i N a> ¥ 3. % B AH T4 F (Electrostatic) . A2 #: B /&
(Exchange). & #{F F (Dispersion) 1175 54 F (Induction) . & L AH EL A FH i34 1 2 &% FELAH
YER sz B 22 ) = SR RE s 208 B R HER 2 4 7 IR BLEEE R, SRS 2 AR
A, FRHEIR AR 28 S 3 A I 2 R AR ELHE s U I 2RR B e i) 32 3 AH
HAEH, FHSERARIBIZSE SN SFEIRER TR,

AMERIL, WFaEEY, GEER SEWHRNESHAL, e T HMMEERET,
PR T 55 o [ B FRAT T R BILTE AN Ak 2R HR A2 980 B A 75 55 A0 LA FH R BEAS 35 AH ELVE IR R
EFR N B R AFTE, o FIRA SRFE—EMEE . aTRURIL, XFams KnE &
Y, BRI E RN, H S EAE R R .

X T -l BARR, HA R R O BAEH, A RPUERAE EAER . 72 Bk 5 i,
UM ELAE P 2 BT A B E P P B R — T, 3K IE R -t ELVE F A RRAE . R,
SAPTOZE R EIGMAT AL 45 RAHFF & - IEWIZIR R Pn-nb EAEFA, RIEECE R & = S
IAiR
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wr > A o7
{7 Y AEXAL ?
et/ SHANGHAI JIAO TONG UNIVERSITY Fluostatin 4 49& pk  AEEE — B2 g R AU (L S 3R 4 I8 8 9 4R

B R EEBAN R I 2 S i 58 A LA P 9 5, AT LUAILL-(R)-10-(S) 3 ML A 555 AH A T
e (Total) 2 & Hin B & AR, I HILOHUH AW R 5O . Xt b
TEFISR S T n 2 SV R E =K. MAFRIRE SRR SR, 2 DR AR R T
= = PN K5 ZUNES At S et ik

i EE R, - AR R I RGN T a2 SV S, TS S, Kb
FRAME SRS, Bitn-nl BAE RIS R M 2 S AR — 2
PR BATIEN, -kl AR B A Fa 2 SR RE R, R 1A F SOV B4 1 e AL
o m-nAl EAE TGS, WaR SV R BIA TEAR, SRR B k. K
U Jse 7t B AT T REREAT

6.4 NEIR MIERFFHEEIERBIX LS /NG

TN ATIA I8 S LA K 70 1 18] S5 AR ELAE I REAT 552, ARSI A S A AR
P2 it < 3 1E 3 A ABL ARSI S A P AR TR 55 A T AT AL 20 M DA T XS R UL BC e BEAR 59
MEAERIRE R R, SIS RE P 89 A0 ELAE R B VR A T B9 A IR .

B, M2 E5YITiaE e EYouit, 78 i EARH Ula-nHEAR S5 A AR I N
T, n-nSSH EAE R S BOR T RN 7 32 AR BE NS A L4851 BRAR LA — JR AR ) R B A
o AN, nasgM LN SEnE SRR EHBORNZES, X Trootf B ERA N E
ak, Blan1-(R)-10°-(S), HIPASBEINFRE, DIt g e TN 5 3tT

AL, FERXAMER PSSR, JCHEn-nHERRE, 5T SN2 1 5C 8 [
o AFAn-nHERR GRS ELRR M TS RAR DL RE E A, IR E T
N2 RIS R A
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- }_’ A A%
N e/ SHANGHAI JIAO TONG UNIVERSITY Fluostatin 4 49& pk  AEEE — B2 g R AU (L S 3R 4 I8 8 9 4R

EtE RESRE

Fluostatin,& —25E LA f{j Angucycline, EA1E A —Fluorenone X a4, I H.456-5-6-6
R R IR B 52 . 76 HoAth Ak & 2049 i Lomaiviticin (DA _E 44 1] 351 6 o SC 1% 42 ) RN R IR 25 2%
(Kinamycin) /7t & BLA R & 22 . H #T—3A 13F Fluostating ik &, HAHA-EX B #EF 16,
F-H3k [ 2 B2 R 773 B sz 52 9%, 1-Kok [ /) 516 5 (Micromonospora  rosaria) SCSIO
N160, R, Sk H1EHEH S, coelicolor 10747 FIA AMNJE FIfls3 [H % .

Fluostatin — &AL 1K) F R BB BT 1, DA S B a2 Js 1) vy 88 7 s e 3R P 5 ST AR R 1k
I 7R 2 AL SO, B R R 0 M o IR B BRI SN 1 S A LR A B
TR BB B G B 1A, TRIEDRE B TO0I AR R A0 s e BRI T8 — SRRk i, DA Ho At &
WL R 2 T B 2 . I B 9T Fluostatin — B84k 5o S ATLEE DL Rz Hopy fade 6 L 3744 %
PRI NAEIR N, —J5 T, BRAVAE R0 BBk B G B 7%, DU (] SR 7 v i S
BIENL=H: —J7 T, AT 0] DO v A S A TR AR I s e R S ST
MR, IEA HLA RRCE .

YOI TEE TSR T, 898 T Fluostatin SR AE T, B ALK S AR KT BEVE
PERL o BAUE PR Bt F B, T HE R PIETE . R, PR s e
SRR TR PR SE, DRI AT B, R R SRR A SRR R, R
DTS T S 7 v P 67 o o 2 SR SR FH F - P 88, RPE AH B 3K 3, C1-C10”
(BRI BRI 2 LU 2 AR o D SR e A R FEL RIS IR BT, I C4-C8” 2 1] 1 ik sk Bt 7
B AP RER . I RN, FRATIASE BER L K Michael [ 8735 2 A 80K LT 4514
BB, PRI N %o LGE A BAE R N 3, BT Bk B 00T 8 25 5 K A #EC1-C10° 2
(] o X 5 SEAE WL 45 AN G, UEBH 1 38 I F 7 302 AR SRR A SR TN S5 RS st v Ay
PES 5

TE S S PR 5 P AR JE it FRAT TSR FH 7 70 5 Re i T B VR SRS B R AT ) T 5
o RANESFCE FICLO JETAE N TR SR i, 1E#ECL. C4. C6. CLUENHETZ
PRITEVEDT 55 o A T PR TR B SR 2 75 7] DALE IX A 1 2 TR A, FRATTIE I A 2 x 4 x 4 = 32
FIAFE Mo E &Y, 7 HAEMO06-2X/6-31G*ZR ] N AT, 5B BB B2 75 1T LARR A7 1E
BABATR I A A C1-CL10' 5 C1-C8”— L8 S B 1o AW ml AR e A2 AE , RIS R H 85K
RLPRAT . WFIX8A R BLERAE, FRATTFERI A R T B 3-8 7B — F BB T ReE
REMEES. adiELESAHE. REYEHGEMUKL™Y B HEE(E
MO06-2X/6-311+G**/6-31G*4jj| T), FAI 143 H11-(R)-10"-(S) | I B4 45 2 R f B AR 1) R B 4%
B BRI S PLVEAGRE, Rt B B 2 KR U= o XA BN T TR OB
P RS T A IR SORERIL AR o % T IS e AR A PR A AT [ IR 2 YR AT 1 90 TP e 20 RS IR
i Eyring A 205, BAVEFILE LA H O R, il 1-(R)-107-(S) % 42 i 15 21 1)
1-(R)-10" F 1 =4 i L K £999.9%, BA AW miigsetk. x5unstmd et —8.
BT R T AR B AR P R AR N RE A

BTG R, BAGEIE, 24 R RS 8O R 1 ORI 42 1 #5225 a0tk
BE . AR TSR S5 A8 BAE 28 8T HE 53 AUk AR <7 Aof P35 A% 28 55 4 T m ARAL 4y
AT DA K T 0 AR DT F A3 18 1 55 A8 TR F e & 20 A, ) e S A% o 55 48 T4 A 20
AT BTEMW BN o S5AH ELAE FH M R B, m-mE AR G5 A LA P A8 B N b o5 A =5 B A
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5 w x4 W7
X ¥/ SHANGHAI JIAO TONG UNIVERSITY Fluostatin £41& P IEEE — B2 & N YL F kR IR St

m-mHEAR K SR 55 LM AR R AR R, RDNSEN T RN IS AE SRR R .
HERRBGRN R R, HaZ &Y. ESEEMIRE R AR NS, B g5 AR IR R E
A7 R FRVEA ST ARGEFENE ARSI 5 AR D W, A2 T i i R AR AR R A JATAN
FENTBETHSAD S NI R 24 4 1 M 2% 18 55 A EL A PR, 75 T S5 S A A 0 1 i A
—EMER o (RN, 383 59 AR ) SEELAL R R G e RS At R — R AL A A A )
B AR A RS ST Bl BTSN SN SR T BASE RS RE SSA ELAE A, R RES
FEBRATAHSMEALT, ASGINFe A€ R B 15 DL F S8h 7 BRr 8 TR BH A s # R L 54,
EARE J5 Semft SR rh e — PR R

AT IEAFAE SR BRI S 8] . 2 HATYIE, BA T AL AR e L] LR BE R
JE HISIAH AR A 1 AR Bk T SE MR . (BT i AN 7 32 AR ) A it 72, 18
A AEE— BRI, TS24k, Blp-QM, 2 EERAIHER T A R aem A,
DA E 2 B RAF BN T, AR BT BRI 7o X T ILR R e, AR
oAt = 7GR SN A E 2B
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THEORETICAL INVESTIGATION ON SPECIFIC
CHEMOSELECTIVITY OF NON-ENZYMATIC
DIMERIZATION IN FLUOSTATIN BIOSYNTHESIS

Fluostatins, a group of benzofluorene-containing angucyclines that widely exists in nature,
are subjective to spontaneous non-enzymatic dimerization in aqueous environment. Interestingly,
the dimerization process is highly regio- and stereoselective, yielding great application potential
for precise synthesis of similar carbon backbones. To understand the regio- and stereoselectivity
involved in the dimerization process, computational and theoretical methods are used to examine
the structural and energetical characteristics that make the chemoselectivity possible.

First, the formation of electron donor and acceptor has been examined. The deprotonation of
phenol groups at 06 and O7 has been studied by estimating the pK, value for these two phenol
groups. It’s shown that phenol group at O6 has a pK, of 7.70 and phenol group at O7 has a pK, of
7.90, which means the deprotonation of phenol group at O6 is easier than that at O7. According to
pK,, we can calculate the species distribution of Fluostatin D and its derived anions in water with
changing pH. To understand how Fluostatin D deacyloxylates to form p-QM, which acts as
electron acceptor, quantum mechanical (QM) calculations are carried out to calculate the free
energy change of deacyloxylation under different protonation status. Free energy change of the
reaction shows that deprotonation when both phenol groups are deprotonated is the most favorable.
The deacyloxylation reaction denotes a +8.3 kcal/mol increase in free energy of the overall
reaction.

Second, electronic structural analysis on electron donor and donor has been carried out to
reveal potential reaction sites capable of forming covalent bonds between electron acceptor and
donor. Frontier molecular orbital decomposition, Fukui function, averaged local ionization energy
have been calculated to evaluate the electron softness at different sites or atoms. Likewise,
electrostatic potential, atomic charge and electron density have been calculated to represent the
electrostatic effects of reactive sites. Electron softness indicators show that C1, C4, C6, C11 of
acceptor and C10°, C8’ of electron donor are potential active sites. However, electrostatic effects
indicators tell different results. These indicators show that C4, C6, C11 of acceptor and C8’ of
donor are good sites for reaction. To sum up, electron softness indicators suggest best
carbon-carbon coupling between C1-C10’ atoms but electrostatic indicators suggest C4-C8’
coupling. Pure predictions are very useful to narrow down the search scope, but energy
calculations are needed to solidify the prediction results.

Third, free energy calculations are carried out to investigate which atom combinations are
suitable for dimerization. For each atom combination, 4 distinct stereoselective reaction routes
exist. Attempts have been made to verify the stability of o-complexes, which are the direct product
of carbon-carbon bond formation. Optimization of c-complexes shows that only C1-C10’ and
C1-C8’ couplings are allowed, ruling out other possible combinations. For the 8 reaction poses of
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C1-C10” and C1-C8’ coupling, potential energy surface scans have been carried out to find the
transition state with the lowest energy. Full optimizations have been done with the configuration
of m-complexes, transition states and o-complexes. The energy profiles of the regio- and
stereoselective step are revealed. Coupling pose C1-(R)-C10°-(S) is shown to have the most stable
n-complex, transition state, and the electrophilic substitution product. The energy barrier for
C1-(R)-C10’-(S) is also the lowest, suggesting that this reaction path is favored
thermodynamically and Kinetically. Previous experiments have already demonstrated the
preference of C1-C10’ coupling and that the chirality for C1 is R, which is consistent with our
computational explanation. Moreover, we demonstrated that C10’ is involved in reaction in S
chirality, which cannot be easily observed in experiments.

To understand the structural basis behind the difference of energy profiles, weak interaction
analysis has been carried out. Distortion / Interaction analysis has been performed to analyze the
origin of energy difference of intrinsic reaction coordinates. Intermolecular interactions have been
shown to play a crucial part in altering the energy of the system. IGM visualization of weak
intermolecular interactions revealed the existence of significant -r stacking effects, which differs
in distinct m-complexes. To quantitatively study the effects of n-n stacking, SAPT analysis has
been conducted to decompose intermolecular interactions into different terms. Dispersion energy
accounts for the bulk of intermolecular interaction, which is typical of m-m stacking. Also,
n-complex of C1-(R)-C10’-(S) has the strongest intermolecular interactions, and the strongest -1t
stacking effects. This suggests that n-n stacking influences the energy and stability of reactants,
and possibly transition states. The reaction pose that incorporates the most intermolecular
interactions might have the lowest energy profiles. Hence, n-m stacking is important in the regio-
and stereoselectivity of Fluostatins as it alters the energy of different reaction poses.

In this research, the non-enzymatic dimerization of fluostatin D has been investigated in
detail by theoretical and computational chemistry, with a strong emphasis on regio- and
stereoselectivity. Through electronic structural analysis, we are able to predict reaction sites based
on electron softness and electrostatic interactions. The predictions are quite accurate, but
confirmations require free energy calculations, which have been performed based on prediction
results. The energy profiles confirmed the regio- and stereoselectivity of C1-(R)-C10’-(S) based
on the stability of products and transition states. The energy difference between different energy
profiles have further been cleared away by studying weak interactions between electron donor and
acceptor. Results show that m-m interactions play a crucial role in determining regio- and
stereoselectivity. We suggest that the designing of regio- and stereoselective products with similar
structures should take weak interactions into consideration. Proper design intermolecular
interactions can result in reactions with great selectivity and can be very valuable in industrial
production.
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